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Abstract

Food security is increasingly threatened by climate change and population growth. Sweet
potato has become a crucial crop for ensuring food security due to its adaptability to
marginal lands and high yield potential. However, its sustainable production is severely
limited by diverse biotic stresses (including fungi, viruses, nematodes, insect pests and
bacteria), which cause substantial yield losses. Despite its considerable importance, the
key bottlenecks in this field remain unresolved, including the incomplete elucidation of
core resistance mechanisms, unclear molecular regulatory networks underlying defense
responses, insufficient understanding of crosstalk among multiple stresses, and limited inte-
gration of emerging technologies into practical resistance breeding. This review synthesizes
the latest advances over the past two years. We dissect sweet potato’s defense mechanisms
from multiple dimensions and provide novel insights into biotic stress resistance gene
regulatory networks. Given that sweet potato production faces the combined effects of
multiple pests and biotic-abiotic stresses, we elaborate on the complex stress interactions
in sweet potato. In addition, we propose biotic stress management strategies and a ten-
year cultivar improvement roadmap that leverages the potential of emerging technologies,
including artificial intelligence (AI), gene editing, novel omics approaches and synthetic
biology. Taken together, with continuous intensification of global biotic stress challenges,
systematic multi-dimensional strategies are imperative to alleviate biotic stress-associated
yield and quality impairment in sweet potato. On this basis, this review provides a valuable
theoretical and practical reference for resistance breeding and the sustainable production of
sweet potato.

Keywords: sweet potato; biotic stress; sustainable production; resistance mechanisms;
breeding strategies

1. Introduction

With global climate change and growing population pressure, ensuring food security
has become a critical issue for sustainable development [1-3]. Increasingly frequent extreme
climate events, such as high temperature and drought, are progressively reducing the areas
suitable for cultivation of major staple food crops [4-8]. Consequently, the utilization of
marginal lands (e.g., saline-alkali soils, drought-prone lands and barren lands) has become
an important strategy to alleviate arable land shortages. In this context, stress-tolerant crops
with broad environmental adaptability are increasingly important [9,10]. Globally, sweet
potato is an important crop that possesses remarkable agronomic advantages, including
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drought tolerance, adaptability to marginal lands, a short growth cycle and stable high
yield potential [11,12]. These advantages enable sweet potato to thrive on marginal lands
where staple crops grow poorly, making it an essential crop for ensuring food security. Thus,
sweet potato plays an important role in global food security and poverty reduction [13-16].
Beyond serving as a staple food, sweet potato also holds significant economic value. It
serves not only as livestock feed but also as a source of raw materials for industrial products
such as starch and ethanol [17-19].

Despite the importance of sweet potato, its sustainable production is challenged
by various biotic stresses, such as fungi, bacteria, viruses, nematodes and insect pests.
These biotic stresses often cause severe damage to sweet potato growth, storage root
development and postharvest quality, resulting in substantial yield losses and increased
costs worldwide [20-27]. In recent years, the frequency and severity of these biotic stresses
have been further exacerbated by factors such as climate change, germplasm exchange,
and cropping practices. Consequently, the severe impact of biotic stresses on sweet potato
production has attracted considerable research attention.

According to data released by the Food and Agriculture Organization of the United
Nations (FAO) for 2024, the global harvested area of sweet potato surpassed 7 million
hectares, with total production exceeding 90 million metric tons. However, sweet potato
yields exhibit significant regional variations (Figure 1). This gap poses a serious threat
to global food security and sustainable development. The factors underlying these dis-
parities are multifaceted. In addition to challenges such as relatively outdated cultivation
techniques, inadequate genetic improvement of cultivars and suboptimal soil quality in
developing countries, severe biotic stresses are considered one of the key constraints lim-
iting yield improvement [28,29]. For example, in Africa, farmers’ insufficient perception
and practices hinder the effective management of sweet potato virus disease (SPVD) [30].
Furthermore, while pests and diseases are generally well controlled in developed coun-
tries using approaches such as clean planting materials and pheromone traps to inform
insecticide application, applying these methods in tropical regions (mostly developing
countries) is often impractical [31,32]. Additionally, the high temperature and high humid-
ity conditions prevalent in tropical regions accelerate the spread of pathogens and insect
pests and intensify the damage they cause, thereby limiting the sustainable production of
sweet potato [33-36]. Overall, despite its strong environmental adaptability, sweet potato
production remains vulnerable to diverse biotic stresses. Consequently, elucidating the
mechanisms underlying biotic stress resistance in sweet potato and developing sustainable
management strategies are essential, especially in developing regions.

This review summarizes the major biotic stresses affecting sweet potato production
and synthesizes the current state of knowledge on the mechanisms underlying its biotic
stress resistance. We discuss the impact of climate change on biotic stress severity and
the spread pathways of pathogens and insect pests. Additionally, we highlight the critical
biotic stress challenges facing sustainable production of sweet potato. To address these
challenges, we further propose a series of key research directions and coping strategies for
future studies. These efforts will facilitate the cloning of resistance-related genes, clarify
the regulatory molecular networks, optimize cultivation practices and enhance biotic stress
resistance breeding in sweet potato, thereby contributing to its sustainable production.
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Figure 1. Sweet potato production, yield and harvested area in major sweet potato-producing
countries (production exceeding one million metric tons) that reported data for 2024. Pale yellow
boxes represent production quantities (t, t = ton), dark blue lines indicate yield (kg/ha, kg = kilogram,
ha = hectare) and purple lines indicate harvested area (ha). Data source: Food and Agriculture
Organization of the United Nations.

2. Major Biotic Stresses in Sweet Potato: Types, Distribution and Spread

As elaborated earlier, despite the remarkable adaptability of sweet potato, its global
production is threatened by diverse biotic stresses, including fungi, viruses, nematodes,
insect pests and bacteria, which result in substantial yield losses and quality deterioration
annually, posing a serious challenge to the sustainability of sweet potato production and
global food security (Table A1).

2.1. Types of Biotic Stresses

Fungal diseases are one of the major constraints to sweet potato production. Fusarium
root rot, Fusarium wilt and black rot are globally prevalent in sweet potato cultivation areas,
inducing storage root rot and plant wilting, which results in significant yield losses during
disease outbreaks [37-42]. Thus, these diseases pose a persistent threat to sweet potato
from seedling establishment to postharvest storage. Fungal pathogens are capable of long-
term persistence in soil and can be disseminated through diverse pathways such as soil,
irrigation water, agricultural machinery and commercial trade, which greatly complicates
disease management [42—44]. Fusarium root rot, a devastating soil-borne disease, has spread
rapidly and become a major constraint on sweet potato production, with a high incidence
in fields under long-term continuous cropping. This disease is primarily caused by soil-
borne fungal pathogens, with Fusarium solani as one of the dominant causal agents. These
pathogens infect the sweet potato root systems, resulting in necrosis and rot of storage
root tissues, thereby impeding the uptake of water and nutrients [42,45-47]. Fusarium wilt,
another major soil-borne disease, is primarily caused by Fusarium oxysporum. This pathogen
colonizes the vascular tissues of sweet potato, blocks water and nutrient translocation, and
ultimately causes leaf wilting and plant death [29,48]. In contrast to Fusarium root rot and
Fusarium wilt, black rot, caused by Ceratocystis fimbriata, is a highly destructive postharvest
disease [40]. The disease is characterized by the formation of black, firm and sunken lesions
on the storage root surface, which enlarge as the disease progresses. Notably, even slightly
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infected storage roots are prone to severe decay during storage, resulting in substantial
economic losses [40,49].

Viral infections, characterized by symptoms such as leaf curling and stunted growth,
not only impair plant growth but also spread readily through storage roots, thereby posing
another major challenge to sustainable sweet potato production [50-56]. More than 30 types
of DNA and RNA viruses have been identified as capable of infecting sweet potato [57].
Sweet potato feathery mottle virus (SPFMYV) is one of the most widespread viruses affecting
sweet potato production globally [58,59]. Additionally, sweet potato chlorotic stunt virus
(SPCSV) and sweet potato virus G (SPVG) are also significant viruses affecting sweet potato
production [60-62]. Notably, compared to single-virus infection, synergistic viral infection
leads to more severe disease symptoms. The most typical example is the co-infection of
SPCSV and SPEMV, which leads to SPVD, the severe viral disease of sweet potato [53,63].
However, despite the serious threat of SPVD to sweet potato production, an effective
method for genetic improvement for SPVD resistance remains lacking to date [64].

