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Abstract

Key message Three QTL for resistance to leaf blast were identified on chromosomes 1, 2, and 8 of the foxtail millet
cultivar Yugu 5.

Abstract Leaf blast disease of foxtail millet (Setaria italica) is caused by Pyricularia spp., can infect all the aboveground
parts of plants, and is the most frequently observed blast disease in China. Lack of information on genetic control of dis-
ease resistance impedes developing leaf blast-resistant cultivars. An F recombinant inbred line (RIL) population from the
cross Yugu 5 X Jigu 31 was phenotyped for its reactions to leaf blast in six field trials in the naturally diseased nurseries. An
ultra-density genetic linkage map was constructed using 35,065 single nucleotide polymorphism (SNP) markers generated
by sequencing of the RIL population. Three QTL, QLB-czasl, QLB-czas2, and QLB-cazas8, were detected in the genomic
intervals of 276.6 kb, 1.62 Mb, and 1.75 Mb on chromosomes 1, 2, and 8 of Yugu 5, which explained 14-17% (2 environ-
ments), 9% (5 environments), and 12-20% (6 environments) of the phenotypic variations. Bulked segregant analysis (BSA)
and RNA sequencing (BSR-Seq) method identified common SNPs that fell in the genomic region of QLB-czas8, providing
additional evidence of localization of this QTL. Three and 19 predicted genes were annotated to be associated with disease
resistance in the genomic intervals for QLB-czas2 and QLB-czas8. Due to their unique positions, these QTL appear to be new
loci conferring resistance to leaf blast. The identification of these new resistance QTL will be useful in cultivar development
and the study of the genetic control of blast resistance in foxtail millet.

Introduction

Foxtail millet [Setaria italica (L.) Beauv.] has been culti-
vated as a staple food crop in China for thousands of years
(Yang et al. 2012). It is well known for its adaptability to
diverse agro-ecological conditions, especially in fields with
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poor nutrition and semi-dry environments (Dwivedi et al.
2012). This small grained cereal crop is also consumed for
food and feed in other countries of East Asia, the Americans,
Africa, and Europe (Singh et al. 2017a).

Among various diseases that occur in foxtail millet, blast
disease poses a severe constraint on yield in many produc-
ing regions. In China, blast disease of foxtail millet was first
reported in the 1930s (Lin 1948). Historically, epidemics of
leaf blast had been reported throughout the major spring fox-
tail millet-growing regions (Liang et al. 1959; Yang 1962;
Cao and Yan 1982). It is currently one of the major yield-
limiting diseases in most spring and summer foxtail millet-
producing areas in the northern part of China (Li et al. 2016;
Ren et al. 2017; Nan et al. 2018). Although blast disease can
infect different tissues of foxtail millet plants, the economic
losses ultimately arise from the death of spikelets and even
whole panicles, resulting in grain yield reductions. During
the 1960s, yield losses of 3-50% caused by leaf blast were
recorded in southeastern Shanxi province (Yang 1962). A
range of 20-30% in yield reductions was later reported in
infected fields in the major foxtail millet production regions
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of China (Yu 1978). When severe, the blast disease can
cause up to a 30-40% loss of grain yield in other foxtail
millet-producing regions of the world (Nagaraja et al. 2007).

Pyricularia oryzae Cavara was first reported from dis-
eased foxtail millet plants (Kawakami 1902). However,
Nishikado (1917) determined that P. setariae Nisikado was
the cause of foxtail millet blast. Pyricularia species also
incites blast disease in finger millet [Eleusine coracana (L.)
Gaertn.] and pearl millet [Pennisetum glaucum (L.) R. Br.]
(Viswanath and Seetharam 1989). Pyricularia setariae and
P. grisea (Cooke) Sacc. were reported to cause leaf blast in
foxtail millet in China (Liang et al. 1959; Li et al. 2020).
Variation and differentiation of the physiological races of
Pyricularia species from different foxtail millet production
areas of the country have been described (Yan et al. 1985;
Li et al. 2016; Ren et al. 2017). The use of some pesticides
for controlling blast has resulted in resistance to fungicides
(e.g., strobilurin fungicides) in the pathogen (Turaki et al.
2014; Castroagudin et al. 2015). This encouraged the use of
genetic resistance for the management of diseases caused
by Pyricularia spp.

