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Abstract

Foxtail millet (Setaria italica L.) is an important cereal crop, resilient to abiotic stresses, but suffers significant yield
losses from blast disease, caused by Pyricularia grisea. Understanding the genetic mechanisms underlying blast resist-
ance is essential for developing resistant cultivars. This study employed bulk segregant analysis sequencing and gene
expression analysis to uncover resistance in the Yugu1 cultivar, which is known for its innate immunity. Our analysis
identified three genomic regions associated with resistance, and fine mapping pinpointed a critical quantitative trait
locus, gLB-03.1, within a 56.8 kb interval on chromosome 3. Eight genes were annotated in this region, and time series
expression analysis revealed that Seita.3G119300, which encodes a cysteine-rich secretory protein, was significantly
upregulated following inoculation. This upregulation suggests a crucial role in the resistance phenotype. Intriguingly,
a significant 4592 bp deletion in the promoter region of Seita.3G119300 in the susceptible Ci846 cultivar appears

to affect its expression and susceptibility to the disease. This deletion highlights Seita.3G119300 (tentatively named
Rpg3(t) as a candidate resistance gene, warranting functional validation and underscoring its potential for inclusion
in breeding programs aimed at enhancing blast resistance in foxtail millet. Continued research is needed to fully vali-

date the functional role of this gene and harness its potential for enhancing crop resilience.
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Background

Foxtail millet (Setaria italica L.), also known as small
millet, is an important cereal crop noted for its resilience
and nutritional value across Asia and Europe. Originally
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domesticated in China, foxtail millet plays a critical role
in agricultural systems, particularly in regions with chal-
lenging growing conditions (Li et al. 2021a). It is a fun-
damental food source and supports the livelihoods of
farmers on marginal lands, where its cultivation cov-
ers extensive areas and contributes significantly to local
economies (Nadeem et al. 2020). Millets are proposed
to play a crucial role in combating global food insecurity
(Li et al. 2021a; Wilson and VanBuren 2022). Addition-
ally, foxtail millet has emerged as a model C4 crop due
to its compact plant structure, short growth cycle, read-
ily accessible reproductive organs, small genome size,
and few genomic repetitions (Huang et al. 2014; Xu
et al. 2022). Despite its resilience to various insect pests
and abiotic stresses, foxtail millet production remains
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threatened by biotic stresses, with blast disease being a
significant constraint, particularly in northern China
(Diao 2017; Islam et al. 2020). Severe outbreaks have
been observed in Hebei, Henan, Shandong, Inner Mon-
golia, Shaanxi, and Heilongjiang provinces, severely
impacting local millet cultivation.

Leaf blast of foxtail millet is a fungal disease caused by
the pathogen Pyricularia grisea Sacc. (anamorphic form:
Magnaporthe grisea (T.T. Herbert) M.E. Barr) (Klaubauf
et al. 2014). This filamentous fungus, capable of airborne
transmission, can cause diseases in various gramineous
plants (Paul et al. 2022). It infects nearly all aerial parts
of millet plants, leading to disease development at all
growth stages. The disease manifests as circular spots
with straw-colored centers on the leaf blades, typically
2-5 mm in diameter. These small, scattered spots are
bordered by a dark brown margin (Pordel et al. 2018).
In severe instances, particularly under humid conditions
and high plant density, affected leaves exhibit wilting
and subsequent drying (Zhang et al. 2016). The infection
affects all stages of plant growth and is a key factor limit-
ing yields in millet-producing regions, especially during
the spring and summer seasons. Yield losses caused by
blast disease are significant, frequently surpassing 20%—
30%. In some cases, sensitive cultivars can suffer grain
losses exceeding 40% (Ramakrishnan et al. 2016). His-
torically restricted to the North China Plain because of
its favorable humid conditions, blast disease has recently
spread to Northeast China and the Northwest Loess Pla-
teau (Xu et al. 2022). The spread of blast disease to new
regions may be attributed to climate change, as previ-
ously unsuitable environments now present conditions
favorable for the disease’s development.

Genetic resistance provides a sustainable and cost-
effective solution for disease control, particularly benefi-
cial for subsistence farmers who may lack the resources
for expensive and often less effective chemical manage-
ment methods (Mbinda and Masaki 2020). Despite the
significant impact of this disease, research into genetic
resistance to blast in foxtail millet is still limited. In con-
trast, extensive research on rice has clarified the interac-
tions between fungal pathogens and host plants, leading
to the identification of numerous resistance (R) genes
(Wang et al. 2019). Many of the R genes identified share
significant structural similarities, predominantly encod-
ing proteins that contain the nucleotide-binding site
(NBS) and leucine-rich repeat (LRR) domains (Zhai
et al. 2022). The blast pathogen has a broad host range,
affecting over 50 different cereal grain crops, each show-
ing varying rates of infestation (Liu et al. 2014). Despite
its broad host range, the pathogen can specifically adapt
to its hosts and effectively infect an individual host (Li
et al.2020). Moreover, the concept of non-host resistance
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has not yet been successfully reported for millet crops
(Dida et al. 2021). Leveraging plant innate immunity
and genetic resistance offers a sustainable and effective
approach to disease control (Ji et al. 2018). However,
only a limited number of studies have reported on the
localization of genes or QTL related to blast resistance in
millet crops, particularly in foxtail millet (Andersen and
Nepal 2017).