A broad spectrum of nematode species inflicts damage on sweet potato, such as
stem nematode (Ditylenchus destructor Thorne), southern root-knot nematode (Meloidogyne
incognita) and reniform nematode (Rotylenchulus reniformis). Stem nematode is recognized
worldwide for its extensive distribution and destructive impact, and is particularly preva-
lent in temperate regions of China, including Hebei, Shandong and Henan provinces.
Stem nematode inflicts substantial damage on the storage roots. Sweet potato yield losses
attributable to this nematode typically range from 20% to 50%, with complete crop failure
occurring under severe disease pressure [65—67]. In addition, stem nematode exhibits ro-
bust environmental adaptability, enabling it to survive under low-temperature conditions.
These characteristics considerably complicate the management of stem nematode. Stem
nematode enters sweet potato tissues through stomata or wounds and releases enzymes
that soften cell walls to feed on stem and root cells [68]. This process leads to the forma-
tion of lesions and cavities in the root, thereby impairing plant growth and development.
Similar to stem nematode, southern root-knot nematode is a plant-parasitic nematode
that is difficult to control, owing to its short life cycle, wide host range and few effective
control measures [69]. In sweet potato, symptoms caused by southern root-knot nematode
resemble those of abiotic stresses, such as stunted growth, wilting, leaf discoloration and
root malformation. This creates difficulties in accurately identifying this pest. Reniform
nematode is highly aggressive on sweet potato, with reports indicating that a population
density of five nematodes per 100 cm? of soil can adversely affect both the quality and
yield of sweet potato [70]. The management of this nematode in sweet potato cultivation
presents significant challenges due to the lack of host resistance and the environmental and
health concerns associated with fumigants.

Bacterial pathogens can induce vascular damage, leaf yellowing and abscission, im-
pairing nutrient translocation and photosynthetic efficiency [26,71-73]. Although bacterial
diseases are less common than fungal diseases, nematode diseases and SPVD in some
regions, they often spread rapidly and are difficult to control, severely impacting sweet
potato yield and quality. Bacterial wilt, primarily caused by Ralstonia solanacearum, is the
main bacterial disease affecting sweet potato growth and development [74]. Ralstonia
solanacearum is a typical soil-borne pathogen that infects a wide range of crops, including
Solanaceae species and sweet potato [75]. In sweet potato, Ralstonia solanacearum infects the
vascular system, impairing water and nutrient transport, which leads to wilting, chlorosis
and ultimately plant death [74]. Furthermore, bacteria released from infected plants can
further spread through irrigation water, rainfall, wounds and insect feeding. Therefore,
heightened vigilance is also warranted against bacterial diseases.
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Insect pests represent a pivotal biotic stress constraining sweet potato production,
impacting multiple aboveground and underground plant organs. By feeding on leaves,
storage roots, root systems and stems, these insect pests induce substantial yield reductions
and impair the quality of sweet potato [76-78]. Among these, the sweet potato weevil (SPW;
Cylas formicarius) is one of the most destructive pests globally, particularly in tropical and
subtropical regions. It causes severe economic losses and is listed as a globally regulated
quarantine pest [79]. The development of sweet potato cultivars resistant to SPW remains
limited, and current management practices therefore rely on chemical pesticides, which
pose serious environmental threats [78]. Wireworms (Coleoptera: Elateridae) pose another
significant threat to sweet potato production, particularly in the southern United States,
where they severely impact yield and quality [80,81]. In addition to sweet potato, wire-
worms infest a wide range of host crops, including wheat, maize and potato, facilitating
their gradual spread to other regions as key pests limiting sweet potato cultivation.

These biotic factors do not work alone but often combine to create complex stresses,
thereby greatly amplifying the damaging effects [50,52,62,63,82-84]. For instance, viruses
are commonly transmitted to host plants via insect vectors. Aphids carrying SPFMV
inoculate the virus into sweet potato plants during phloem-feeding, leading to systemic
SPFMV infection of the host. Similarly, whiteflies frequently vector SPCSV, transmitting the
pathogen to the host through feeding activity [53,60,85]. Importantly, once viral infection is
established in sweet potato, it is virtually impossible to eradicate the virus through chemical
intervention. Furthermore, mechanical damage and pest feeding activity create wounds
in sweet potato, which serve as primary entry points for pathogens. For example, lesions
generated by nematode infestation in sweet potato storage roots provide direct access for
fungi and bacteria, resulting in the establishment of fungal and bacterial soft rot diseases.
Such secondary infections further exacerbate storage root rot and reduce market value,
and in extreme cases, lead to complete loss of edible and processing value [86,87]. These
synergistic interactions make pest and disease management considerably more challenging,
leading to greater yield losses than those caused by single stresses. However, the infection
mechanisms employed by diverse pests and pathogens remain poorly understood [88].
Therefore, in-depth investigations into these mechanisms in sweet potato, as well as the
elucidation of their interaction networks under complex stress conditions, are crucial for
developing control strategies and enhancing the biotic stress resistance and yield stability
of sweet potato.

2.2. Geographical Heterogeneity in Sweet Potato Pest and Disease Severity

Pests and diseases such as SPVD and SPW pose significant threats to sweet potato
production. However, the severity of these biotic stresses exhibits considerable spatial het-
erogeneity due to climatic differences. Asia is the world’s primary sweet potato-producing
region, where complex topography and diverse environments intensify pest and disease
pressures and often involve interactions among multiple pathogens and pests. In addi-
tion, high temperatures and humidity across Asia favor the proliferation of these biotic
threats [57,78,89]. For instance, there are distinct climatic variations between northern
and southern China, which lead to substantial differences in the composition and damage
severity of virus diseases [90]. The situation is more critical in Africa. Due to climate change,
outdated technology, and improper management practices, losses caused by sweet potato
pests and diseases are even more severe, posing a serious threat to food security. Among
these biotic stresses, viruses have emerged as the primary factor constraining local sweet
potato production [91-97]. By contrast, in developed countries, although pests and diseases
continue to threaten sweet potato production, their impacts remain relatively manageable.
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This is largely due to the implementation of early warning systems and effective pest
management practices [98].

2.3. The Spread of Pathogens and Insect Pests

The spread of sweet potato pathogens and insect pests involves a complex interplay
among pathogens, insects, host plants, environmental conditions and human activities.
Since sweet potato is an asexually propagated crop, its vegetative propagation makes it far
more likely to carry pathogens or insect eggs compared to cereal crops, which facilitates
the long-distance dispersal of pathogens and insect pests. The exchange of sweet potato
germplasm and commercial trade have further promoted the spread of pathogens and
insect pests to other producing areas [45,99]. Insects serve as critical vectors for disease
transmission. Aphids are primary vectors of SPEMV. After feeding on infected plants,
they acquire the virus within a short period and subsequently transmit it to healthy plants
during feeding. The whitefly, as a key vector of SPCSV, has a longer retention period and
higher transmission efficiency [100,101]. In addition, wounds inflicted by pests feeding
on sweet potato storage roots and root systems provide entry points for fungal pathogens,
indirectly facilitating the spread of soil-borne diseases [47].

The long-distance dispersal of pathogens and pests is further evidenced by numerous
cross-regional records. SPCSV causes a severe disease and was first documented in Africa.
Notably, this virus was first detected in the United States in 2007 [102]. Similarly, Sweet
potato leaf curl virus (SPLCV) and the root-knot nematode were first documented in China
in 2004 and 2013, respectively [103,104]. In addition, foot rot disease, caused by Diaporthe
destruens, was identified in Zhejiang province of China, where it had not been previously
reported, indicating its emergence as a new threat likely driven by pathogen spread [105].
Moreover, the threat posed by SPW is extending into higher latitudes, driven by global
warming and agricultural migration [106,107]. Some viruses may also be transmitted
through mechanical means, such as when contaminated farm tools introduce the virus
into healthy plants via wounds. However, this mode of transmission is considered minor
and incidental. In summary, the long-distance and cross-regional dispersal of sweet potato
pathogens and insect pests is becoming increasingly prominent, exacerbated by global
warming and agricultural practices. Together with potential mechanical transmission, these
factors have led to more complex and widespread biotic stress risks, highlighting the neces-
sity of enhanced surveillance and management for sustainable sweet potato production.