Differences in the resistance of cultivars to millet blast
were observed in early studies (Liang et al. 1959; Zhu 1964).
From the 1980s to 2010s, thousands of foxtail millet culti-
vars and breeding lines were assessed for their resistance to
leaf blast in greenhouse and/or field tests, and some highly
resistant accessions were identified (Wang et al. 1985a, b;
Wu 1985; Yan et al. 1988; Liu et al. 1990; Wei et al. 1999).
Because of the increasing importance of leaf blast, tests of
reaction to the disease have been mandated for the National
Registration Trials for the commercial release of foxtail mil-
let cultivars (Zhang et al. 2017). Assessment of 267 com-
mercial cultivars of foxtail millet demonstrated that most
were susceptible and only 9 (3.4%) and 33 (12.4%) were
highly or moderately resistant (Dong et al. 2015). Among
888 foxtail millet accessions from different geographic
regions in the world, only 14 accessions (1.6%) were highly
resistant to leaf blast in a greenhouse test (Li et al. 2020).
Genetic variation in resistance to leaf blast has also been
observed among cultivars from the European and Asian
countries (Nakayama et al. 2005). Several blast-resistant
genotypes were identified in a core collection of 155 foxtail
millet germplasm accessions from the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT)
gene bank at Patancheru, India (Sharma et al. 2014). Some
Indian foxtail millet accessions have been tested for their
reactions to leaf blast, resulting in the identification of sev-
eral blast-resistant genotypes for breeding disease-resistant
cultivars (D’Souza and Gaikwad 1984; Munirathnam et al.
2015; Rajesh et al. 2019).

Genetic dissection of resistance to leaf blast has been
widely studied in rice (Oryza sativa L.), wheat (Triticum
aestivum L.), finger millet, and pearl millet (Ramakrishnan
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et al. 2016; Devanna and Sharma 2018; Sanghani et al.
2018). A number of resistance genes conferring blast resist-
ance have been characterized in rice and wheat (Wang et al.
2017; Devanna and Sharma 2018). However, only a few
studies reported localization of genes or QTL for resistance
to blast in the millet crops, such as finger millet (Reddy
and Sivaramakrishnan 2017) and pearl millet (Sanghani
et al. 2018). Similar studies have not reported for foxtail
millet until the most recent genome-wide association study
(GWAS) project was performed (Li et al. 2020). That study
identified two genomic regions associated with leaf blast
resistance on chromosomes 2 and 9. The Chinese summer
foxtail millet cultivars Yugu 5 and Jigu 31 display contrast-
ing responses to leaf blast (Dong et al. 2015). A recombi-
nant inbred line (RIL) population was developed by crossing
the leaf blast-resistant cultivar Yugu 5 with the susceptible
cultivar Jigu 31. The objective of the present study was to
identify the genetic loci conferring leaf blast resistance in
Yugu 5 by means of genome re-sequencing and BSR-Seq
approaches.

Materials and methods
Plant materials

Yugu 5 (pedigree: Yugu 1 X An 096) was crossed to Jigu 31
(pedigree: Jigu 19 x 1302-9) in the winter growing season
of 2013 in Sanya, Hainan province. The single-seed descent
method was used to develop an F, RIL population consisting
of 305 lines by alternatively selfing in the summer crop-
ping seasons at Cangzhou, Hebei province, and in the winter
cropping season in Sanya, Hainan province.Phenotyping was
conducted with 305 lines whiles genotyping, linkage analy-
sis and QTL mapping were carried out with 150 randomly
selected lines. Only lines that showed uniform stand within
a plot and did not have any missing data across the differ-
ent trials were selected for the molecular work. The parents
Yugu 5 and Jigu 31, as well as the susceptible control Jigu
19, were included in all the blast resistance assessments and
genotyping analysis.

