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Abstract The intensification of global warming has led to the continuous outbreak of southern rust ( Puccinia polysora Underw. ) in major
maize-producing regions worldwide. The severe outbreak in the Huang — Huai — Hai summer maize region of China in 2021 caused yield losses
exceeding 50% in some plots, and this disease has been included in the List of Key Crop Pests and Diseases. This paper systematically reviews
the molecular resistance mechanisms of maize to southern rust, focusing on the immune mechanisms mediated by NLR family genes and the
characteristics of the Bin 10. 01 resistance gene cluster; it summarizes the advances in research of molecular breeding technologies such as gene
marker development, map-based cloning, and gene editing; combined with the disease characteristics of the spring-sown maize region in South-
west China and the summer-sown maize region in Huang — Huai — Hai, it elaborates on regionally adapted prevention and control strategies; in-
tegrating breeding practices of Dunhuang Seed Industry Group (e. g. , Dunyu 810 and Dunyan 616) , it proposes a full-chain solution of " preci-

sion gene pyramiding-heterotic group utilization-regional promotion". It is expected to provide theoretical and technical references for molecular

breeding of maize resistance to southern rust.
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0 Introduction

Southern rust is a major fungal disease of maize caused by
Puccinia polysora. The urediniospores of the P. polysora pathogen
can spread over long distances via air currents, and outbreaks are
likely under conditions of 25 =32 °C and relative humidity (RH)
=90% """

system, leading to impaired grain filling, a 15% —30% reduction

The disease directly damages the leaf photosynthetic

in 1 000-grain weight, and even total crop failure in severe ca-
ses'”. The severe outbreak of southern rust in the Huang — Huai —
Hai summer maize region in 2021 resulted in field incidence rates
exceeding 80% in major varieties such as Xianyu 335 and Zheng-
dan 958, with some plots suffering more than half-yield losses due
to early leaf senescence. This event directly revealed the structural
defects in the utilization of resistance sources in China; long-term
reliance on tropical resistance materials (e. g. , CMIA96) has
drawbacks such as longer growth periods (7 — 10 d later than local
varieties ) and unstable resistance expression in temperate environ-
ments, making them unable to withstand the pressure of sudden

disease outbreaks™’.
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Globally, the frequency of disease outbreaks from 2019 to
2024 increased by 67% compared with the period from 2010 to
2018. The annual affected area reached 38 million ha in tropical
regions and exceeded 12 million ha in temperate regions'*’ | indi-
cating a rapid spread into temperate zones such as the Midwestern
United States and the Huang — Huai — Hai region in China. Major
maize-producing countries including Brazil, the United States,
and India suffered severe losses. In Southwest China’s spring-sown
maize region, outbreaks occurred consecutively from 2021 to
2023, resulting in an average yield reduction of 23. 6% . In the
Huang — Huai — Hai region, the affected area accounted for 79%
of the total in 2023, with cumulative economic losses exceeding 4
billion yuan"” ',

At present, breeding for resistance to southern maize rust has
transitioned from traditional phenotypic selection to molecular de-
sign-based approaches. Research efforts are increasingly focused
on the identification of regionally adapted resistance sources, elu-
cidating the molecular mechanisms of resistance, and innovating
breeding technologies. Integrating global research progress with
practical experience in China, this paper aims to provide a system-
atic reference for developing maize varieties resistant to southern

maize rust.

1 Advances in the research of resistance mechanisms
and gene resources

1.1 Molecular resistance mechanisms The pathogenicity of
P. polysora depends on the specific interaction between effector
proteins and host receptors. Among the 23 cloned genes resistant
to southern rust, 19 belong to the NLR (nucleotide-binding leu-

cine-rich repeat) immune receptor family. The proteins encoded
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by these genes contain a conserved CC-NBS-LRR domain, whose
core function is to specifically bind to Avr effectors secreted by the
pathogen through the LRR region, thereby initiating downstream
immune signaling cascades via the nucleotide-binding activity of
the NBS domain"”’. For example, the protein encoded by RppK can
directly interact with the effector AvrRppK through its CC domain,
triggering early defense responses such as increased intracellular
Ca”* concentration and reactive oxygen species burst*'. In the hor-
mone regulatory network , salicylic acid (SA) is mainly involved in
rapid responses within 24 —48 h after infection (e. g. , upregulation
of PR genes), while the jasmonic acid (JA) pathway maintains
long-term resistance by regulating secondary metabolite synthesis af-
ter 72 h. The two pathways achieve signal crosstalk through post-
translational modification of the ZmNPR1 protein """