Screening a core collection of foxtail millet in fields and
greenhouses revealed various blast-resistant accessions,
highlighting candidates for cultivation with improved
agronomic and nutritional qualities (Sharma et al. 2014).
Bioinformatic analyses have identified 269 NBS-encoding
resistance genes in the Yugul genome, with chromosome
8 containing the highest density of these disease-resist-
ance candidates (Zhu et al. 2014). Another study found
that integrating DArT and SSR markers identified a key
rust resistance QTL on LGI in pearl millet, explaining
58% of the phenotypic variation and indicating substan-
tial innate immunity (Ambawat et al. 2016). Recently, a
genome-wide association study identified and mapped
the linkage of two genomic loci on chromosomes 2 and
9 associated with leaf blast disease resistance in China
(Li et al. 2021b). Bulk segregant analysis (BSA) has been
applied to identify genetic loci controlling plant height
and blast resistance in millet species, including fox-
tail millet (Tian et al. 2021; Gao et al. 2022). BSA-Seq
integrates traditional bulked segregant analysis with
next-generation sequencing (NGS) to quickly identify
blast-resistant genomic regions/QTLs with high resolu-
tion and accuracy (Majeed et al. 2022). Three novel QTLs
on chromosomes 1, 2, and 8 in foxtail millet were identi-
fied, which explain 9%—20% of the phenotypic variations
for leaf blast resistance, marking a significant advance
in the genetic understanding and breeding for disease
resistance (Tian et al. 2021). Therefore, BSA-seq is an
excellent tool for identifying genetic regions that govern
resistance in foxtail millet.

In this study, we initially screened a collection of P. gri-
sea isolates on the native cultivar Yugul, known for its
superior traits. Yugul showed strong resistance to four
different pathogenic isolates collected from field condi-
tions. To explore the genetic basis of this resistance, we
employed BSA-seq analysis on a crossbred population of
Yugul and Ci846. Whole-genome resequencing of both
resistant and susceptible plant pools revealed three can-
didate regions associated with resistance. Fine mapping
further pinpointed a resistance locus on chromosome 3,
located between markers W-132 and W-192, spanning
56.8 kb. Eight genes were identified and annotated within
this interval based on the genomic data from Yugul.
Time-series qRT-PCR analyses indicated significant
upregulation of the gene Seita.3G119300 in the Yugul
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cultivar following fungal inoculation at 8-, 24-, and 48-h
post-inoculation, suggesting its key role in conferring
resistance. This gene has been tentatively named Resist-
ance to P. grisea3 (Rpg3).

Results

Yugu1 confers resistance to prevalent isolates of Pyricularia
gresia

In initial screenings, the native inbred line Yugul dem-
onstrated robust resistance against four distinct P. grisea
isolates, unlike the Ci846 line, which was susceptible to
all tested isolates (Fig. 1a). Notably, Yugul showed sig-
nificantly strong resistance particularly to the GW20-
1-1 strain (Fig. 1b), prompting its use for inoculating the
mapping population (Fig. 2a). We assessed a total of 382
F, plants from the cross between Yugul and Ci846 for
resistance. Based on lesion severity, plants were classi-
fied into grades 1 and 2, indicating resistance, and grades
3 through 5, indicating susceptibility. Among these, 131
plants were classified as resistant and 252 as susceptible.
The number of plants for each grade is shown in Fig. 2b.
The resulting distribution suggests a segregation ratio of
approximately 2:1, indicating that resistance in Yugul
may be governed by more than one gene or that the effect
of a single gene is masked or modified by other genetic
or environmental factors. This complexity in inherit-
ance could suggest incomplete dominance, epistasis, or
a significant influence of environmental factors on the
expression of resistance. The chi-square test returned a
value of 0.56 with a P<0.05, which does not fit a simple
Mendelian 3:1 ratio, further supporting the hypothesis of

GW20-1-1 GW15-1 NYK20-1
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complex genetic controls influencing the resistance trait
in the Yugul cultivar (Table 1).

Genomic profiling of resistant and susceptible pools

in the foxtail millet F, population

To identify genetic regions associated with resistance
in the Yugul cultivar, we conducted a BSA-seq analysis
using high-throughput whole-genome sequencing of the
parental lines, along with pools of resistant and suscepti-
ble plants. Sequencing of the four samples—two parental
and two pooled (Resistant and Susceptible)—generated
a total of 61.36 Gb of data. With read mapping rates
exceeding 99%, the data reliability was confirmed, ensur-
ing robust coverage depth and a normal GC distribution
(Table 2). These parameters confirm the suitability of the
data for detecting genetic variations and identifying loci
related to resistance. SNP analysis identified 1,939,580
SNPs between the parental lines. These results, depicted
in Fig. 3a, illustrate the SNP distribution across the chro-
mosomes of Yugul and Ci846, highlighting the genomic
regions potentially involved in resistance.