Field assessments for reactions to the natural
infection of leaf blast

Reactions of the 305 RILs, together with the parents and the
susceptible control, to leaf blast were assessed in field nurs-
eries naturally infected by the leaf blast pathogen in Hebei
province at two sites, Cangzhou (38°24' N, 116°76' E) in
2016 (2016CZ), 2017 (2017CZ), and 2018 (2018CZ), and
Dongguang (37°76' N, 116°60’ E) in 2017 (2017DG) during
the summer cropping seasons. This set of plant materials
were also phenotyped for the leaf blast resistance in Sanya,
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Hainan province (18°36' N, 109°18’ E) in 2016 (2016SY)
and 2017 (2017SY) during the winter cropping seasons. The
causal fungi in Hebei and Hainan provinces were charac-
terized as P. grisea (Li et al. 2016, 2020). The pathogen
also was isolated from the diseased leaves of plants grown
in Cangzhou and Sanya, which confirmed the identity of
the fungus based on colony growth and spore morphology
(data not shown). A randomized complete block design with
two replicates was used in each trial to arrange the RILs,
the parents, and the control cultivar. Each plot consisted of
a single row 5 m in length with 0.74-m spacings between
rows. At the 3-leaf stage, plants were manually thinned to
75 plants per row. At the grain filling stage when the dis-
ease symptoms were severe on the leaves of the susceptible
control Jigu 19, disease reaction scores (DRS) of at least 10
plants per plot were rated on a 0—4 scale based on the size
of lesions on leaf blades as described previously (Nakayama
et al. 2005). Resistant and susceptible lines produced DRS
0-2 and 3-4, respectively.

High-throughput sequencing, SNP calling
and genotyping

Genomic DNA was extracted from leaf tissues using the
cetyltrimethylammonium bromide (CTAB) method, sheared
into~500 bp fragments with an S2/E210 Ultrasonica-
tor (Covaris, Woburn, MA, USA), and end-repaired. The
libraries for 150 randomly selected RILs and both parents
were constructed for sequencing analysis on the Illumina
HiSeq2500 (Illumina, Inc., San Diego, CA, USA). After
removing the low-quality reads (quality score < 20e), clean
reads were aligned to the S. italica reference genome assem-
bly (https://www.ncbi.nlm.nih.gov/genome/?term=foxta
il4+millet) using the Burrows Burrows-Wheeler Wheeler
Aligner (BWA) software (Li et al. 2009). Local realignment
and base recalibration were conducted using the Genome
Analysis Toolkit (GATK) v3.6 software (McKenna et al.
2010). A set of single nucleotide polymorphisms (SNPs)
was produced by combining GATK and SAMtools (Li and
Durbin 2009). The SNP loci between the parents and the
RILs were identified using GATK with the default param-
eters. Polymorphic SNPs between the parents were used for
bin calling. Genotypes of the RILs were determined on the
basis of the SNP positions. The SNP datasets were merged
using the “pileup” function of SAMtools software pack-
age (Li et al. 2009), and only biallelic SNPs were main-
tained. The SNPs that fell in the following categories were
excluded from further analysis: (1) those with <4 coverage
in parents or < 15 SNPs within a scaffold and (2) those with
an extreme segregation distortion (P <0.01). Based on the
parental SNPs, the variant call format (VCF) file was used
for genotyping the RILs. Only genotype aa X bb was further
used in this study (Hu et al. 2018).

Construction of bin and linkage maps and QTL
analysis

The maps of the RILs were aligned, the genotypes were
compared across a 3-kb interval, and adjacent intervals with
identical genotypes across all RILs were combined into a
recombination bin. A linkage map was established from the
recombination bins that were used as genetic markers via
software HighMap (Liu et al. 2014). Based on their posi-
tions in the foxtail millet genome, marker loci were assigned
into linkage groups (LGs). The modified logarithm of odd
(MLOD) scores between markers were used to confirm the
effectiveness of markers for each LG, and those markers
with MLOD < 5 were removed before ordering the bin mark-
ers using HighMap (Liu et al. 2014). The genotyping errors
within LGs were corrected to ensure the establishment of the
high-density and high-quality map. Distances between mark-
ers on the map were estimated using the Kosambi mapping
function (Kosambi 1944).

The QTL for resistance to leaf blast were detected using
the composite interval mapping (CIM) method in Windows
QTL Cartographer 2.5 (Wang et al. 2010). QTL were called
using the forward & backward regression method at the
logarithm of odds (LOD) threshold of 3.0 based on 3000
replications at «=0.05 and a walk speed of 1.0 cM. The
determination coefficient (R”%) was calculated to indicate
the percentage of the phenotypic variance explained by the
effects of a specific QTL.