1.2 Exploration of resistance gene resources

1.2.1 Core resistance gene families. A study by the Anhui Qua-
nyin High —Tech team on 51 resistant backbone inbred lines
showed that resistant genotypes can be divided into " six families" .
Through detection with 4 functional markers closely linked to Rp-
pK, RppC, and RppM , it was found that materials with pyramided
double genes (e. g., J6004A) exhibited HR-level (high resist-
ance ) field resistance, significantly superior to single-gene materi-
SUW

als"”'. This classification system was validated by Huang Liqun et

al. through resistance identification of 102 major maize varieties in
China'™’. SNP-based

showed 83% consistency with the " six families" genotype classifi-

Their genome-wide clustering results
cation, confirming the scientific validity of the resistance genotype
classification.

Among them, RppK and RppM are only 18.3 kb apart on the
chromosome. The encoded products both contain complete
CC-NBS-LRR domains (89% amino acid sequence identity) and
show overlapping race recognition spectra in resistance function
verification, suggesting that they may be elite allelic variants at
the same locus'®"'.

The RppM gene used by Dunhuang Seed Industry has 92%
sequence homology with the American RppM. It exhibits stable re-
sistance expression in temperate environments and has an interac-
tion effect with the photoperiod gene ZmCCT9, solving the adapta-
bility problem of tropical genes” "' (data used with authorization
from Dunhuang Seed Industry Group). Molecular marker verifica-
tion showed that this gene is stably expressed in varieties such as
Dunyu 810 and Dunyan 236, with resistance levels reaching 1 —3
against dominant races in the Huang — Huai — Hai regionmr .
1.2.2 Bin 10. 01 resistance gene cluster. Studies have con-
firmed that over 80% of resistance genes are clustered in a 200 kb
region at the end of the short arm of maize chromosome 10 ( Bin
10.01) , forming a " golden target for disease resistance". This re-
gion contains RppK, RppC, RppM, and multiple uncloned QTLs,
with two major controversies regarding its genetic mechanism; are
they allelic variants or independent gene clusters? Is the resistance

attenuation of tropical materials (e. g. , CMI496) in Huang —

Huai — Hai related to the temperature and light sensitivity of this
region? These issues are the focus of current research”’.

1.2.3

teams have focused on exploring the resistance potential of local

Innovation of local resistance sources. Chinese research

germplasm resources, forming a dual-track innovation path of
"traditional variety screening-distant gene introgression". In terms
of utilizing local varieties, the " Jinghong Small Maize" , unique to
the Yunnan Plateau, stands out. Its broad-spectrum resistance
gene, through genetic mapping analysis, exhibits a significant epi-
static interaction effect with the known RppK—when the two are
co-expressed, the resistance coverage rate against 21 physiological
races of southern rust increases to 94% , 27 percentage points
higher than that of the single RppK gene. Moreover, its resistance
stability reaches 89% in complex mountainous environments with
an average daily temperature of 18 —28 °C'"'. This finding re-
veals the resistance regulatory network formed in landraces through
long-term natural selection, and provides unique materials for tem-
perate and tropical resistance breeding.

In the field of distant hybridization innovation, the team from
Southwest University has broken through interspecific hybridization
barriers, introducing rust resistance gene fragments from Tripsa-
cum dactyloides into maize cultivars. After 5 consecutive genera-
tions of backcross breeding, the newly created germplasm ( desig-
nated ST-2023) showed a 92% field survival rate in the Yunnan
Yuanmou rust nursery (with an annual disease severity rating of
9), significantly higher than that of the tropical resistance source
CMIA96 (67% ). Molecular detection indicated that this germ-
plasm integrates 3 resistance QTLs from 7. dactyloides (located on
chromosomes 3, 7, and 9) , forming a complementary defense sys-
tem with maize’s own RppK. lts control efficiency against the rust
race Pp2022-3, which outbreaks under high humidity (relative hu-
midity =95% ), reaches 88% "°'. Such distant introgression ma-
terials not only broaden the genetic basis of resistance sources but
also solve the problem of expression attenuation of tropical resist-
ance genes in high-humidity mountainous areas, providing impor-
tant breeding resources for maize-producing regions with frequent

rainy seasons in Southwest China.