BSA-seq identifies three candidate regions for blast
resistance

To accurately represent the distribution of the SNP
index across the chromosomes, we constructed SNP
index graphs for both the resistant (R-pool) and sus-
ceptible (S-pool) pools, utilizing a resolution of 1 Mb
as the unit window and a step size of 10 Kb. The ASNP
index for each single nucleotide polymorphism (SNP)
was calculated by subtracting the SNP index value of

GWs-14 [ Cig46

Ci846 Yugu1

Ci846 Yugu1 Ci846 Yugu1 Ci846 Yugu1

I

Lesion length (cm)

I 05cm

Fig. 1 Disease assay of leaf blast resistance for Yugu1. a Yugu1 reveals robust resistance against four representative P. gresia isolates (GW20-1-1,
GW15-1, NYK20-1, and GW5-14), contrasting with the susceptibility observed in Ci846 (scale 0.5cm). Photographs were taken five days
post-inoculation using the leaf detachment method. b Statistically significant differences in lesion length were observed between the Yugu!
and Cig46 cultivars, as determined by a Student’s t-test, following point inoculation
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Fig. 2 Phenotypic characterization of blast resistance in parental lines and F, progeny. a The contrasting responses of the susceptible female
parent Yugu1 (used as male) and Cig846 (female parent) to inoculation with P, grisea strain GW20-1-1, with a 0.5 cm scale bar provided for reference.
b illustrates the segregation pattern in the F, population (n=383), showing both representative leaf images demonstrating the 1-5 disease grading
scale (where grades 1-2 indicate resistance and grades 3-5 indicate susceptibility) and the corresponding frequency distribution of these grades

across the population

Table 1 Number of plants in the F, population showing
infection response to GW20-1-1 inoculation. The segregation
ratio indicates a 2:1 ratio, suggesting polygenic inheritance

Combination  No. of F, individual ¥2(2:1) Pvalue
Susceptible Resistant Total
Cig46/Yugul 252 131 383 0.56 0.718

Table 2 Various sequencing parameters of Yugu1, Cig846,
resistant pool (CY-4R), and susceptible pool (CY-4S). Quality
scores are measured as Q20 and Q30, and the mapping rate is
calculated as a percentage

Samples Totalreads Total bases Q20 Q30 Mapping
rate (%)
Yugul 68,064,146  10,299,621,900 9732 9260 9952
Ci846 69,187,534  10,378,130,100 9727 9244 99.16
CY-4R 132,389,140  19,858371,000 97.73 9356 99.24
CY-4S 138,871,344  20,830,701,600 9766 9345 99.30

(See figure on next page.)

the S-pool from that of the R-pool. This method ena-
bled us to develop a comprehensive ASNP index map
that covers all nine chromosomes, as illustrated in
Fig. 3b. Our analysis identified three regions where the
average ASNP index was equal to or greater than the
established confidence value (p<0.1), suggesting sig-
nificant genetic differentiation between the resistant
and susceptible pools in these areas. Specifically, two
of these critical regions, each extending 1.96 Mb, were
located on chromosome 3, while a third significant
region, covering 4.48 Mb, was found on chromosome 5.
These identified regions are considered promising can-
didates for containing genes responsible for resistance
to leaf blast in foxtail millet. As such, we have tenta-
tively designated these regions as candidate resistance
loci. Following this identification, we used the sequenc-
ing data to conduct linkage mapping studies aimed at
fine-mapping the specific loci associated with resist-
ance within the Yugul cultivar.

Fig. 3 BSA-seq analysis identifies candidate regions associated with blast resistance in foxtail millet. a BSA-seq analysis of dof SNPs between Yugu1
and Ci846 across foxtail millet chromosomes (Chr1-Chr9). The y-axis shows SNP density (number of SNPs per 200 kb window) with million base
pairs (Mbp) length across chromosomes, with blue color highlighting high-density regions (> 50 SNPs/window). Red boxes indicate candidate
QTL intervals (gLB-03.1, qLB-03.2, qLB-05.1). b Data analyzed from comparative genome sequencing analysis using 0.2 Mb window size and ASNP
index plot derived from alignment to the Yugu1 v2.2 genome. Gray dashed lines indicate 95% confidence intervals from permutation tests (1,000
iterations). Candidate regions are highlighted with red and blue boxes on the Y-C ASNP-index. gLB-03.1 is associated with resistance, shown

in the red box, while other regions showed a non-significant association (ns), shown in the blue boxes
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Linkage analysis identifies chromosome 3 gLB-03.1 linked
to resistance