BSR-Seq analysis

Based on the phenotypes examined in all the trials, 30 resist-
ant and 30 susceptible RILs that were consistent among all
the 6 field tests were selected from the 305 RILs to form
the resistant and susceptible bulked samples. Approximately
equal-sized leaf segments from each representative plant
were separately pooled for RNA-sequencing on the Illumina
HiSeq 4000 platform (Illumina, Inc., San Diego, CA, USA)
at the Beijing Northern Genome Research Technology (Bei-
jing, China). Sequencing reads generated were subjected to
quality control to remove adapter sequences and low-quality
reads using the Trimmomatic v036 software with the default
parameters (Bolger et al. 2014). High-quality reads were
aligned to the S. italica reference genome assembly (https
://www.ncbi.nlm.nih.gov/genome/?term=foxtail+millet)
using STARV2.5.1b software with the mismatch rate of <5%
(Dobin et al. 2013). The uniquely mapped and confident
alignments without PCR optical duplicates and spanning
introns were used to identify SNP variants with “Haplo-
typeCaller” module in the GATK v3.6 software (McKenna
et al. 2010). The SNP variants associated with disease resist-
ance were determined with the criteria of P-values of the
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Fisher’s exact test (FET) < le-8 and allele frequency differ-
ence (AFD) > 0.6.

Physical mapping and gene annotation
of the genomic intervals of the QTL identified

The sequences of the flanking markers of the blast resistance
QTL identified were used as queries to search against the S.
italica reference genome assembly (https://www.ncbi.nlm.
nih.gov/genome/?term=foxtail+millet) to physically map
the target QTL in the foxtail millet genome. The annotated
genes in the genomic intervals between the flanking mark-
ers were retrieved. The expression patterns of the disease
resistance-associated candidate genes in different foxtail mil-
let tissues were analyzed by SIFGD (http://structuralbiolo
gy.cau.edu.cn/SIFGDY/).

Statistical analysis

Analysis of variance (ANOVA) was performed for the DRS
values obtained from each phenotyping trial. Pearson corre-
lation coefficients for DRS among different trials were deter-
mined with PROC CORR. The Chi-squared (y°) test was
performed to test the goodness of fit for the observed sepa-
ration of resistant and susceptible RILs from the expected
separation ratios of 1:1 for single gene control or deviation
from this ratio (2:1 or 3:1) for multiple gene control. All
statistical analyses were performed in SAS version 9.3 (SAS
Institute Inc., Cary, NC, USA).

Fig. 1 Phenotype of the resist-
ant parent Yugu 5 with infection
type O (a) and the susceptible
parent Jigu 31 with infection
type 4 (b)

@ Springer

Results

Phenotypes of leaf blast resistance in the RIL
population

The susceptible control Jigu 19 had DRS 3 or 4 in all the
trials, indicating that the disease pressure in the tested field
environments was sufficient for evaluating disease reac-
tions of the mapping population. Yugu 5 displayed a resist-
ant phenotype with a DRS 0 at all sites, except for DRS
1 in 2017DG, while Jigu 31 always showed a susceptible
phenotype with DRS 3 or 4 (Figs. la and b, Supplemen-
tary Table S1). Variation in the reactions to leaf blast
was observed in 305 RILs (Supplementary Table S1). An
ANOVA for DRS detected highly significant effects for the
RILs in each trial (Supplementary Table S2). Significant
effects were also observed for environments, indicating that
the environment exerted an impact on the performance of
leaf blast resistance. The segregation ratio of 1:1 for the
resistant RILs (with DSR 0-2) to the susceptible RILs (with
DSR 3-4) was observed for the trials 2016CZ, 2016SY,
and 2017SY (y*,.,=0.24-2.22, P <0.137-0.621) (Supple-
mentary Table S2). However, this segregation ratio did not
occur for the trials 2017CZ, 2018CZ, and 2017DG. Instead,
a segregation ratio of 2:1 (resistant RILs versus suscepti-
ble RILs) was observed in those trials (y*,.,;=0.01-3.39,
P <0.065-0.613). A ratio of 3 resistant RILs: 1 susceptible
RILs was also observed for the trial 2017CZ (y*;., = 3.39,
P <0.065). This suggests the existence of more than one
locus conferring resistance to leaf blast. Values of DRS
for different environments were significantly correlated
(r=0.64-0.90, P <0.0001) (Supplementary Table 3). This
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indicates a good agreement in the assessments of the RILs
across different environments. The randomly selected 147
lines that were used for linkage analysis displayed similar
performances in the ANOVA, segregation, and correla-
tion analyses as the whole RIL population (Supplementary
Tables 1, 2, and 3).