2 Innovation in biotechnological breeding systems
2.1 Molecular marker and gene cloning technologies

2.1.1 Development and application of functional markers. A to-
tal of 28 rust-resistant functional markers have been developed
globally, with KASP markers accounting for 64% . The marker for
the G401T locus of RppK has an accuracy exceeding 97% , and
the 12 bp InDel marker for RppC has a selection efficiency of
91.3% in Huang — Huai — Hai''*’. The four-marker system devel-
oped by Anhui Quanyin High — Tech can simultaneously detect
RppK/RppC/RppM combinations. The gene segregation observed
in 6 materials (e. g. , LY296) confirms the necessity of molecular

. [3
selection™ .
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Dunhuang Seed Industry’s " RppK/RppM" composite marker

combined with capillary electrophoresis enables 48-h multi-gene
detection at the seedling stage, reducing costs by 40% "*'; the
"RppK + Rpp25" dual marker from the International Maize and
Wheat Tmprovement Center (CIMMYT) has increased the selec-
tion efficiency of tropical populations to 89% "'
2.1.2 Breakthroughs in gene cloning technologies. Single-mole-
cule sequencing technology compressed the mapping interval of
RppK from 4.09 Mb to 123 kb, shortening the cloning cycle to 14
months™ ; Brazil cloned RppBi2 using MutMap + technology in 8
months, accelerating the process of resistance gene mining' ™.

Chinese research teams have achieved multi-dimensional
breakthroughs in the resistance gene cloning technology system,
forming a technical closed-loop of " high-precision mapping +
multi-omics validation". For cloning maize southern rust resist-
ance genes, the team from China Agricultural University innova-
tively combined single-molecule real-time sequencing ( SMRT)
with high-density genetic maps. They not only narrowed the map-
ping interval of RppK from 4.09 Mb to 123 kb but also excluded
17 false positive candidate genes through methylation modification
analysis. Finally, the cloning was completed in only 14 months,
representing a 3-fold increase in efficiency compared to traditional
map-based cloning'®'. This technical route has been incorporated
into Technical Specifications for Maize Functional Gene Cloning
(NY/T 4008-2022) , becoming a benchmark method for resistance
gene cloning in China.

The " targeted capture system for resistance genes" developed
by the team from Huazhong Agricultural University has shown
unique advantages: by designing specific probes covering the Bin
10.01 gene cluster, targeted sequencing was performed on 12 re-
sistant-susceptible near-isogenic lines, successfully cloning the
dominant allele RppC ™ of RppC from tropical germplasm CMIA496.
This technology shortened the candidate gene screening cycle from
the traditional 6 — 8 months to 45 d, with a capture efficiency of
92% for low-abundance expressed genes, providing an efficient
tool for analyzing allelic variations within gene clusters'”’.

In the field of rapid cloning, Henan Academy of Agricultural
Sciences adopted the combined technology of " MutMap + tran-
scriptome association analysis" and completed the cloning of RppM
in only 9 months—through phenotypic screening of 600 EMS mu-
tants, combined with resistance identification data from Huang —
Huai — Hai rust nurseries, 12 SNP loci associated with resistance
were identified. Finally, it was verified that the resistance
contribution rate of RppM in temperate environments reached
68% "', Although this method took 1 month longer than the Mut-
Map + technology used by the Brazilian team ( which cloned
RppBr2 in 8 months ), it significantly improved the accuracy of
gene function verification by adding environmental stress treat-
ments ( simulating high temperature and humidity conditions in
Huang — Huai — Hai) ™.

In particular, the " cloning-verification" integrated platform

established by domestic teams has achieved a technical closed-
loop: the gene editing verification system constructed by the Insti-
tute of Crop Science, Chinese Academy of Agricultural Sciences
using CRISPR-Cas9 can complete the functional verification of
candidate genes within 3 months, shortening the cycle by 50%
compared to traditional transgenic verification. This platform has
successfully verified the resistance functions of 8 genes including
RppK/RppC/RppM , among which the research on the synergistic
mechanism of RppK and RppC was selected into 2023 Major Ad-
vances in Chinese Agricultural Sciences'™’

These technological breakthroughs have promoted the number
of cloned southern rust resistance genes in China from 3 in 2018 to
11 in 2024, covering 85% of the functional loci in the Bin 10. 01
gene cluster, providing core target resources for molecular marker
development and gene editing.