To fine-map the loci responsible for resistance to mil-
let blast disease, we utilized highly resistant plants
from our mapping population and employed Indel
molecular markers. From the BSA-seq analysis, three
quantitative trait loci (QTL) intervals were identified:
qLB-03.1 and gLB-03.2 on chromosome 3, and gLB-
05.1 on chromosome 5. We designed Indel molecular
markers to precisely define and narrow down these
regions (Table 3). The gLB-03.1 interval was associ-
ated with Indel markers W-69 and W-74 on the short
arm of chromosome 3, whereas gLB-03.2 was linked
with W-53 and W-55 on the long arm. For ¢gLB-05.1,
polymorphic Indel markers did not align with the phe-
notypes observed, suggesting no association with the
resistance phenotype (data not shown). Subsequent
efforts focused on chromosome 3, where linkage map-
ping helped further refine the intervals. The gLB-03.2
locus was closely linked to markers W-53 and W-54,
and a co-segregating marker, W-97, was identified
between them, spanning a physical distance of approx-
imately 1.86 Mb. This close linkage indicated a lack of
recombinants in this interval, presenting challenges in
further narrowing down the genetic region. The physi-
cal and genetic positions of all markers are detailed in
Fig. 4a and Table 3. In the gLB-03.1 region, we iden-
tified nine Indel markers between W-69 and W-74,
with markers W-38 and W-67 positioned on the same
side as the target loci and markers W-192, W-3, W-10,
W-48, W-87, W-85, and W-84 on the opposite side
(Fig. 4a, Table 3). Ultimately, we pinpointed the resist-
ance loci between markers W-132 and W-192, cover-
ing a distance of 56.8 kb (Fig. 4b).
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QTL qLB-03.1 region encompasses eight annotated genes
We annotated eight genes within the 56.8kb span of
the gLB-03.1 locus on chromosome 3 using the fox-
tail millet functional genomics database (You et al.
2015). These genes are Seita.3G118700 (Aspartyl pro-
teases), Seita.3G118800 (Leucine rich repeat, LRR_1),
Seita.3G118900 (PH domain, PH), Seita.3G119000
(Rhamnogalacturonan endolyase/Rhamno-galactu-
ronase-B), Seita.3G119100 (Nucleoside diphosphate
kinase-related), Seita.3G119200 (PTCCT motif fam-
ily protein), Seita.3G119300 (Cysteine-rich secretory
protein-related), and Seita.3G119400 (NAD dependent
epimerase/dehydratase). Notably, Seita.3G119300 and
Seita.3G119400 are of particular interest due to their
potential roles in plant defense mechanisms (Table 4).
This annotation provides a foundation for further inves-
tigation into the specific functions of these genes in con-
ferring resistance to blast disease in foxtail millet.

Expression analysis of candidate genes revealed candidate
genes for qLB-03.1

To evaluate the expression profiles of candidate genes
within the gLB-03.1 locus, we initially consulted the
RNA-seq database to determine their basal expres-
sion levels, which are generally minimal under normal
conditions. Subsequent qRT-PCR analysis at five time
points revealed that two genes, Seita.3G119000 and
Seita.3G119300, exhibited significant upregulation at all
time points after post-inoculation in the Yugul cultivar,
suggesting their involvement in early defense mecha-
nisms against blast disease (Fig. 5d, g). Specifically,
Seita.3G119300 showed the highest expression levels,
underscoring its potential key role in conferring resist-
ance. In contrast, the other genes within the gLB-03.1
locus displayed expression changes in the Ci846 culti-
var, which may suggest a negative role in blast disease

Table 3 Polymorphic InDel marker name, their position, and primer sequence used to narrow down the genetic region of resistance

for chromosome 3 of Yugu1 cultivar

Marker Position Forward sequence (5'-3’) Reverse sequence (5'-3’)
W-69 6,703,621 GTAGCCTTGGATATCATCGT CCTTTCCTCGGGACTATAAC
W-38 7,393,902 GCATGGGTCGATGAGTTTTA CTCTTTGTCAAGATGTGCTT
W-67 7,594,713 CAGATCAATCTGTCCAGAAC AGTTTTCTACCAAACCATTT
W-192 8,040,456 GTCACCAGACCAGGTGTTTC GTACAAATGTCGCCTTGAGAC
W-132 8,119,248 GATCTGCTGTTATTCGGAAAGT TGAATGACACTCGGTGTTTCT
W-10 8,752,322 TAGTCTCGTAGAGTAGCCTG CGTCTGTGTTGAGAAACAAC
W-48 11,018,586 GACCCTTTCAAACAATCCAG GCACCAATTTGCCAAGTTAT
W-87 12,589,941 CCAAATACACAGTTGCTGTTG TTGATAGACTCGTAAGTCTTTATTT
W-85 14,083,977 CTCCTATACAACACTCTGGC CAAGTATCTGGAAGGTCTCG
W-84 14,976,008 GTCATTTCGGTCACGTATAA CTACCTACCTTTGACAGGC
W-74 17,456,859 AGGTGTGTGGTGTGGTC CTCCTCCATTTGCAGCTTAT
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Fig. 4 Map-based cloning of gLB-03.1 using linkage mapping. a Marker Distribution along chromosome 3 and recombination frequencies (cM/
Mb) are indicated below the chromosome. The gLB-03.1 finally mapped to a 56.7kb interval between markers W-132 and W-192 with the least
recombination. Predicted genes within a 56.7 kb interval are shown, while candidate genes for gLB-03.1 are shown in red. A4592bp insertion

in Yugu1 genome shown as a box in upstream on Seita.3G119300. b Linkage mapping using indel markers W-132 and W-192 shows its association
with the resistant locus qLB-03.1. The gel pictures were cropped from the original images of gels

Table 4 List of genes and their encoded proteins investigated for expression induction in Yugu1 and Ci846 cultivars from Phytozome