Re-sequencing of the parents Yugu 5 and Jigu 31

Sequencing analysis on an [llumina HiSeq platform gener-
ated 16.47 and 16.32 Gb of clean data for Yugu 5 and Jigu
31, with the average depths of about 35-fold. Using BWA,
110,071,460 and 109,003,750 reads from Yugu 5 and Jigu
31, respectively, were aligned to the foxtail millet reference
genome assembly (Supplementary Table S4). Compared
to the reference genome, the 2 cultivars produced 678,707
and 629,172 SNPs on different chromosomes (Fig. 2). The
mean number of SNPs on each chromosome of Yugu 5
was 75,412, with a range of 34,862 on chromosome 9 to
124,286 on chromosome 3 (Supplementary Table S5). The
mean number of SNPs on each chromosome of Jigu 31 was
69,908, ranging from 27,793 on chromosome 1 to 148,139
on chromosome 9.

Fig.2 Distribution of SNPs
against the reference genome
generated by sequencing of the
complete genome of Yugu 5 (a)
and Jigu 31 (b)

0“\050\,;0»\3
|

Construction of genetic linkage map

Sequencing analysis was performed on the 150 randomly
selected from the 305 RILs of cross Yugu 5xJigu 31. Three
lines showed poor alignments with the foxtail millet refer-
ence genome, so they were excluded from further analysis.
A total of 141.75 Gb of clean data were produced for the
147 RILs with the average depth of 2.17-fold (Supplemen-
tary Table S4); 6,311,904 clean reads were mapped to the
reference genome. There were 886,183 SNPs between Yugu
5 and Jigu 31. Based on the variations in the sequences in
Yugu 5 and Jigu 31 and the variant sequences among the
RILs, 35,065 high-quality SNPs were used in the linkage
analysis. A group of markers that were mapped to the same
location constituted a bin or block. These SNPs were clus-
tered in 2004 recombination bins, and they were incorpo-
rated in an ultra-dense genetic map using HighMap software.
The molecular linkage map consisted of nine chromosomes
with a range of 2155 (chromosome 4) to 6888 (chromosome
8) SNP markers and 160 (chromosome 7) to 370 (chromo-
some 1) bin markers. The map distance was 1806.77 cM
with a density of 0.91 cM between adjacent bin markers
(Supplementary Fig. 1 and Table S6).

Chromosome 5
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Identification of QTL for resistance to leaf blast

Three QTL conferring resistance to leaf blast, designated
QLB-czasl, QLB-czas2, and QLB-czas8, were identified
in Yugu 5, respectively (Table 1). QLB-czasl was detected
on chromosome 1 in the marker interval of Blockl537-
Block1534 in 2018CZ and 2017SY (LOD =4.8 and
5.6; R°=14 and 17%, respectively) (Fig. 3). QLB-czas2
was detected on chromosome 2 in the marker interval
of Block5281-Block5592 in 5 of the 6 trials except for

2016SY, but the LOD values (ranging from 3.3 to 3.5) and
the explained phenotypic variation (9%) were smaller than
QLB-czasl (Fig. 4). QLB-czas8 was identified on chromo-
some 8 in all the six trials (Fig. 5a). Peak LOD values
ranging from 3.7 to 7.2 occurred at the marker interval of
Block37312-Block37444 for all the environments, except
for 2016SY in an interval of Block37312-Block37313
that still fell in the same genomic region as detected in
other environments (Table 1). This QTL explained the

Table 1 QTL for leaf blast resistance detected on the basis of disease severity scores in the recombinant inbred line population of Yugu 5 xJigu