3. Sweet Potato Resistance Mechanisms Against Biotic Stresses:
A Multidimensional Perspective

Sweet potato production is constantly threatened by a wide array of pathogens and
insect pests. Therefore, elucidating the defense mechanisms of sweet potato in response
to biotic stresses provides a theoretical foundation for breeding cultivars with enhanced
stress resistance. However, due to the large and complex genome of hexaploid sweet
potato (2n = B1B1B,ByB,By = 6x = 90), research progress on its biotic stress resistance has
lagged significantly behind that in major cereal crops such as rice, wheat and maize [108].
Encouragingly, the completion of the sweet potato genome assembly and advances in omics
technologies have laid a solid foundation for cloning genes associated with biotic stress
responses. The past two years have witnessed important advances in deciphering resistance
mechanisms against major pests and diseases, including SPW, Fusarium root rot, Fusarium
wilt, Rhizopus soft rot and stem nematode disease, along with the identification of several
functional genes with potential for resistance breeding. Collectively, recent advances have
greatly enhanced our understanding of the mechanisms underlying both pathogen attack
and host defense in sweet potato.
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3.1. Advances in Sweet Potato Genomics Have Facilitated Research on Biotic Stress
Resistance Mechanisms

The advancement of sweet potato genomics has been fundamental to elucidating
the mechanisms underlying biotic stress resistance and identifying the associated genes.
Initially, the completion of the diploid sweet potato genome sequence marked the begin-
ning of the molecular era for this crop [109,110]. Subsequently, researchers assembled and
refined the hexaploid sweet potato genome sequence, providing a high-quality genetic
map for precisely identifying biotic stress resistance genes and elucidating their regula-
tory mechanisms [108,111,112]. Interestingly, in the process of dissecting the hexaploid
sweet potato genome, researchers found that the “Tanzania’ genome contains 616 Toll-
interleukin-1 receptor/nucleotide binding site/leucine-rich repeat (TIR-NBS-LRR) genes,
which form high-density gene clusters on chromosomes [108]. TIR-NBS-LRR genes are
core components of the plant immune system, mediating specific resistance against fungi,
bacteria, viruses and insect pests [113-115]. Such retention likely enhances its adaptability
to biotic stresses and provides key targets for breeding. Although remarkable progress
has been made, the high heterozygosity of the sweet potato genome, in contrast to diploid
plants such as rice and Arabidopsis, still imposes bottlenecks on the application of these
large-scale genomic datasets. To further overcome research bottlenecks imposed by the
complexity of polyploid genomes, researchers successfully assembled a complete, gap-free
genome of the diploid wild sweet potato ‘Xiaoshu’. Xiaoshu has a homozygous genome,
exhibits high self-compatibility and natural pollination, and is capable of forming storage
roots. The completion of this high-quality genome facilitates the cloning and functional
characterization of genes associated with biotic stress in sweet potato, thereby providing
a superior platform for in-depth exploration of biotic stress resistance mechanisms [116].
Together, these breakthroughs in sweet potato genomics greatly promote the dissection of
resistance mechanisms.

3.2. The Application of Omics Technologies in Sweet Potato

Omics technologies have provided essential tools for elucidating the mechanisms of
sweet potato resistance to pathogens and insect pests. Beyond genomics, the application
of transcriptomics, metabolomics and other omics approaches has enabled the multi-
dimensional exploration of key genes and metabolites, offering new strategies for pest
and disease control in sweet potato [117]. In this section, we focus on transcriptomics and
metabolomics, which are commonly employed in studies of sweet potato resistance to
pathogens and insect pests. For research progress in other omics technologies, readers are
referred to the comprehensive review by Ahmed et al. [117].

Transcriptomics enables detection of dynamic gene expression changes in sweet potato
under biotic stress and has become a widely used tool for deciphering defense signal-
ing pathways. Unlike early transcriptomic applications in sweet potato under biotic
stress [117-119], recent studies have placed greater emphasis on utilizing transcriptomics
to evaluate expression differences between wild-type and transgenic plants (either over-
expressing or knocking down resistance genes), thereby providing a more focused under-
standing of the regulatory mechanisms underlying resistance. Examples include studies on
IbPIF1 (phytochrome-interacting factor 1, a transcription factor) and the Ib)CHYR1-IbZnFR
complex (CHY zinc-finger and ring protein 1, an E3 ubiquitin ligase, and CCCH-type
zinc-finger protein, a transcription factor). IbPIF1 is a key regulator of light signaling [120].
However, researchers have uncovered a novel role of PIFs in biotic stress responses. Tran-
scriptomic analyses demonstrated that IbPIF1 regulates the transcription of defense-related
genes in sweet potato and is essential for resistance against stem nematodes [67]. Similarly,
IbCHYR1 and IbZnFR are indispensable for resistance to Fusarium root rot and Fusarium wilt
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in sweet potato [42]. In that study, transcriptomics not only revealed an association between
IbCHYRI and root rot resistance but also identified downstream genes regulated by the
IbCHYR1-IbZnFR complex. In summary, transcriptomics has advanced our understanding
of sweet potato responses to biotic stress and has become an important tool for cloning
genes associated with biotic stress resistance.

Metabolomics provides a complementary perspective by profiling metabolic changes
associated with defense responses. For example, in sweet potato infected with Ceratocystis
fimbriata, metabolomic analysis revealed dynamic changes in volatile organic compounds
(VOCs) alongside alterations in key metabolites and defense-related enzyme activities.
Notably, VOC profiles correlated significantly with these biochemical changes, offering a
potential method for early disease monitoring [39]. In research on sweet potato resistance
to SPW, integrated transcriptomic and metabolomic analyses revealed that genes involved
in the shikimate pathway were induced by SPW infestation, accompanied by significant
alterations in the levels of multiple downstream metabolites [78]. Therefore, the integrated
analysis of metabolomics and transcriptomics enables the identification of gene-metabolite
associations, offering a powerful strategy for elucidating the mechanisms of biotic stress
resistance in sweet potato.

Emerging omics technologies, exemplified by single-cell and spatial transcriptomics,
have well-documented advantages over conventional transcriptomic approaches in plant
biotic stress research, yet remain severely underutilized in sweet potato studies. Unlike
bulk transcriptomics, which generates averaged expression profiles from heterogeneous
mixed tissue samples, these approaches enable high-resolution transcriptomic profiling for
the dissection of biotic stress responses [121,122]. Specifically, single-cell transcriptomics
enables the systematic elucidation of cell-type-specific defense responses and intercellular
signaling communication during pathogen or pest infestation, while spatial transcriptomics
retains the native in situ spatial context of gene expression to precisely map host-pathogen
interaction dynamics at infection foci [122-125]. Despite these well-defined theoretical
advantages, the practical implementation of these technologies in sweet potato research is
currently hindered by multiple critical bottlenecks that directly limit their feasibility, in-
cluding: (1) analytical complexity arising from the highly heterozygous hexaploid genome
of sweet potato; (2) technical barriers to high-quality sequencing library construction from
starch- and polyphenol-rich sweet potato tissues; and (3) the absence of validated species-
specific cell marker databases for sweet potato. Successfully addressing these technical
barriers will unlock the full theoretical potential of these technologies, and provide critical
high-resolution molecular insights to advance the functional dissection of biotic stress
resistance mechanisms and accelerate molecular resistance breeding in sweet potato.

3.3. Molecular Mechanisms of Biotic Stress Resistance

Driven by the decoding of the sweet potato genome and advances in biotechnology,
remarkable progress has been made over the past two years in understanding the responses
of sweet potato to pathogens and insect pests (Table A2). In this section, we summarize and
discuss key recent studies in this area, and propose a series of perspectives and conceptual
frameworks to provide novel insights for future research on disease and pest resistance in
sweet potato.

Although the SPW is one of the most significant pests affecting sweet potato and
poses a major threat to sustainable production, the mechanisms underlying plant defense
against SPW had long remained unclear. Early studies focused on metabolic and hormonal
responses. SPW infestation induces the accumulation of jasmonic acid (JA), salicylic acid
(SA) and abscisic acid (ABA), key regulators of plant immunity, which in turn promote
the expression of downstream defense-related genes [126-130]. These hormones were
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also shown to activate chlorogenic acid biosynthesis-related genes such as IbPAL, IbC4H
and IbHQT, leading to the accumulation of chlorogenic acid, a metabolite associated with
SPW resistance [131]. Additionally, transcriptomic analysis was conducted using the re-
sistant cultivar Kyushu No. 166 (K166) and the susceptible cultivar Tamayutaka. The
results revealed that genes upregulated in the resistant cultivar are primarily involved in
phosphorylation, metabolic pathways and terpenoid biosynthesis [132]. Although these
studies have advanced our understanding, the key genes conferring resistance to SPW
have not been cloned. A breakthrough has addressed this gap. SPW infestation induces the
expression of IbSPWR1 (SPW resistance 1), which encodes a WRKY transcription factor. Ib-
SPWR1 specifically binds to the W-box element in the promoter of InlSPWR2 (SPW resistance
2), which encodes a dehydroquinate synthase, thereby regulating the shikimate-quinate
metabolic pathway and promoting quinate biosynthesis (Figure 2). Quinate confers sweet
potato resistance to SPW by directly inhibiting SPW feeding behavior and disrupting its
digestive enzyme activity [78]. Together, these findings elucidate the molecular mechanism
underlying sweet potato defense against SPW infestation and provide potential genes
for breeding.