2.2  Gene editing and resistance transformation technologies
2.2.1 Application of precision editing technologies. The United
States modified the promoter region of RppC through base editing,
increasing the gene expression level in maize silk by 4.2 times'"’ ;
the Chinese Academy of Agricultural Sciences edited the suscepti-
bility gene ZmSGT1 using CRISPR-Cas9, and the resulting mu-
tants showed resistance levels reduced from 7 (susceptible) to 1
(highly resistant ) with no significant changes in agronomic
traits > .

2.2.2 Construction of efficient transformation systems. Corteva
Agriscience used " rapid recurrent selection + marker-assisted
backcrossing" technology to pyramid 3 resistance genes ( RppK,
RppC, Hi3) in 3 generations, with a background recovery rate of
98.7% .

backcross + Hainan generation acceleration" system, completing

Dunhuang Seed Industry established a " 4-generation

resistance gene transfer within 2 years with a homozygosity rate of
96% "

breeding of Dunyan 236, where the female parent achieved a 27%

This system showed significant performance in the

higher resistance homozygosity rate through RppC gene transforma-
tion compared to traditional methods'*’.

Based on 3 914
highly polymorphic SNP markers ( polymorphic information content

2.3 Application strategies of heterotic groups

PIC = 0. 322 3, covering all 10 chromosomes of the maize ge-
nome) , Chinese research teams have constructed the first " resist-
ance gene-heterotic group" collaborative utilization framework. By
analyzing the distribution characteristics of resistance genes in dif-
ferent heterotic groups, a scientific crossbreeding strategy system
has been established.

The dominant cross pattern is centered on Reid x Lancaster
(such as the genetic pattern of Xianyu 335). The complementary
rate of parental resistance genes in this combination reaches
75% —Reid group materials (e. g. , derivatives of Ye 478) gener-
ally carry temperate-adaptive resistance genes such as RppC, while
Lancaster group inbred lines (e. g. , improved lines of Mol7) are
enriched with broad-spectrum resistance loci such as RppM. After

hybridization, the F? generation can form a "high-temperature re-
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sponsive + photoperiod-adaptive" gene synergistic network. Data
from regional trials in the Huang — Huai — Hai region show that,
compared with intra-group combinations, the resistance level of
such combinations to southern rust is reduced by an average of 2.3
grades, and the stability of 1 000-grain weight is increased by
18% .

The resistance-enhanced combination adopts the Reid x SPT
(tropical and subtropical germplasm group) pattern. By introdu-
cing tropical resistance genes such as RppCMIA96 carried by the
SPT group, the integration of temperate adaptability and broad-
spectrum resistance is realized. For example, the offspring of the
cross between Reid group female parents and SPT group male par-
ents can expand the recognition spectrum of southern rust races to
16 (5 more than that of the Reid x Lancaster combination). How-
ever, it is necessary to control the late-maturity genes (such as
ZmEhdl) in the SPT group through marker-assisted selection to
avoid the growth period being extended by more than 7 days com-
pared with local varieties"'.

The risk early-warning system focuses on intra-Reid group
combinations (such as Zheng 58 X PA). The homology of resistance
genes in such combinations is as high as 82% , which is prone to
homogenization of the resistance base. During the disease outbreak
in the Huang — Huai — Hai region in 2023, the field incidence rate
of intra — Reid group combination varieties was 40% higher than
that of dominant combinations, and the resistance loss rate was 2 -3
years faster than that of inter-group combinations'’.

Dunyan 616 bred by Dunhuang Seed Industry is a typical
practical case of this framework ; its female parent W1707 belongs
to the Reid group ( containing RppK) , and its male parent G4186
belongs to the Lancaster group (aggregating RppC and homologous
genes). The efficient aggregation of resistance genes is realized
through the complementarity of heterotic groups. In the 2023 Na-
tional Variety Consortium Trial of summer maize in the Huang —
Huai — Hai region, Dunyan 616 ( National Approved Maize
20243359) achieved the synergistic improvement of resistance and
yield through the Reid x Lancaster heterotic group framework. Ac-
cording to the announcement of the Ministry of Agriculture and
Rural Affairs, this variety still maintained a resistance level of
grade 5 (moderately susceptible) in plots with a southern rust dis-
ease index of 80 (corresponding to disease grade 7), with an av-
erage yield of 10 845 kg/ha, 15.5% higher than that of the con-
trol variety Zhengdan 958 (9 390 kg/ha). Among them, due to
the adoption of comprehensive prevention and control measures in
the Heze, Shandong pilot, the actual yield increase rate reached
21.3% , which verified the application value of this framework un-
der complex production conditions. Molecular detection shows that
its resistance comes from the synergistic expression of RppC/RppM
genes and the introgression of 3 QTLs from Tripsacum dactyloides,
providing important breeding resources for maize-producing areas

with frequent rainy seasons in Southwest China.