31 in six field trials

QTL Trial Chromosome Marker interval Genomic interval LOD? R% (%)°
QLB-czasl Cangzhou 2018 1 Block1537-Block1534 276.6 kb (26,283,986-26,560,597) 4.8 14
Sanya 2017 1 Block1537-Block1534 5.6 17
QLB-czas2 Cangzhou 2016 2 Block5281-Block5592 1.62 Mb (24,262,358-25,880,181) 34 9
Cangzhou 2017 2 Block5281-Block5592 33 9
Cangzhou 2018 2 Block5281-Block5592 35 9
Dongguang 2017 2 Block5281-Block5592 33 9
Sanya 2017 2 Block5281- 33 9
QLB-czas8 Cangzhou 2016 8 Block37312-Block37444 1.75 Mb (3,837,265-5,592,167) 7.0 20
Cangzhou 2017 8 Block37312-Block37444 6.9 20
Cangzhou 2018 8 Block37312-Block37444 7.2 20
Dongguang 2017 8 Block37312-Block37444 4.3 13
Sanya 2016 8 Block37312-Block37313 3.7 12
Sanya 2017 8 Block37312-Block37444 6.8 20
“LOD: Logarithm of odd
R?: Determination coefficient
Fig.3 Genetic linkage map of A
QLB-czasl on chromosome 6.0 QLB—czasI ;:}dggé
1 for leaf blast resistance in 2018CZ
foxtail millet 2017DG
487 2016SY
2017SY
3.6+
(=)
3 i
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Fig.4 Genetic linkage map of
QLB-czas2 on chromosome
2 for leaf blast resistance in

foxtail millet
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blast resistant phenotypes from 12 to 20%, more effective
against leaf blast than QLB-czas2.

BSR-Seq analysis of the contrasting RNA bulks

RNA-Seq analysis generated 16,815,630 and 16,685,972 raw
read pairs from the disease-resistant and disease-susceptible
RNA bulks, respectively. After quality control, the disease-
resistant RNA bulked sample was reduced to 16,812,502
high-quality read pairs and 10,865,246 (64.6%) of them
were uniquely mapped to the S. italica reference genome
assembly. The bulked RNA sample from the disease-sus-
ceptible RILs had 16,679,114 high-quality reads, of which
12,549,604 were uniquely mapped reads. Variant calling
identified 87,032 SNPs and InDels between the two bulks,
of which 40,760 of them met the criteria of SNP variants
and were distributed on all chromosomes (Fig. 6a). The
GATK software identified 518 candidate variants that were
potentially associated with leaf blast resistance. These SNPs
were anchored on all the chromosomes except for chromo-
some 5. The largest proportion of the candidate SNPs were
located on chromosome 8 (315, 60.7%) (Fig. 6b). Forty-
nine candidate SNP-containing sequences were anchored in
the genomic region of 4,327,231-5,593,019, which fell in

Fig.6 Distributions of SNPs 300

the genomic region of QLB-czas8 (highlighted in green in
Fig. 6b). Chromosomes 1 and 2 had 31 and one candidate
SNP, respectively, but none of them were anchored in the
genomic regions of QLB-czasl and QLB-czas2.

Effects of QTL on reactions to leaf blast infection
in the RIL population of Yugu 5 x Jigu 31

The lines none, QLB-czasl, QLB-czas2, and QLB-czas8
and the allele combinations were identified from the RIL
population of Yugu 5xJigu 31 based on the genotypes of
the linked markers. Means of infection types of the six tri-
als for each group of alleles are shown in Fig. 7. These QTL
had an effect on reducing the infection types in reactions to
leaf blast. The means of infection types for the QTL carry-
ing lines were smaller than that of lines without any QTL.
The effects of QLB-czas8 appeared to be greater than that
of QLB-czasl and QLB-czas2 as shown by smaller mean
infection type. Interaction among alleles may exist since
the combination of different alleles showed varied means
of infection types. Since QLB-czasl was detected in sites
2018CZ and 2017SY, mean of infection types for the lines
carrying this allele (1.2 + 1.2) was slightly smaller than that
obtained from all the six trials (1.6 + 1.2) (data not shown).
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Physical mapping and analysis of the annotated
genes in the candidate genomic intervals
of the target QTL