Substantial advances have also been achieved in elucidating the defense mecha-
nisms of sweet potato against stem nematodes. Previous research on stem nematodes
in sweet potato was largely confined to cytological observations and phytopathological
studies [68,133,134], and the molecular mechanisms underlying sweet potato stem ne-
matode resistance remain poorly understood. A study revealed that overexpression of
IbMIPS1 increased the levels of inositol, IP3 (inositol trisphosphate), PA (phosphatidic
acid), Ca?*, ABA, callose and lignin (Figure 2) [21]. These components are critical for
sweet potato defense against stem nematodes, as callose and lignin reinforce cell wall
integrity to block nematode penetration, while Ca?* and ABA trigger downstream immune
signaling cascades that inhibit nematode reproduction. Recent studies have revealed that
the expression of IbPIF1 is strongly induced in sweet potato upon stem nematode infesta-
tion. IbPIF1 directly binds to the promoter of IbMVD (a pivotal gene in the regulation of
terpenoid synthesis), inducing its expression and thereby modulating terpenoid-mediated
resistance (Figure 2) [67,135]. Terpenoids are known to play a critical role in plant defense
against biotic stresses by disrupting the nematode nervous system [136]. Consequently,
this regulatory module governs sweet potato resistance to stem nematodes.

Multiple critical advances have also been made in elucidating the molecular mech-
anisms underlying sweet potato resistance to pathogens. Overexpression of IbBBX24
(encoding a B-box transcription factor) promotes JA accumulation, whereas its silencing has
the opposite effect. IbBBX24 represses expression of IbJAZ10 (encoding a jasmonate-ZIM
domain protein) while activating IbMYC2 (encoding a bHLH transcription factor), and
competes with IbMYC2 for binding to IbJAZ10, thereby relieving IbMYC2 from suppres-
sion and activating downstream JA-responsive genes. This cascade confers resistance to
Fusarium wilt (Figure 2) [137]. A mechanism commonly employed by pathogens is the
secretion of effector proteins that target and hijack host proteins to facilitate invasion. In
sweet potato, three effectors (FfRIpA2, FfRP752 and RsSUN41) have recently been shown
to hijack host proteins, thereby facilitating infection and disease development. The Fusar-
ium effector FIRIpA2 targets the host Ib0CHYR1 protein, stabilizing it and promoting its
interaction with IbZnFR. This leads to the degradation of IbZnFR, a positive regulator
of resistance, thereby suppressing host defense and facilitating infection (Figure 2) [42].
Another study revealed that the effector FIRP752 from Fusarium foetens f. sp. batatas DX94
hijacks IbNF-YA3 (encoding a nuclear factor-YA transcription factor) to promote infection.
Conversely, overexpression of IINF-YA3 enhances root rot resistance as IDNF-YA3 directly
activates the transcription of the SA-mediated signaling pathway that is essential for plant
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immunity [138]. Recent work has also identified a similar mechanism involving IbJAZ10
and IbNF-YAS3 in regulating soft rot resistance. In resistant varieties, the Rhizopus stolonifer
MY03 effector RsSUN41 hijacks IbJAZ10 to degrade IbNF-YA3 [139]. Elevated expression
levels of ILNF-YA3 enhance resistance to soft rot, indicating that IbNF-YA3 acts as a positive
regulator of soft rot resistance. Taken together, these findings reveal a conserved mechanism
in sweet potato: phytopathogen effectors universally target and hijack host defense-related
proteins to suppress host immune responses.
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Figure 2. Summary of resistance mechanisms against major pathogens and insect pests (SPW, stem
nematode, fungi and viruses) in sweet potato. SPW: upon SPW feeding, the expression levels
of a series of downstream genes (including IbSPWR1, IbPAL, IbC4H, IbHQT and other defense
genes) are induced. This upregulation promotes the biosynthesis of chlorogenic acid and quinate,
thereby enhancing sweet potato resistance to SPW. Stem nematode: upon stem nematode attack, the
expression of IbMIPS1 and IbPIF1 is upregulated. IbMIPS1 increases the contents of inositol, IP3,
PA, CaZ*, ABA, callose and lignin, thereby enhancing resistance to stem nematode. IbPIF1, acting
as a transcription factor, directly upregulates IbMVD expression, leading to increased terpenoid
biosynthesis. In addition, IbPIF1 indirectly promotes the upregulation of JA- and ROS-related genes,
as well as the biosynthesis of lignin and callose. Fungi: In [hBBX24 overexpressing plants, IbBBX24
suppresses IbJAZ10 expression while promoting IbMYC2 expression. It also disrupts the binding
of IbJAZ10 to IbMYC2, thereby relieving the repression of JA-responsive genes and enhancing
resistance to Fusarium wilt. The effectors FfRIpA2 and FfRP752 hijack I)0CHYR1 and IbNF-YAS3,
respectively, promoting IbZnFR and IbNF-YA3 degradation and thereby suppressing the expression
of downstream defense genes. This leads to compromised resistance to Fusarium wilt, root rot and
soft rot, respectively. Similarly, another effector, RsSUN41, employs a similar mechanism, promoting
IbNF-YA3 degradation, resulting in suppressed resistance to soft rot. Upon infection, the expression
increase of IbPIRLS is mediated by the direct binding of IbDEAR?2 to its promoter. The subsequent
accumulation of IbPIRLS8 protein then initiates multiple defense pathways, ultimately conferring
resistance to soft rot and root rot. Viruses: The mechanisms underlying viral infection and resistance
in sweet potato remain largely unclear. Several studies have shown that expression of the viral CP
gene or STTM-mediated downregulation of miR397 levels can enhance resistance to viral diseases
such as SPFMV and SPVD in sweet potato.
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Research on sweet potato resistance mechanisms against viral diseases remains in
the early stages. Within this context, multiple experimentally validated findings have
been reported to advance this field. First, several studies have utilized transcriptomic
approaches and established systems for resistance identification and classification of sweet
potato against viral diseases, laying the foundation for understanding host responses
to SPVD [56,140]. Second, transgenic approaches introducing exogenous genes such
as coat protein (CP) into sweet potato have been experimentally confirmed to confer en-
hanced resistance against SPFMV, SPCSV, SPVG and sweet potato mild mottle virus (SP-
MMV) [51,141,142]. Third, a recent study employed short tandem target mimic (STTM)
technology to suppress the expression of miR397, leading to increased activities of pheny-
lalanine ammonia-lyase (PAL) and laccase (LAC), thereby promoting lignin biosynthesis
and enhancing resistance to SPVD in transgenic plants by lignin reinforcement of the cell
wall barrier to prevent viral entry [143]. Despite these advances, the molecular mechanisms
underlying sweet potato responses to viral infection and the basis of resistance remain elu-
sive. It is difficult to identify anti-viral genes through traditional phenotypic identification
and gene mapping in sweet potato, thus underscoring the urgent need for a breakthrough
in this field. Looking forward, to bridge the aforementioned knowledge gap and elucidate
the mechanisms underlying sweet potato responses to viral infection, we propose two
priority prospective research strategies beyond conventional approaches. (1) Leveraging Al
(such as the AlphaFold tool) to dissect viral protein structures and predict their potential
interacting proteins in sweet potato may serve as a highly efficient strategy for cloning re-
sistance genes. (2) Integrating emerging high-resolution omics tools, particularly single-cell
and spatial transcriptomics, to pinpoint candidate resistance genes at cellular and spatial
dimensions represents another valuable approach deserving further investigation.