Seita.3G1719300  PTHR10334//PTHR10334:5F235—Cysteine-Rich Secretory Protein-Related pathogenesis-related protein PRB1-3
Seita.3G119400  PTHR10366//PTHR10366:5F308—NAD Dependent Epimerase/Dehydratase  UDP-glucose 4-epimerase 1

and NCBI
Phytozome v13 NCBI
Seita.3G118700  PTHR13683//PTHR13683:SF306—ASPARTYL PROTEASES Setaria italica aspartic proteinase CDR1
Seita.3G118800  PF00069//PF00560//PF08263//PF13855—FProtein kinase domain (Pkinase)//  Setaria italica leucine-rich repeat receptor-like serine/
Leucine Rich Repeat (LRR_1)//Leucine rich repeat N-terminal domain threonine-protein kinase BAM3
(LRRNT_2)//Leucine rich repeat (LRR_8)
Seita.3G118900  PF00169—PH domain (PH) Setaria italica uncharacterized
Seita.3G1719000  Rhamnogalacturonan endolyase/Rhamnogalacturonase B Setaria italica probable Rhamno-galacturonase lyase B
Seita.3G1719100  PTHR11349:5F53—Nucleoside Diphosphate Kinase-Related Nucleoside diphosphate kinase 3
Seita.3G1719200  PTHR31717:SF2—CCT Motif Family Protein Setaria italica uncharacterized
1
1
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Fig. 5 Gene expression analysis of Ci846 and Yugu1 after 0-, 8-, 24-, 48- and 72-h post-inoculation. Relative expression is shown for Ci846 and Yugu'
cultivars as a fold change in transcript levels after inoculation of the GW20-1-1 isolate of P gresia in a time series experiment. The relative expression
level of genes was calculated using 278C method, while 0 h (OH) was used as a control for measurement of relative expression levels, while actin

was used as an internal control

defense. These observations lead us to hypothesize that
Seita.3G119000 and Seita.3G119300 are likely candidates
for the resistance locus in gLB-03.1. This hypothesis is
further supported by genomic analysis, which shows that
while Seita.3G119000 does not exhibit genomic changes
between Yugul and Ci846, Seita.3G119300 has an
upstream deletion of 4592 bp (Fig. 4a), leading to struc-
tural variation potentially linked to resistance in Yugul.
Bioinformatically, no gene ORF is predicted in this
region. Based on these findings, Seita.3G119300 on chro-
mosome 3 of the Yugul cultivar is tentatively identified
as a potential candidate for gLB-03.1 and is tentatively
named Rpg3(t), warranting further investigation into its
functional roles and regulatory mechanisms in resistance
to blast disease in foxtail millet.

Discussion

Originally domesticated in China, foxtail millet is
increasingly recognized globally for its adaptability
and nutritional value. Leaf blast resistance remains a
key breeding objective, emphasizing the need to iden-
tify and utilize genetic regions conferring resistance
for cloning and marker-assisted breeding (Yang et al.
2012; Babu et al. 2014; Dida et al. 2021; Li et al. 2021a).
Numerous studies have identified and cloned resist-
ance genes and QTLs in foxtail millet through BSA,
GWAS, and genome resequencing (Babu et al. 2012;
Sharma et al. 2014; Rajesh et al. 2019; Li et al. 2021b).

The ongoing evolution of pathogens and the emergence
of new strains highlight the critical need for developing
resistant cultivars, particularly in China (Mbinda and
Masaki 2020; Cheng et al. 2023).

Yugul has been pivotal in genomic studies and breed-
ing programs aimed at developing disease-resistant
cultivars. For instance, the Zhonggu2 and Yugu5 culti-
vars, which exhibit resistance to leaf blast, are derived
from Yugul, indicating its valuable genetic contribu-
tions (Tian et al. 2021; Zhang et al. 2022). Resistance in
millet, including in closely related species such as pearl
and finger millet, tends to follow both qualitative and
quantitative inheritance patterns (Ramakrishnan et al.
2016).

Use of BSA-Seq has proven effective in fine mapping
resistance traits, reinforcing its utility in trait map-
ping across millet varieties (Masumoto et al. 2016;
Tian et al. 2021; Gao et al. 2022). Although resistance
loci have been mapped on chromosomes 1, 2, and 8 in
foxtail millet, precise mapping remains sparse, espe-
cially for native Chinese cultivars (Li et al. 2021b; Tian
et al. 2021). In this study, we isolated prevalent isolates
of P. grisea from Heilongjiang and utilized Yugul for
pathotyping, which displayed robust resistance against
multiple virulent isolates. Crossing Yugul with the sus-
ceptible Ci846 resulted in a mapping population that
showed a polygenic mode of inheritance, deviating
from simple Mendelian expectations and suggesting the
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influence of multiple genes and environmental factors
on resistance traits (Zschocke et al. 2023).