The sequences of the flanking markers for the QTL identified
on chromosomes 1, 2, and 8 were used to blast the foxtail
millet reference genome. QLB-czasl was physically located
in a 276.6 kb genomic interval (26,283,986-26,560,597),
which contained 16 predicted genes (Supplementary
Table S7). None of the 14 genes with functional annota-
tions was associated with disease resistance. The other 2
predicted genes were of unknown function. The physical
location of QLB-czas2 was in a 1.62-Mb genomic inter-
val (24,262,358-25,880,181) on chromosome 2. Among
the 59 annotated genes in this genomic interval, genes
SETIT_028727mg (encoding receptor-like protein kinase
BRI1-like 3 like), SETIT_028674mg (putative disease resist-
ance protein RGA4-like isoform X1), and SETIT_028986mg
(probable LRR receptor-like serine/threonine-protein kinase
At3g47570) were associated with disease resistance.

The target genomic region of QLB-czas8 spanned a 1.75-
Mb (3,837,265-5,592,167) interval on chromosome 8. There
were 133 annotated genes in this interval, which included
119 genes with annotated functions and 14 uncharacter-
ized genes. Nineteen genes were predicted to be associated
with disease resistance (Supplementary Table S8). Four,
SETIT_026507mg, SETIT_027748mg, SETIT_028067mg,
and SETIT_028102mg, were leucine-rich repeat (LRR)
receptor kinase family genes. Six, SETIT_028378mg,
SETIT_027508mg, SETIT_028294mg, SETIT_027332mg,
SETIT_028142mg, and SETIT_025980mg, were LRR
receptor-like serine/threonine-protein kinase family
genes. Three, SETIT_026498mg, SETIT_025948mg,

Combination alleles

and SETIT_025924mg, were annotated as disease resist-
ance RPP13-like protein genes. Five, SETIT_026915mg,
SETIT_027383mg, SETIT_028306mg, SETIT_026914mg,
and SETIT_026907mg, were disease resistance
response protein 206-like genes. The remaining one
SETIT_026238mg was an MLO-like protein 4-like gene.
Some of these genes were located in different clusters in
the reference genome regardless of their annotated functions
(Fig. 5b).

The publicly accessed RNA-seq database was used
to determine the expression patterns of the 3 and 19 dis-
ease resistance-associated genes on chromosomes 2 and
8 through SIFGD (http://structuralbiology.cau.edu.cn/
SIFGD/). Two of the three annotated genes on chromo-
some 2 were expressed in the tassel, leaf, stem, and root
tissues of foxtail millet, but none was highly expressed in
the leaves (Supplementary Table S9). Among the 19 anno-
tated genes on chromosome 8, 11 genes were observed in
this database, and the other 8 genes were not observed. Four
genes, SETIT_027508, SETIT_028067, SETIT_026915, and
SETIT_027383, were highly expressed in the leaves. These
genes were also highly expressed in other tissues. Another
five genes, SETIT_028378, SETIT_027332, SETIT_026498,
SETIT_025948, and SETIT_026914, were lightly expressed
in leaves. Genes SETIT_028142 and SETIT_028306 were
almost not expressed in leaves.

Discussion
In this study, the leaf blast resistance was characterized in

foxtail millet cultivar Yugu 5. Three QTL were detected on
chromosomes 1, 2, and 8 of that cultivar. QLB-czas8 was
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detected in all the 6 environments involved in the phenotypic
evaluation, indicating that it is a stable locus for confer-
ring leaf blast resistance. The identification of SNP loci in
the same genomic interval on chromosome 8 by BSR-Seq
analysis further evidenced the presence of QLB-czas§ in
this genomic region. Since there was no genetic loci for leaf
blast resistance on this chromosome, QLB-czas8 represents
a new leaf blast resistance locus in foxtail millet. Similarly,
OLB-czasl is also a new locus because no gene for leaf blast
resistance has been detected on chromosome 1; however, this
QTL was only observed in 2 of the 6 environments. Another
locus, QLB-czas2, was detected in five environments (except
for environment 2016SY). The effects of this QTL in dif-
ferent environments were smaller than the other 2 loci. The
location of QLB-czas2 was not compared with the previously
reported genomic region associated with leaf blast resistance
on chromosome 2, as the genomic information of that region
was not available in the literature (Li et al. 2020). However,
the annotated genes in the target genomic regions of the 2
QTL were different, implying that these QTL may not be
identical even though they reside on the same chromosome.