3.4. Proposed Working Hypotheses and Future Research Perspectives

Based on the aforementioned findings on the molecular defense mechanisms of sweet
potato against biotic stresses, we here propose a series of testable working hypotheses
and highlight key unexplored research directions (Table A3). (1) The expression levels of
IbBBX?24 are also significantly altered in IbPIF1 transgenic lines [67]. Given that [bBBX24 is
known to regulate Fusarium wilt resistance [137], this suggests that [bBBX24 may also be
involved in regulating sweet potato resistance to stem nematodes and could be directly
regulated by IbPIF1 (Figure 2). This hypothesis represents a promising, unexplored avenue
for future functional research. (2) At the molecular level, the resistance genes involved in
the aforementioned studies (IbBBX24, IbPIF1, IbJAZ10 and IbNF-YA3) appear to interconnect
and may function within a common pathway (Figure 2). (3) At the functional level, IbJAZ10
participates in defense against both Fusarium wilt and soft rot, while IbNF-YA3 is involved
in resistance to soft rot and root rot. Similar to IbNF-YA3, new findings have revealed
that overexpression of IbPIRLS (encoding a Ras-group related leucine-rich repeat protein)
confers resistance to soft rot and root rot in sweet potato [144]. Considering the potential
conservation of these functions (Figure 2), we hypothesize that these regulators may have
additional functions: IbJAZ10 might also participate in root rot resistance, while IbNF-
YA3 and IbPIRL8 might play roles in defense against Fusarium wilt. Interestingly, the
downstream genes regulated by these pathways are primarily implicated in terpenoid
biosynthesis, JA signaling, callose deposition and the reactive oxygen species (ROS) burst,
which are integral to immune responses against a broad spectrum of pathogens and insect
pests [145-147]. Therefore, whether the regulation of biotic stress responses by IbBBX24,
IbPIF1, IbJAZ10, IDNF-YA3 and IDPIRLS is broad-spectrum represents a valuable direction
for future research.
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4. Stress Synergy and Defense Regulation in Sweet Potato

Currently, the combined effects of abiotic and biotic stresses have emerged as a key
constraint on sustainable sweet potato production. Compared with individual stresses,
their synergistic effects pose a more severe threat to sweet potato growth. Significant
progress has been made in understanding the combined effects of biotic and abiotic stresses
on crop growth and development in cereal crops [23,148,149]. For instance, prolonged
low-light conditions drastically increase the susceptibility of rice plants to Magnaporthe
oryzae, the causal agent of rice blast disease [150]. In contrast to cereal crops, considerable
knowledge gaps remain in sweet potato. Driven by global climate change, abiotic stresses
have significantly reshaped the geographical distribution and spread patterns of major
pathogens and insect pests in sweet potato. Specifically, several studies have revealed
that the geographical distribution of destructive sweet potato pests such as weevils and
whiteflies is no longer constrained by historical temperature thresholds owing to climate
warming, thereby facilitating their population expansion into higher latitudes and alti-
tudes [151,152]. Furthermore, experimental evidence from sweet potato indicates that
drought stress increases the feeding activity of root-knot nematodes, while humidity levels
influence whitefly reproduction [153,154]. Taken together, it can be reasonably inferred
from the combination of these lines of evidence that the synergistic effects of abiotic and
biotic stresses will continue to intensify the threat of pathogens and insect pests to sweet
potato production (Figure 3) [155,156]. Thus, further investigations on relevant mechanisms
are urgently required. Multiple studies in sweet potato have preliminarily identified sev-
eral genes potentially involved in the crosstalk between biotic and abiotic stress responses.
Mitogen-activated protein kinases (MAPKSs) are essential for various signaling pathways
triggered by both abiotic and biotic stresses [157-159]. In sweet potato, the MAPK family
genes IbMPK3 and IbMPK6 are induced by multiple abiotic stresses, including salt and
cold. Additionally, IbMPK3 and IbMPKG6 positively regulate bacterial pathogen resistance
and pathogenesis-related (PR) gene expression [160]. Similarly, the expression of the sweet
potato IbMIPS]1 (a key rate-limiting enzyme in myo-inositol biosynthesis) is induced by
both biotic and abiotic stresses, including salt, drought, ABA and stem nematode infes-
tation. Moreover, overexpression of IbMIPS1 significantly enhances resistance to stem
nematodes, and improves salt and drought tolerance [21]. Given that [bMPK3, IbMPK6
and [bMIPS1 mediate responses to both biotic and abiotic stresses, we hypothesize that
regulatory interconnections exist among these genes. Notably, a previous study reported
that IbMPK3 and IbMPK6 mediate the phosphorylation of IbSPF1 (an SP8-binding factor) to
modulate bacterial resistance in sweet potato [161]. Based on this finding, we speculate that
IbMPK3 and IbMPK6 may physically interact with and phosphorylate IbMIPS], thereby
serving as a mechanistic bridge mediating the crosstalk between biotic and abiotic stress
signaling pathways. However, it is important to recognize that despite notable progress in
identifying candidate genes implicated in stress signal integration, the precise mechanisms
underlying crosstalk between biotic and abiotic stress responses in sweet potato remain
largely unresolved. Experimental validation of this proposed interaction in sweet potato
would substantially advance our understanding of stress signal integration in this crop.
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Figure 3. Abiotic stresses can exacerbate the damage caused by biotic stresses to sweet potato. Abiotic
stress factors (e.g., heat, cold, low light, drought, waterlogging and salt stress) influence the spread,
feeding behavior, and reproduction of insect pests and pathogens, thereby exerting synergistic effects
that ultimately compromise storage root growth, quality and yield.

5. Strategies for Sustainable Sweet Potato Production

To address the diverse biotic stresses threatening sweet potato production, several
proactive strategies are essential. In this section, we discuss three complementary ap-
proaches: the establishment of early warning systems for pests and diseases, the opti-
mization of cultivation practices (including crop rotation, use of virus-free seedlings, and
soil microbiota management), and the genetic improvement of pest and disease resistance
through molecular breeding and emerging biotechnologies. Collectively, these strategies
aim to reduce yield losses, minimize chemical inputs, and promote the long-term sustain-
ability of sweet potato production.

5.1. Establishment of Early Warning Systems for Pest and Disease Management

In managing pathogens and insect pests in sweet potato, a prevention-centered con-
trol system serves as the cornerstone of sustainable production. This system not only
effectively manages pests and diseases but also safeguards the ecological environment.
Moreover, as climate change intensifies and continuously alters the geographical range
of pathogen and insect pest outbreaks, the establishment of early warning systems has
become increasingly critical. An early warning system relies on a precision monitoring
network that integrates multiple technologies, including remote sensing, meteorological
data, the Internet of Things (IoT), big data and Al These technologies enable early detection,
dynamic tracking and prediction of pests and diseases, thereby providing a basis for timely
intervention [162,163]. Complementing these macroscopic monitoring approaches, the
detection of potential pathogens using molecular markers represents another core strategy
for disease early warning. For example, researchers have developed a specific molecular
marker for DX94, termed FfldnDH, which can serve as a species-specific detection tool
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for F. foetens, facilitating the monitoring and early warning of root rot pathogens in the
field [138].

The application of early warning systems for sweet potato not only facilitates the
transition from ‘passive response’ to a ‘proactive prediction” model but also enhances both
the quality and efficiency of sweet potato production. On the one hand, early warning
systems enable the forecasting of pest and disease risks, guiding farmers to implement
targeted controls and thereby minimize the indiscriminate use of pesticides. This helps
reduce chemical residues and contamination of soil and water. On the other hand, such
precision management effectively suppresses the spread of pests and diseases, reducing
yield losses and control costs while simultaneously improving the quality and market value
of sweet potato products. Although early warning strategies currently face challenges such
as regional disparities in technological infrastructure and high equipment operation and
maintenance costs, their significant technical and economic advantages, along with the
potential for cost reduction through technological and equipment improvements, make
early warning systems a key investment priority for advancing the sustainable development
of the sweet potato industry.

5.2. Optimizing Cultivation Practices for Sweet Potato

Proper field management practices are essential for mitigating biotic stresses in sweet
potato by creating a field environment that simultaneously suppresses pests and promotes
robust plant growth. However, continuous cropping leads to the progressive accumulation
of pathogens and insect pests, thereby aggravating biotic stress damage. In addition,
long-term continuous cropping causes soil nutrient imbalances and the deterioration of
soil physicochemical properties, further compromising the biotic stress tolerance of sweet
potato plants [38,164]. Rational crop rotation effectively alleviates these adverse effects. As
well-established and highly effective cultural strategies, crop rotation reduces damage from
biotic stress by modifying the spatial and temporal layout of crops [165-167]. On the one
hand, rotation with other crops deprives sweet potato-specific pathogens, nematodes and
insect eggs of suitable hosts, thereby suppressing their survival and significantly reducing
population densities in the soil. For instance, rotating sweet potato with maize, wheat,
rice or soybean significantly reduces pathogen and insect pest pressure, and lowers the
incidence and severity of the corresponding diseases. On the other hand, crop rotation
optimizes soil physicochemical properties, enhances soil fertility and promotes robust root
development in sweet potato, thus enhancing its resistance to biotic stresses [168].