Our BSA-seq analysis, supported by high-quality
sequencing data with a mapping rate exceeding 99%,
confirmed the reliability of our genetic screening. The
comprehensive coverage essential for detecting poly-
morphisms enabled us to identify critical genomic
regions associated with resistance traits (Huang et al.
2022). Numerous SNPs and InDels were detected
between parental lines and within pools. Notably, non-
synonymous SNPs (nsSNPs) could affect gene function.
BSA analysis pinpointed three genomic regions with
significant ASNP index values, refining our search for
resistance genes. We identified three potential regions
on chromosomes 3 and 5. Using InDel molecular mark-
ers, we closely examined the genomic region gLB-03.1,
which demonstrated a strong linkage with the resistant
loci in the F, population. The region on chromosome
5 displayed inconsistency between genotyping and phe-
notyping when utilizing markers. As for gLB-03.2, no
single recombinant plant was identified, maintaining
a range of 1.86Mb without narrowing down the inter-
val. We focused on gLB-03.1 and fine-mapped this
QTL to a 56.8 kb region, within which 8 genes were
annotated on the Yugul genome. To our knowledge,
no resistance gene has been reported in this region.
Therefore, we determined that this novel QTL repre-
sents a new locus conferring resistance against emerg-
ing strains of the pathogen in foxtail millet. We utilized
a wealth of genomic data of Yugul for the annotation
of 8 genes found in the gLB-03.1 region. The gLB-03.1
locus on chromosome 3 represents a novel source of
blast resistance in foxtail millet, distinct from known
loci on chromosomes 1, 2, and 8. Unlike the NBS-LRR
clusters in gLB-8.2, qLB-03.1 contains a CRISP gene
(Seita.3G119300) and shows strong efficacy against
Chinese blast isolates. Its large effect size (complete
susceptibility in promoter deletion mutants) contrasts
with the partial resistance of gLB-1 (20% PVE) and
qLB-2.3 (15% PVE). This discovery enables new pyra-
miding strategies for durable resistance.

We then used gene expression analysis after inoculat-
ing the fungal isolate GW20-1-1, employing time series
analyses. Previously, defense-related genes were iden-
tified using expression analysis (Du et al. 2024). Our
focused study on two particular genes, Seita.3G119000
and Seita.3G119300, revealed significant insights into
their roles in disease resistance. Seita.3G119000, despite
showing no genetic changes between the resistant and
susceptible lines, displayed increased expression levels
following pathogen inoculation. This suggests that its role
in resistance may predominantly be linked to its tran-
scriptional response rather than genetic variations.
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Conversely, Seita.3G119300 not only showed height-
ened expression in response to pathogen challenge but
also exhibited a significant genetic variation that cor-
relates with resistance. Specifically, a 4592 bp deletion
in the promoter region of Seita.3G119300, found in the
susceptible Ci846 cultivar but absent in the resistant
Yugul, likely affects the gene’s expression level and func-
tionality. This deletion may reduce the promoter’s activity
or disrupt regulatory interactions necessary for mount-
ing effective defense responses, thus contributing to
susceptibility. Seita.3G119300 encodes a Cysteine-Rich
Secretory Protein-Related (CRISP) protein, known for
its role in modulating ion channels and signaling path-
ways crucial for plant defense. The presence of CRISP
proteins facilitates the direct interaction with pathogen-
derived molecules, triggering essential defense mecha-
nisms. This protein’s function, coupled with the observed
gene expression and promoter activity influenced by the
genetic deletion, positions Seita.3G119300 as a critical
component of the resistance phenotype in foxtail millet.

The Seita.3G119300 (Rpg3(t)) CRISP protein shares
functional parallels with resistance genes in other cereals,
including rice’s OsRLKI (ROS-mediated blast resistance)
and wheat’s Lr67 (nutrient limitation-based resistance),
but lacks their kinase/transporter domains, suggesting
a novel resistance mechanism. All three genes contain
conserved cysteine-rich motifs and pathogen-responsive
promoter elements, indicating the convergent evolution
of CRISP-mediated defense strategies in cereals. This
comparison highlights Rpg3(t) potential as both a unique
resistance source and part of a conserved defense net-
work in grasses. These findings led us to tentatively map
Seita.3G119300 as a novel resistance locus, highlighting
its potential as a prime target for breeding efforts aimed
at developing leaf blast-resistant foxtail millet cultivars.
The distinct contributions of Seita.3G119300 through
both its genetic setup and protein function underscore
the complex nature of resistance mechanisms in foxtail
millet. Moreover, developing transgenic plants and gene
knockout plants in S. italica remains a challenge, hence
limiting gene functional studies.

Conclusions

This study identified and finely mapped gLB-03.1, a novel
blast resistance locus on chromosome 3 of foxtail mil-
let, Seita.3G119300 (encoding a CRISP protein), as its
candidate gene based on multiple lines of evidence. The
4592 bp promoter deletion in susceptible cultivars, cou-
pled with strong pathogen-responsive expression pat-
terns, suggests this gene plays a crucial role in defense
responses. These findings significantly expand our under-
standing of blast resistance genetics in foxtail millet, pro-
viding both a valuable molecular marker for breeding
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programs and new insights into non-NBS-LRR resistance
mechanisms in cereals. The discovery holds particular
promise for developing blast-resistant cultivars adapted
to Chinese growing regions, where current isolates show
heightened virulence. Future research should prioritize:
(1) functional validation of Seita.3G119300 through
genetic transformation and gene editing, (2) pyramid-
ing with other resistance QTLs (e.g., gLB-8.2) to enhance
durability, and (3) comparative studies to assess CRISP-
mediated resistance across related cereal crops. This
work establishes a foundation for both applied breeding
solutions and fundamental research into alternative plant
immunity pathways.