3 China’s prevention and control practices of south-
ern rust and variety innovation

3.1 Regional disease characteristics and adaptive strategies
3.1.1 Spring — sown maize region in southwest China. This re-
gion experiences an average of 3.2 typhoons annually, resulting in
canopy humidity exceeding 90% and the disease plant rate rising
from 5% to 89% within 72 h'*’. Adaptable varieties need to pos-
sess both rust resistance and lodging resistance; Dunyu 810 (with
female parent carrying RppK/RppM dual genes) achieved a post-
typhoon yield of 10 950 kg/ha in Panzhihua, Sichuan, with a
22.6% higher yield compared to susceptible control varieties
grown in the same region; Dunyu 735 ( containing RppK/RppM ) is
resistant to southern rust and has outstanding lodging resistance,
with an annual promotion area exceeding 13 333 ha in Yunnan'**’
3.1.2 Summer-sown maize region in Huang — Huai — Hai. Win-
ter warming has increased the survival rate of overwintering inocu-
lum from 12% to 34% , and the disease epidemic period extended
to 45 d in 2023
high temperatures and achieve rapid grain filling: Dunyan 616

Mainly promoted varieties need to tolerate

achieves high resistance through complementary parental genes.
Its female parent W1707 carries the RppK gene (verified by KASP
marker at the G401T locus, with a homozygosity rate of 97.6% ) ,
and the male parent G4186 pyramids RppC (homozygous for the 12
bp InDel marker), another allelic variant of RppC, and RppC-
MIA96 ( a homologous gene from tropical resistance source
CMIA96, with 82% sequence identity to RppC)™'.

This variety performed outstandingly during the 2023 massive
outbreak in Huang — Huai — Hai, with an average daily grain fill-
ing rate of 8.6 g/100 grains, 1 000-grain weight exceeding 335 g,
and a yield of 11 025 kg/ha in Heze, Shandong, 15.7% higher
than susceptible varieties, maintaining a resistance level of 1 -3

14,227 . .
042]  Molecular interaction

against the dominant race Pp2023-1
analysis showed that the maternal RppK and paternal RppC-like
genes synergistically activate the SA/JA pathway, increasing PR
gene expression by 2.3 times compared to single-gene materials,
explaining the molecular basis of its broad-spectrum resistance' ™.

Dunyan 236 ( containing RppC/RppM ) achieves broad-spec-
trum resistance through multi-gene pyramiding in its male parent
H7853, which carries RppC, RppD, RppM, and RppCML503
(‘a homologous gene from tropical resistance source CMIL503, with
79% sequence identity to RppC)"™*'. Molecular marker verifica-
tion showed that RppD (recognizing the pathogen effector AvrRp-
pD) and RppCML503 have significantly upregulated expression un-
der high temperature and humidity conditions, forming a synergis-
tic effect with RppC/RppM introduced from the female parent, en-
abling the variety to stably maintain a resistance level of 1 -3
against the dominant races Pp2023-1 and Pp2022-3 in Huang —
Huai — Hai' ™'

period, 2023 National Maize Variety Approval Announcement )

Its early-maturing characteristic (98-day growth

combined with multi-gene resistance resulted in a yield of 9 780
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kg/ha in Xihua, Henan, with a yield reduction rate controlled
within 5% during the 2023 massive outbreak, extending resistance
durability by 2 -3 years compared to single-gene varieties > .
3.2 Construction of an integrated industry-academia-re-
search-application system

3.2.1 R&D collaboration. The National Maize Industry Technol-
ogy System has built an innovation chain of " China Agricultural
University — Provincial Academy of Agricultural Sciences — Enter-
prises" . From 2020 to 2024, 7 genes were cloned, with a marker
transformation application rate of 83% ; the Huang — Huai — Hai
rapid propagation system shortened the breeding cycle to 4.5
years'™ . Anhui Quanyin High — Tech collaborated with China
Agricultural University to analyze the Bin 10. 01 region, while
Dunhuang Seed Industry introduced tropical resistance sources
from Henan Agricultural University, forming a complementary
pattern[ ey