In addition to optimized cropping patterns, the production and use of virus-free sweet
potato seedlings also demand attention. Viral diseases represent one of the major biotic
constraints on yield and quality in sweet potato production. Once plants are infected,
viruses are difficult to eradicate by chemical control methods. Therefore, the production
and use of virus-free sweet potato seedlings have emerged as the primary strategy for
viral disease management. Virus-free sweet potato seedlings are produced through an
integrated process involving tissue culture, virus detection and elimination. These virus-
free seedlings enable elite cultivars to realize their full genetic potential, an advantage that
is especially pronounced in high-yielding varieties susceptible to viral infection. Although
techniques for producing virus-free seedlings are now well-established, their application
faces multiple challenges. The application of virus-free seedlings increases production
costs, limiting their acceptance and utilization among farmers, particularly in developing
regions such as Africa. Furthermore, the risk of post-planting reinfection remains a major
unaddressed challenge in field application [169]. The virus-free seedlings may rapidly
become reinfected with viruses within a single growing season via aphids and whiteflies,
mechanical transmission during agricultural operations and virus-contaminated field soils,
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drastically diminishing the yield benefits of virus-free materials and reducing farmers’
willingness to adopt them long-term. Moreover, the global absence of an authoritative
certification framework, insufficient detection technologies for emerging and latent viruses,
and high infrastructural and technical requirements collectively constrain the widespread
application of virus-free sweet potato seedlings. Therefore, future efforts need to focus
on reducing production costs, developing more reliable and low-cost virus detection
technologies, and establishing a global certification framework, which are crucial for
promoting the application of virus-free sweet potato seedlings.

Modulating the community structure of beneficial soil microbiota and enriching their
populations represent another critical approach to mitigating the impacts of biotic stresses
on sweet potato. A well-structured soil microbiome enhances sweet potato resistance
to biotic stresses. This occurs through the direct suppression of pathogens by beneficial
microorganisms and their promotion of plant growth [168,170,171]. Despite these promis-
ing advantages, microbiota-mediated strategies still face prominent practical limitations
in field application. Specifically, their insufficient field stability, distinct site specificity
driven by native soil background differences, and insufficient effectiveness across diverse
climatic and edaphic conditions greatly restrict their application [172]. The colonization
persistence of introduced beneficial microbes is easily disturbed by regional soil properties
and seasonal environmental variations, which further exacerbates the unstable control
efficacy across different planting regions. Therefore, systematic exploration of adaptive
regulation strategies for microbiota is essential to overcome these challenges in future
studies. In summary, optimized cropping patterns, the use of virus-free seedlings and
modulation of soil microbiota collectively mitigate the adverse effects of various biotic
stresses on sweet potato.

5.3. Genetic Improvement of Pathogen and Insect Pest Resistance in Sweet Potato Cultivars

In response to the rising incidence of pathogens and insect pests, improving sweet
potato cultivars for enhanced resistance has become a critical and economic measure to
ensure sweet potato production. Historically, conventional cross-breeding has been the
dominant strategy in sweet potato breeding, and a number of cultivars with high pathogen
and insect pest resistance have been successfully developed. However, due to the complex
genome structure of sweet potato, unstable trait segregation in hybrid progeny and long
breeding cycles, developing new cultivars with high resistance to pathogens and insect pests
through conventional breeding has become increasingly challenging. Approaches such as
molecular marker detection, cloning of resistance genes and targeted gene editing enable
precise selection and improvement of traits, thereby offering distinct advantages such
as high efficiency, shorter breeding cycles, and precise targeting [173-176]. Furthermore,
significant breakthroughs in emerging biotechnologies (such as Al and synthetic biology)
have offered novel pathways to achieve precise and efficient improvement in sweet potato
breeding [177-179].

Molecular markers have been widely utilized in breeding. Through approaches
such as traditional quantitative trait loci (QTL) mapping and genome-wide association
studies (GWAS), researchers have identified numerous genetic loci associated with pest
and disease resistance and developed corresponding molecular markers, thereby pro-
viding essential tools for sweet potato resistance breeding [180]. In recent years, sev-
eral key genes mediating sweet potato responses to biotic stresses have been success-
fully cloned (Figure 2 and Table A2). Resistance genes such as IbJAZ10, IbCHYRI1, Ib-
SPWR1 and IbSPWR?2, derived from natural variation, show great potential in cultivar
improvement [42,78,139]. Based on these findings, developing molecular markers for
cloned resistance genes enables their rapid detection in cultivars or hybrid progeny. The
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cloning of resistance genes and development of molecular markers both rely on the sys-
tematic exploration and conservation of sweet potato germplasm resources. However,
current efforts in the collection, evaluation and utilization of germplasm resources remain
insufficient, leaving many potential resistance genes underexplored. It is important to
note that the co-evolution between plants and pests means that reliance on a single resis-
tance gene often leads to weakened or breakdown resistance [181,182]. To diversify the
genetic basis of resistance in breeding, future efforts should focus on strengthening the
collection, conservation, utilization and precise phenotypic characterization of sweet potato
germplasm resources, thereby providing new key genes and resources for breeding.

Gene editing technology, known for its precision and efficiency, has emerged as
one of the most promising tools in sweet potato molecular breeding. However, the ap-
plication of gene editing technologies, particularly CRISPR (Clustered Regularly Inter-
spaced Short Palindromic Repeats), to elucidate biotic stress defense mechanisms and
enhance breeding in sweet potato remains limited due to several challenges. These include
off-target effects, difficulties in genetic transformation, and the complexity of simulta-
neously editing multiple gene copies and generating homozygous genotypes in sweet
potato. Given these constraints, RNAi, a more accessible alternative, has been more ex-
tensively applied in functional studies of genes related to biotic stress resistance in sweet
potato [42,67,78,137-139,144,183]. The ability of RNAi to concurrently silence multiple
alleles may account for its broader adoption. Despite these challenges, the significant ad-
vantages of gene editing underscore its vast potential, motivating future efforts to develop
more efficient editing tools and improve genetic transformation efficiency for creating
novel cultivars. Encouragingly, multiple sweet potato transformation systems have recently
been established [184,185]. Furthermore, CRISPR/Cas9 technology has been successfully
employed in sweet potato to edit key genes, including IbPDS, IbGBSSI, IbSBEII and Ib-
MYB308L, thereby enhancing quality traits and enabling the creation of albino seedlings
for functional studies [186-189]. Collectively, these advances demonstrate the feasibility
of gene editing tools in sweet potato, laying a solid foundation for applying gene editing
technology to enhance biotic stress resistance breeding in sweet potato.

Synthetic biology allows for precise trait modification and the introduction of novel
resistance traits, complementing traditional breeding in sweet potato. For instance, given
that quinate enhances sweet potato resistance to SPW, engineering the quinate biosynthesis
pathway represents a feasible technical route, in addition to targeting IbSPWR1 and Ib-
SPWR2. Currently, although the application of synthetic biology in sweet potato is limited,
its successful implementation in crops such as rice suggests that its use in sweet potato
breeding to enhance resistance warrants further investigation [190-192].

In parallel with these biotechnological advances, Al has emerged as a transformative
force for accelerating crop breeding. Al can efficiently process the massive datasets involved
in crop breeding, including genomic, phenotypic and environmental data, thereby enabling
intelligent and precise breeding that reduces costs and improves efficiency. Traditional
phenotypic evaluation for pest and disease resistance in sweet potato relies on manual mea-
surement, which suffers from low efficiency and subjectivity. Through advanced imaging
technologies, Al enables high-throughput and accurate phenotypic identification [193,194].
Moreover, Al for protein structure prediction, exemplified by AlphaFold, has been widely
applied in both plants and animals [195,196]. This tool can predict the structures of ef-
fector proteins of pathogens, revealing their vulnerabilities. AlphaFold can also predict
the structures of sweet potato proteins, thereby facilitating the functional analysis of re-
sistance genes, and enable the design of gene editing targets based on protein structure
for gene modification. Recently, researchers have proposed an Al model that integrates
and analyzes vast amounts of data to generate optimized breeding strategies [197]. This
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approach transforms crop breeding from traditional methods to precise design breeding.
Furthermore, Al can also replace manual labor in conventional cross-breeding, thereby ac-
celerating the breeding cycle [198]. In summary, Al holds great potential for applications in
phenotypic evaluation, gene functional studies and breeding practice, which can accelerate
the breeding process.