Yugu 5 was released in Henan province in 1992 and has
served as the control cultivar in the National Registration
Trials from 2002 to 2007. It was commercially grown for
almost three decades and still maintain its resistance to leaf
blast. This was confirmed by periodically reported disease
tests in fields and greenhouses across different years and
locations (Ma et al. 2010; Dong et al. 2015). In the pre-
sent study, Yugu 5 was resistant to leaf blast at the three
locations in Hebei and Hainan provinces across three years
2016-2018. Additionally, we have noticed the leaf blast
resistance of this cultivar in our field plots under natural
infection conditions for many years (BH Tian, unpublished
data). This provides further evidence of the effectiveness and
stability of the QTL identified. The development of Yugu
5 involved Yugu 1 (Japan 60 Day X Tulong). Japan 60 Day
and Yugu 1 have been frequently used as parents in breed-
ing, leading to the release of many cultivars in the summer
millet production regions, many of which were resistant to
the blast disease (Wang et al. 1985a, b; Liu et al. 1996, 2006;
Jiang et al. 2008). This suggests that the blast resistance in
Yugu 5 was likely derived from Yugu 1. The widely use of
those blast-resistant cultivars did not cause breakdown of
their resistance, further offering evidence of the stability or
durability of the QTL from this source.

Blast resistance in the millet crops, such as pearl millet
and finger millet, was reported to be inherited in a qualitative
or a quantitative mode (Gupta et al. 2012; Ramakrishnan
et al. 2016; Singh et al. 2017b; Sanghani et al. 2018). Results
of the phenotypes in different trials demonstrated that the
resistant versus susceptible RILs of Yugu 5 xJigu 31 seg-
regated in a ratio of 1:1 in three environments of 2016CZ,
2016SY, and 2017SY, but in a ratio of 2:1 in the other three
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environments 2017CZ, 2018CZ, and 2017DG. This suggests
that the resistance of Yugu 5 to leaf blast may be controlled
by more than one locus, one of which is probably a major
effective locus. In fact, the molecular mapping analysis using
an ultra-density linkage map generated by re-sequencing of
the RIL population identified three QTL on chromosomes
1, 2, and 8 that were responsible for the leaf blast resistance
across different trials. When multiple QTL are detected,
these QTL may not contribute equally to the phenotypic
variation. So, BSA approach may detect a major QTL (Lin
and Chen 2007). We performed BSA in combination with
RNA-sequencing analysis and determined that chromosome
8 was most associated with leaf blast resistance. This sug-
gests that QLB-czas8 is a major QTL, which is also sup-
ported by the greater effects of this QTL than the other two
QTL on chromosomes 1 and 2.

In the target genomic regions of QLB-czas8, 19 anno-
tated genes were predicted to encode proteins associated
with disease resistance. Two LRR receptor-like serine/thre-
onine-protein kinase family genes (i.e., SETIT_027508mg
and SETIT_028067mg) and two disease resistance
response protein 206-like genes (i.e., SETIT_026915 and
SETIT_027383) were expressed in the leaves. These genes
may be the candidates for QLB-czas8. None of the genes
associated with disease resistance were homologous to the
characterized R genes for the blast resistance from rice (data
not shown), which indicates that an uncharacterized resist-
ance gene may be responsible for the blast resistance con-
ferred by QLB-czas8. Because there are many genes in the
target genomic regions, a more saturated molecular map and
a larger mapping population are required for finely mapping
and final cloning the leaf blast-resistant QTL.

Summer millet cultivar Yugu 5 has been widely grown
in northern China and commonly used as a parent in devel-
oping new cultivars. So, it represents an important genetic
source of resistance to the millet blast disease. The identi-
fication of new QTL underlying the resistance to leaf blast
will facilitate the use of Yugu 5 in the improvement of dis-
ease-resistant cultivars, as such information has been rarely
reported in foxtail millet.
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