Methods

Plant material, growth conditions, and mapping
population development

The seeds of resistant cultivar Yugul (accession No.
Ci309) and susceptible line Ci846 (accession No. SSR57)
were obtained from the national foxtail millet germplasm
repository maintained by the Institute of Crop Sciences,
CAAS, a key center for millet genetic resource conser-
vation and breeding programs in China (He et al. 2024).
Yugul, noted for its high resistance to P. grisea isolates,
was used as the male parent, while the susceptible Ci846
served as the female parent. Both cultivars were culti-
vated either in a net house or a greenhouse under natu-
ral or controlled conditions in Beijing (40.21N, 116.59E).
Parental lines (Yugul and Ci846) and F; hybrids were
grown in isolated greenhouse compartments. F; plants
were verified using 16 polymorphic SSR markers (Addi-
tional file 1: Table S1) and showed intermediate pheno-
types. F; plants were self-pollinated to produce F, seeds.
The F, population, comprising 383 plants, was sown in
seedling pots measuring 8 x8x8 cm?, spaced approxi-
mately 2 cm apart. The growth chamber conditions were
maintained at 28°C with alternating 12-h light and dark-
ness cycles. A film covering was applied three days post-
budding, with evaluations conducted 17-20 days after
transplanting. The F, population underwent screening
for resistance or susceptibility using artificial inoculation
methods (Thakur et al. 2009).

Preparation of inoculations and phenotyping

P. grisea isolates were obtained from naturally infected
foxtail millet leaves collected from fields affected by blast
disease in Heilongjiang Province, China. Single-spore
isolates were cultured on PDA medium and maintained
at 28°C for 7 days prior to inoculation. The inoculation
protocol was modified from (Thakur et al. 2009) for fox-
tail millet. Briefly, the fungal inoculum was prepared by
culturing P. grisea hyphae on filter paper placed in PDA
plates (200g/L boiled potatoes, 20g/L glucose, 15g/L
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agar) and incubating at 28°C in the dark for 3 days. The
culture was then transferred to sterilized sorghum grains
in Erlenmeyer flasks and kept in the dark for 7 days to
promote growth. The mycelia were subsequently trans-
ferred to a sterilized, moist Petri dish, covered, and sub-
jected to a 6-12-h dark treatment at 28°C. After drying
for 5-7 days, the mycelia were stored at —20°C.

Two inoculation methods were utilized: detached leaf
and spray inoculation. For detached leaf inoculation, 7
cm long leaves from millet plants at the 5-6 leaf stage
were placed on sterilized filter paper in square Petri
dishes. Cotton balls soaked in 0.2% 6-Benzylaminopurine
were placed at leaf ends, and 10 pl of spore suspension
were applied to wounded sites. After a 24-h dark treat-
ment at 28°C, 12-h light—dark cycles were maintained
for 4 days. Lesion size was measured to the nearest
millimeter.

For spray inoculation, seedlings at the four-leaf stage
were sprayed with a suspension of approximately 1 x 10°
spores/mL (optimized for foxtail millet) to ensure uni-
form leaf coverage. Spore germination (>90%) was
verified microscopically before inoculation. Following
inoculation, conditions of 90% humidity and 28°C-30°C
were maintained. Plants were kept in darkness for 24 h,
followed by alternating 12-h light and dark cycles. Dis-
ease incidence was evaluated 5-7 days post-inoculation
using a grading scale by two independent researchers.
Disease scoring was performed, with<5% discrepancies
resolved via consensus, and the inter-observer correla-
tion was 0.93. Grade 1 for needle-tip-sized brown spots,
grade 2 for small fusiform brown lesions, grade 3 for
round or spindle-shaped lesions with grayish-white cent-
ers about Imm in diameter, grade 4 for larger spots 3mm
or more in diameter, and grade 5 for extensive diseased
spots or leaf yellowing and curling. Grades 1-2 were clas-
sified as resistant and grades 3-5 as susceptible responses
(Fig. 2a). Disease severity scores (Grades 1-5) were ana-
lyzed using Student’s t-test for parental line comparisons
(Yugul vs. Ci846) and chi-square (x2) tests for segrega-
tion ratios in the F, population. Each genotype-inocu-
lation combination included three biological replicates
(individual plants), with each replicate evaluated on 5-6
leaves.

DNA extraction and BSA mixed pool sequencing

Genomic DNA was extracted from leaf samples using
the CTAB method (Allen et al. 2006). The quality and
quantity of DNA were assessed via 1.0% agarose gel elec-
trophoresis and a Nanodrop 2000 spectrophotometer
(Eppendorf Inc., Germany). Resistant (CY-4R) and sus-
ceptible (CY-4S) DNA pools were created by sampling
50 leaves each from distinctly resistant and highly sus-
ceptible plants in the F, population, respectively. DNA
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extraction involved punching holes in each sampled leaf.
DNA from the parental lines, Yugul and Ci846, was also
isolated. DNA libraries were prepared using the Illu-
mina TruSeq DNA Nano Kit (Illumina, USA), with 350
bp insert sizes selected via bead-based normalization.
Genomic DNA was fragmented to ~ 350 bp using a Cova-
ris ultrasonicator (Covaris, USA), followed by end repair,
A-tailing, and adapter ligation according to the manu-
facturer’s protocol. Pooled libraries were sequenced on
an Illumina platform (150 bp paired-end) to an average
depth of 50 X coverage. Sequencing quality was validated
using Illumina’s SAV software, with all samples meeting
thresholds of Q20>97% and Q30>92%. The high con-
sistency of quality scores (SD <0.5% across samples) and
mapping rates (> 99%) supported the reliability of the sin-
gle-run data.