6. Challenges and Perspectives

Establishing early warning systems, promoting virus-free seedlings, improving cul-
tivation practices and modulating soil microbiota are important strategies for achieving
sustainable sweet potato production. Significant progress has been made in these areas
in recent years. However, the high cost associated with some of these practices currently
limits their widespread adoption in developing regions. Thus, technological innovations
are needed to reduce these costs.

Recent studies have provided insights into the mechanisms underlying sweet potato
biotic stress responses, but these processes remain largely elusive. Additional efforts are
needed to clone resistance genes and elucidate their functions (Table A3). This is particularly
critical for viral diseases, which pose a serious threat to sweet potato production. Given
that phenotypic identification techniques have become more advanced and accurate, and
that new technologies such as emerging omics technologies (such as single-cell and spatial
transcriptomics), biotechnological tools, bioinformatics and Al are being applied, these
developments offer the possibility for researchers to unravel the mechanisms of sweet
potato resistance to viruses and to breed resistant varieties. Future research should prioritize
understanding viral infection mechanisms and identifying corresponding resistance genes.

Sweet potato production is threatened by both biotic and abiotic stresses, yet the
molecular mechanisms underlying the combined effects of these stresses remain largely
unknown. For instance, despite their known roles in biotic and abiotic stress responses, it
remains unclear whether IbMPK3, IbMPK6, and IbMIPS1 play pivotal roles in the crosstalk
between biotic and abiotic stress responses [21,160]. Future research should increase
attention on elucidating the mechanisms underlying the interactive effects of biotic and
abiotic stresses on sweet potato production. This will provide a theoretical foundation for
the genetic improvement of biotic stress resistance in sweet potato.

Conventional omics technologies have been applied in research on sweet potato biotic
stress. Nevertheless, the application of emerging technologies such as single-cell and spatial
transcriptomics faces substantial challenges. These emerging techniques offer a level of
resolution unattainable with traditional approaches, enabling the precise analysis of gene
expression within individual cells and across different spatial locations in plant tissues
under complex stresses [199]. Future work should therefore strengthen efforts to apply
single-cell transcriptomics, spatial transcriptomics and other novel omics approaches in
sweet potato biotic stress studies to characterize the responses of different cell types to
biotic stress.

Sweet potato germplasm resources harbor important pathogen and insect pest re-
sistance genes and are fundamental for sweet potato breeding. However, the collection,
evaluation, utilization and conservation of sweet potato germplasm resources remain in-
sufficient, and many valuable resistance genes are yet to be discovered and functionally
characterized. Unlike seed-propagated crops such as rice and wheat, the long-term conser-
vation of sweet potato germplasm resources presents significant challenges [200]. Therefore,
strengthened efforts in the collection, evaluation, utilization, and long-term conservation of
sweet potato germplasm are essential.

Gene editing technology, with its high precision and ability to generate stably inherited
genetic variations, offers a novel approach for improving biotic stress resistance in sweet
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potato. However, the application of this technology in sweet potato still faces multiple
challenges, limiting its adoption. Future efforts should focus on developing more efficient
gene editing tools and further improving genetic transformation efficiency to advance the
application of gene editing in sweet potato. In addition to advancing gene editing, emerging
technologies such as Al and synthetic biology hold significant potential in breeding and
warrant further in-depth investigation.

To address these challenges and more effectively carry out the necessary work, we
propose a roadmap for future research. In the short term (1-3 years), efforts will focus on
foundational research, including systematic phenotypic and genotypic evaluation of core
sweet potato germplasm for resistance to major biotic stresses, as well as the establishment
of an open-access germplasm database. In the medium term (4-8 years), research priorities
will shift toward mechanistic elucidation and technological system development. Key
works include dissecting core regulatory networks, establishing single-cell and spatial
transcriptomics platforms for sweet potato, optimizing gene editing systems and the pro-
duction of virus-free seedlings, and developing an Al-based high-throughput phenotyping
platform for pest and disease monitoring. In the long term (8-10 years), the focus will be
on breeding applications and the construction of a global sustainable production system.
This entails developing multi-resistant sweet potato cultivars that combine high yield,
superior quality and adaptability to marginal lands, establishing a global pest and dis-
ease monitoring and early warning system, and creating an Al-assisted design system to
shift sweet potato breeding from empirical to precision-based approaches. This roadmap
closely aligns fundamental research with the needs of the sustainable production of sweet
potato. Its phased implementation is expected to relieve current bottlenecks in biotic stress
research and unlock the crop’s potential to contribute to global food security, particularly
in developing regions.

7. Conclusions

Sweet potato holds an irreplaceable value for global food security, owing to its high
yield and remarkable adaptability, which enables normal growth even in marginal or
adverse environments. However, as highlighted in this review, sweet potato production
is under severe threat from various biotic stresses, a threat that is being intensified by
climate change. To date, significant progress has been made in the cloning of biotic
stress resistance genes in sweet potato (Table A2). Furthermore, the assembly of the
high-quality sweet potato genomes and application of multi-omics technologies have
further facilitated the identification of key resistance genes and the elucidation of their
defense mechanisms. These advances have substantially enhanced our understanding of
the mechanisms underlying sweet potato responses to biotic stresses, and have provided
novel resistance gene resources for breeding. In addition, the establishment of early
warning systems for pathogens and insect pests, the application of virus-free seedlings, the
improvement of cultivation strategies, and the utilization of emerging technologies such as
Al, single-cell transcriptomics and gene editing hold great significance for addressing these
challenges. These efforts are crucial for enhancing biotic stress resistance in sweet potato
and promoting its sustainable production (Figure 4 and Table A4).
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Figure 4. Multiple strategies to enhance sweet potato resistance to biotic stresses. From a cultivation
perspective, sweet potato growth can be ensured through establishing early warning systems for biotic
stresses, applying virus-free seedlings, adopting appropriate cultivation strategies, and modulating
soil microbiota. From a breeding perspective, the integration of omics technologies, the utilization of
emerging technologies (such as gene editing, Al and synthetic biology), and the cloning of resistance-
related genes can provide both genetic resources and a theoretical basis of molecular mechanisms for
breeding aimed at enhancing biotic stress resistance. Collectively, these strategies enhance the ability
of sweet potato to respond to biotic stresses, thereby safeguarding food security.
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Mitogen-activated protein kinases
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Pathogenesis-related gene
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Sweet potato chlorotic stunt virus
Sweet potato feathery mottle virus
Sweet potato leaf curl virus

Sweet potato mild mottle virus
Sweet potato virus disease

Sweet potato virus G
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Short tandem target mimic

Toll-interleukin-1 receptor/nucleotide binding site/leucine-rich repeat

Volatile organic compounds

Table A1. Biological characteristics and yield damage of primary fungal, viral, nematode, bacterial

and insect pests in sweet potato.

Type of Causal Agent or Primary .
. . . Geographic .
Disease or Taxonomic Symptoms Transmission Hotspot Yield Loss
Pest Classification Route P
30% in general
Funei Soil, long-distance fields, and
sl Fusarium solani f. ~ Root necrosis, plant stunting dissemination via ~ Globally dis- complete crop
Fusarium root . . . . .
rot sp. batatas and chlorosis infected storage tributed failure in
roots/seedlings severely
infested fields
. Soil, long-distance

. Fusarium I . O . .
Fungi, Wilting of leaves and vascular dissemination via ~ Globally dis- o

. . oxysporum f. sp. . . . . 10-50%
Fusarium wilt batatas browning of vines infected storage tributed

roots/seedlings
Fungi, black Cemtqcy stis Black, firm and sunken lesions ~ Infected storage Globally o
fimbriata f. sp. ) . At least 10%
rot batatas on the storage root surface roots and seedlings  distributed
Rapid softening and maceration