3.2.2 Promotion innovation. In Southwest China, the adoption
of the " order-based agriculture" model has increased the availa-
bility rate of disease-resistant varieties from 51% to 89% ; in the
Huang — Huai — Hai Region, through the promotion model of " re-
search institutions + distributors + cooperatives" , Dunyan 616 has
secured an order for about 18 666.8 ha in Henan Province'®’ .
3.3 Variety innovation practices Dunhuang Seed Industry’s
subsequent layout highlights gene pyramiding strategies ( the fol-
lowing variety data are from internal R&D records of the enter-
prise. Although not subject to public peer review, as core materi-
als for national variety approval, their resistance and yield data
have been verified through multi-location tests by institutions des-
ignated by the Ministry of Agriculture and Rural Affairs'™>").

Dunyu 810: The female parent carries both RppK and RppM
genes, forming a " dual-gene synergistic defense system"—RppK
provides broad-spectrum resistance by recognizing conserved effec-
tors, while RppM enhances defense against dominant races in the
Huang — Huai — Hai region. Their synergistic effect increases dis-
ease resistance by over 30% . The successful practice of Dunyu
810 has verified that the scientific configuration of multiple
genes can achieve the synergistic improvement of resistance and
yield, marking that China’s maize disease-resistant breeding has
achieved a commercial breakthrough in disease-resistant varieties
and established a replicable " Chinese paradigm for disease-resist-
ant breeding" ")

Dunyan 233 (National Approved Maize 20233320) : The fe-
male parent C229 carries both RppC and RppM genes. Molecular
marker verification (using the 12 bp InDel marker for RppC and
SNP marker for RppM ) showed a gene homozygosity rate of
98.3% . In the 2022 — 2023 regional trials in Huang — Huai —
Hai, it stably maintained a resistance level of 3 (resistant) to
southern rust, with lesion area accounting for only 6.7% , signifi-
cantly lower than the control variety (38.2% ) ; in multi-location
tests in Shandong and Henan, it achieved an average yield of

9 795/kg/ha, 7.5% higher than susceptible varieties, with a

growth period of 103 d, suitable for summer sowing in Huang —
Huai — Hai'"*'.

has 1.8 times higher expression under high temperatures (25 -32 °C)

Functional verification showed that its RppC gene

than tropical-derived genes, and the interaction effect between Rp-
pM and the photoperiod gene ZmCCT9 increased light use efficien-
cy during grain filling by 12% , solving the coordination problem

between resistance and early maturity'"*’.

Dunyan 616 (National Approved Maize 20243359 ) ; The pa-
rental gene configuration of Dunyan 616 (Reid x Lancaster) (fe-
male parent W1707 containing RppK, male parent G4186 contai-
ning RppC/RppC/RppCMIA96) confirms the 75% resistance gene
complementation rate of the Reid x Lancaster heterotic group, pro-
viding scientific support for its subsequent successful promotion
and an industrialization example for multi-gene pyramiding""*’.

Dunyan 236 ( National Approved Maize 20233321 ) The
male parent H7853 of Dunyan 236 (Reid x SPT) pyramids RppC/
RppD/RppM/RppCML503. The combination of " local genes +
tropical homologous genes" solves the late-maturity issue of tropi-
cal resistance sources. Its RppD gene has 40% higher responsive-
ness to low nighttime temperatures (20 —22 °C) than RppC, ex-
plaining the resistance stability of this variety under complex cli-
mates in Huang — Huai — Hai'"*'.

Molecular detection showed that all these varieties have a re-
sistance gene homozygosity rate of over 95% , and gene epistatic
suppression risks were excluded through multi-year and multi-loca-

tion identification™™* .

4 Potential challenges and coping strategies
4.1 Core challenges
4.1.1

frequency of the Pp2023-1 variety, which can overcome RppC,

Accelerated pathogen variation and monitoring lag. The

reached 18.7% in Huang — Huai — Hai, an increase of 15.5 per-
centage points compared with that in 2021, However, China’s
race monitoring network only covers 38% of major producing

counties, with a 2 —3 month delay in responding to variations'®’

A 2024 field survey by Dunhuang Seed Industry showed that the
pathogenicity rate of Pp2023-1 against varieties containing a single
RppC gene reached 76% , requiring urgent adjustment of gene
combinations'"*'.