BSA-seq analysis

To analyze the BSA data, we first used BWA (Burrows-
Wheeler Aligner) and GATK (Genome Analysis Toolkit)
for variant calling. We then aligned the sequence reads
from the resistant and susceptible bulks to the reference
Yugul v2.2 genome (Bennetzen et al.2012) using BWA
(Li and Durbin. The aligned reads were then subjected to
pre-processing steps, including duplicate removal, base
quality score recalibration, and local realignment around
indels using GATK (McKenna et al. 2010). Next, vari-
ant calling was performed using GATK to identify SNPs
and indels between the two bulks. Following variant call-
ing, variant filtration was applied to obtain high-quality
variants. NGS-based BSA was conducted using QTLseqr
(Mansfeld and Grumet 2018), an R package designed for
bulked segregant analysis combined with next-generation
sequencing. This software is derived from the original
analysis pipeline of QTLseq. SNPs were retained if they
passed: depth>10x, Phred >30, MAF >0.05, and <20%
missing data (GATK/QTLseqr). We utilized the ASNP
index method to identify candidate regions containing
the target gene. High-quality SNPs obtained from the
detection and screening of mutant loci were employed
to calculate the SNP index, which represents the ratio
of mutant base depth to total depth in the mixed pool
sequencing (Takagi et al. 2013). To mitigate the impact of
sequencing and comparison errors, parental polymorphic
loci were filtered based on predefined criteria (Zhong
et al. 2017). Parental genotypes with heterozygous muta-
tions, loci lacking coverage or with low sequencing depth,
SNP index values below 0.3 or above 0.7, and mutations
on non-major chromosomes were excluded. The ASNP
index = (ASNP-indexR — ASNP-indexS), with candidate
regions defined by permutation-based 95% confidence
intervals (Cls) (p <0.05), ASNP > +0.3 with the exclusion
of regions with low read depth (<10x). Subsequently,
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with a window size of 1 Mb and a step length of 10 Kb,
the average ASNP index of each window was determined.
A ASNP index map was constructed using the physical
location of each chromosome on the x-axis and the ASNP
index values on the y-axis. To mitigate false-positive loci,
the ASNP index values of markers on the same chromo-
some were fitted using the DISTANCE method (Fekih
et al. 2013). Statistical confidence intervals for A(SNP
index) at all SNP positions were calculated based on read
depth under the null hypothesis of no QTLs. Addition-
ally, 95% confidence intervals for the ASNP index were
generated for each read depth as described previously
(Fekih et al. 2013; Wang et al. 2018).

Development of molecular markers

Initially, we utilized whole-genome sequencing data
from Yugul and Ci846 foxtail millet genotypes to iden-
tify potential InDel and SSR regions (Liu et al. 2012).
Bioinformatic tools, including Primer3 and BLASTn,
were employed to analyze whole-genome sequencing
data for InDel polymorphisms (>5 bp size difference)
and conserved flanking sequences (>50 bp) between
the parental lines Yugul and Ci846. Candidate markers
were selected based on their proximity to the identified
QTL regions (<1 Mb), amplicon size (100-300 bp) for
optimal resolution via agarose gel electrophoresis, and
absence of repetitive motifs. Polymorphic markers were
validated through PCR amplification using standardized
conditions (94°C denaturation, 55°C-58°C annealing,
72°C extension) followed by 3%—5% agarose gel electro-
phoresis (120 V, 45 min) as described by (Lv et al. 2013).
Markers exhibiting inconsistent segregation patterns or
amplification failures were excluded, ensuring robust
linkage analysis.

RNA isolation and real-time quantitative PCR (qRT-PCR)

We conducted a time-series qRT-PCR to assess tran-
scriptional changes following inoculation with GW20-1-
1. Leaves of both Yugul and Ci846 cultivars were sprayed
with the pathogen and sampled at 0, 8-, 24-, 48-, and
72-h post-inoculation. Total RNA was extracted using
the RNAiso Plus reagent, and cDNA synthesis was per-
formed with the First-Strand cDNA Synthesis SuperMix
(Tiangen Biotech, China) according to the manufacturer’s
instructions. qRT-PCR was performed on an ABI7500
system using SYBR Green PCR Master Mix. Expres-
sion levels were quantified using the 274¢T method
(Livak and Schmittgen 2001), with the Actin gene from
S. italica serving as an internal control, and three techni-
cal replicates per biological sample were analyzed using
ANOVA with Duncan’s post-hoc test (P<0.05). Primers
were designed based on the S. italica v2.2 genome from
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Phytozome v13 using Primer3 software, and details are
listed in Additional file 1: Table S2.
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