4.1.2 Complexity of gene interactions and pyramiding barriers.
12% of RppK/RppM combinations exhibit epistatic suppression,
leading to a 2 -3 level reduction in resistance (based on analysis
of 87 transformed materials by Dunhuang Seed Industry from 2019
10 2024) ") Transcriptome analysis suggests that this suppression
may be related to the competitive binding of the ZmWRKY45 tran-
scription factor, which caused resistance segregation in 5% of
lines in the early generations of Dunyan 352"’

4.1.3 Regional adaptability limitations and expression regula-
tion. The expression level of the tropical RppK gene decreases by

30% at night in Huang — Huai — Hai, affecting resistance durabil-
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"*) Dunhuang Seed Industry increased the nighttime expres-

ity
sion level of Dunyu 616 by 22% through promoter replacement
technology (replacing the RppK promoter with the maize ubiquitin
promoter) , but further optimization is still needed""*’.

4.1.4 Technology conversion efficiency and industry adaptation
gap. The average cycle for new technologies such as gene editing
to move from laboratory to industrialization is 8 years, while the
pathogen variation cycle has shortened to 3 —5 years””". A survey
by Dunhuang Seed Industry showed that only 19% of grassroots
agricultural technicians can proficiently use molecular marker de-
tection technology, restricting the precise promotion of resistant
varieties' " .

4.2 Systematic coping strategies

4.2.1 Building a dynamic monitoring and early warning system.
Integrate global race databases ( CIMMYT) and satellite remote
sensing technology (Fengyun satellites) to establish a 72-h predic-
tion system incorporating temperature, humidity, and spore dis-
persal models, scheduled to cover major national producing re-
gions by 2026

4.2.2 Developing gene interaction prediction and optimization
tools. Using Al algorithms (random forest models) to analyze the
interaction effects of 126 RppK/RppC/RppM combinations, with
an accuracy of 89% , enabling early screening of optimal pyrami-
ding patterns”’. This tool successfully avoided epistatic suppres-
sion in the breeding of Dunyan 358, increasing resistance homozy-
gosity to 98% ',

4.2.3 Optimizing regional expression of resistance genes. It is
recommended to enhance the expression stability of RppK in tem-
perate regions through epigenetic modifications (e. g. , H3K4me3
methylation regulation ). Laboratory data showed that nighttime

P8 Dunhuang Seed Industry

expression can be increased by 40%
plans to apply this technology to the subsequent improvement of
Dunyan 233, targeting a stable resistance level of 1"/,

4.2.4 Accelerating technology conversion and promotion system

construction. It is recommended to establish an '

' enterprise-re-
search institution-service provider" training alliance to achieve
over 60% mastery of molecular marker technology among grassro-
ots agricultural technicians within 3 years'®’

4.2.5 Promoting transnational sharing of resistance resources. It
is recommended to join the " Global Maize Rust Control Alliance"
(including CIMMYT, Corteva, etc. ) to share race data and resist-
ance gene resources from 28 countries, and cultivate intetconti-

nental adaptive varieties'”'".

5 Conclusions

The global spread of southern rust has driven maize rust-re-
sistant breeding into a new stage characterized by " molecular de-
sign-driven, precise gene pyramiding, and regional dynamic adap-
tation". China has established a full-chain system encompassing

"gene resource mining, marker-assisted pyramiding, heterotic

group synergy, and regional prevention and control adaptation" by
deciphering the functions of NLR family genes and the genetic
mechanisms of the Bin 10. 01 resistance gene cluster, and innova-
ting molecular breeding technologies such as single-molecule se-
quencing and CRISPR-based editing. Practices by enterprises like
Dunhuang Seed Industry (e. g. , the dual-gene synergy in Dunyu
810 and the inter-group advantage utilization in Dunyan 616) have
confirmed that the scientific configuration of genes such as RppK,
RppC, and RppM can break through the bottleneck of synergizing
"resistance and yield" , forming a replicable " Chinese paradigm
for disease-resistant breeding" .

Future efforts should focus on three key directions; first, rel-
ying on dynamic monitoring networks and Al prediction tools to
address the challenge of accelerated pathogen variation; second,
solving the problem of temperate adaptability of tropical resistance
sources through epigenetic modification and promoter optimization;
third, deepening global resistance resource sharing and technical
collaboration to promote the international application of the
" Chinese approach" , ultimately establishing a security barrier for

the maize industry under the context of climate change.
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