. ) of storage roots following
Fungi, soft hazoy us wound infection, with decay of ~ Wound infection G.lob.a Iy ~15%
rot stolonifer distributed

plant tissue accompanied by
fungal growth
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Table A1. Cont.
Type of Causal Age1'1t or Prlm.ar)f Geographic .
Disease or Taxonomic Symptoms Transmission Hotspot Yield Loss
Pest Classification Route P
Extreme plant stunting, leaf Aphids, whiteflies ~ Globally
. chlorosis, curl and distortion, and distributed, o
Virus, SPVD - SPEMV + SPCSV and drastically reduced storage infected storage especially in Up to 90%
root size and malformation roots Africa
Virus, . . Aphids and . o
SPEMV SPFMV Foliar chlorotlc mottle and infected storage G}obally dis- '10 Yo 1'1nder'
disease purple ring spots roots tributed single infection
. Whiteflies and . o
V'1rus, SPCSV SPCSV Mild chlorosis and stunting infected storage G}obally dis- ~'10 e 1'1nder'
disease tributed single infection
roots
Nematode, Plant.stl'mtmg, chlorosis, Soil, long-distance G.10b§ Iy
. defoliation, and total plant . Lo . distributed,
southern Meloidogyne . dissemination via . . o
. . death, formation of ) especially in 5-30%
root-knot incognita - infected storage .
nematode characteristic root galls on roots/seedlings Africa and
fibrous roots southern China
. . Soil, long-distance
Nematode, . Stem rot, brown discoloration - O . Globally
Ditylenchus . . dissemination via . o
stem and spongy cavity rot inside . distributed, 20-50%
destructor infected storage e .
nematode storage roots . especially in Asia
roots/seedlings
Nematode Soil, long-distance  Globally dis-
. ! Rotylenchulus Root browning and rot and dissemination via  tributed, espe- o
reniform ; . . . . . . : ~10%
nematode reniformis plant chlorosis, stunting infected storage cially in Africa, south-
roots/seedlings ern China
0,
- . Soil, long-distance  Globally >80% loss or
. . Wilting, chlorosis, vascular - .o . . complete crop
Bacteria, Ralstonia ; . dissemination via distributed, . .
. . browning and ultimately plant . . . . failurein
Bacterial wilt  solanacearum infected storage especially in Asia
death roots/seedlings and Afric severely
cecimg a infested fields
Bacter%a, Pectobacterium Rapid softening and slimy Wound 1nf('ect10p Globally dis- 5-30%, >50% in
Bacterial soft . and overwintering . severely
carotovorum maceration o tributed . .
rot in soil infested fields
Short-distance o
Adults feed on foliage, vines, spread via adult 20-40%, yield
o ; . . losses under
Cylas formicarius ~ and storage root epidermis, flight; Globally .
Insect pests, . . . - . low-input
. (Coleoptera: forming holes; larvae bore into  long-distance distributed insect
weevil ) . R . management
Brentidae) storage root to form tunnels, dissemination via  pests can be as high
causing storage root rot infested storage as 98% &
roots ?
. Globally
Bore into sweet potgto %oots and Soil-dwelling, distributed insect  ~15% or >30%
Insect pests, Coleoptera: storage roots, forming irregular . e . . .
. . . dissemination via  pests, especially  loss in severely
wireworms Elateridae tunnels, causing plant death . . : . .
infested soil in northern infested fields
and root rot China
Adult aphids <5% direct
Myzus di i wind eld loss:
ersicae/ Aphis 1Sperse via win Globally yie ¢ 1oss,
Insect pests, P . Leaf curl, chlorosis and plant and flight; L . indirect yield
. gossypii : distributed insect o
aphids . . weakness long-distance loss of 20-80%
(Hemiptera: . A . pests .
Aphididae) dissemination via as a virus
p infested seedlings vector
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Table A2. Overview of reported mechanisms underlying sweet potato responses to biotic stress.

Gene/Protein Name

Types of Biotic
Stress

Mechanism

References

IbMIPS1

Stem nematodes

Overexpression of IbMIPS1 in sweet potato plants led to
significantly increased contents of inositol, IP3, PA, Ca?*, ABA,
callose and lignin, and markedly enhanced resistance to stem
nematodes.

(21]

IbPIF1 and IbMVD

Stem nematodes

IbPIF1 binds to the promoter of IbMVD and up-regulates its
expression level, thereby promoting terpenoid biosynthesis.
Furthermore, up-regulation of IbPIF1 expression increases the
levels of JA, ROS, lignin and callose. These factors are beneficial for
enhancing sweet potato resistance to stem nematode.

[67]

IbBBX24, IbJAZ10
and IbMYC2

Fusarium wilt

In OE-IbBBX?24 plants, IbBBX24 binds to the promoters of IbJAZ10
and IbMYC2, respectively, and regulates their expression levels.
Furthermore, IbBBX24 competes with IbJAZ10 for binding to
IbMYC2, the released IbMYC2 promotes the expression of
downstream JA-response genes, thereby enhancing sweet potato
resistance to Fusarium wilt.

[137]

IbCHYR1 and
IbZnFR

Fusarium wilt and
Fusarium root rot

Fusarium effector FIRIpA2 stabilizes and hijacks IbCHYR1 to
promote IbZnFR degradation, which in turn abolishes the
activation of downstream defense genes by IbZnFR and facilitates
Fusarium infection.

[42]

IbNF-YA3

Fusarium root rot

The effector FIRP752 interacts with IbNF-YA3 and promotes its
degradation, resulting in the failure of downstream SA-responsive
genes to be activated, thereby facilitating pathogen infection.

[138]

IbJAZ10 and
IbNF-YA3

Rhizopus soft rot

RsSUN41 hijacks and stabilizes IbJAZ10 to promote the
degradation of IbNF-YA3, resulting in the failure of downstream
IbPDF1.2, IILOX3, IbLCALS11 and IbAP1 to be activated, thereby
facilitating pathogen infection in sweet potato.

[139]

IbPIRLS and
IbDEAR2

Fusarium root rot
Rhizopus soft rot

IbDEAR? directly regulates IbPIRLS transcription by binding to its
promoter, and the resulting IbPIRLS protein subsequently activates
multiple defense pathways, leading to enhanced resistance against
both soft rot and root rot in sweet potato.

[144]

IbSWEET10

Fusarium oxysporum

IbSWEET10 encodes a sucrose transporter and is strongly
upregulated in sweet potato infected by Fusarium oxysporum.
Overexpression of IISWEET10 improved resistance to this
pathogen, whereas RNAi lines showed increased susceptibility.

[22]

IbSPWR1 and
IbSPWR2

Sweet potato weevil

SPW infestation induces the expression of IblSPWR1, which binds to
the W-box elements of IhlSPWR2 and promotes its transcription.
IbSPWR?2 promotes the accumulation of quinate biosynthesis that
confers resistance against SPW in sweet potato.

IbPAL, IbC4H, and
IVHQT

Sweet potato weevil

SPW infestation induces the accumulation of the phytohormones
JA, SA and ABA. These phytohormones upregulate the expression
levels of chlorogenic acid biosynthesis-related genes including
IbPAL, IbC4H and IbHQT, thereby promoting chlorogenic acid
production. Chlorogenic acid reduces SPW infestation and thus
protects sweet potato from damage.

[131]

CrylAa

Spodoptera litura

Overexpression of the CrylAa gene in sweet potato significantly
inhibited the growth of larvae of Spodoptera litura, reduced larval
body weight and increased larval mortality.

[201]

IbSPF1 and
IbMPK3/6

Bacterial pathogen

Specific physical interactions were identified between Ib-
SPF1 and IbMPK3/6, which are capable of phosphorylat-
ing the Ser75 and Ser110 residues of IbSPF1.

[161]
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Table A2. Cont.

Gene/Protein Name

Types of Biotic
Stress

Mechanism

References

IbPNAC1

Wounding

IbbHLH3 homodimers activate IINACI in early wounding to
trigger defense, while IbbHLH4 forms inhibitory heterodimers
with IbbHLH3 in late wounding to terminate the response, with
JAZs and IbEIL1 repressing IbbHLH3 under normal conditions to
balance growth and defense.

[202]

Coat protein

SPEMV

Introduction of the CP coding gene into sweet potato confers
enhanced resistance to SPFMV.

[141]

miR397 and IDLAC

SPVD

Suppression of miR397 expression in sweet potato via the STTM
technique up-regulates the expression of IbLACs, activates lignin
biosynthesis-related genes, and enhances resistance against SPVD
in transgenic plants.

[143]

SPCSV-RNase3

SPVD

Transgenic sweet potato plants harboring the RNase3-targeted
RfxCas13d system displayed significantly enhanced resistance
to SPVD.

Table A3. Key questions to be addressed in future research based on the reported mechanisms of

biotic stress resistance.

Key Questions

Are IbBBX24 and IbPIF1 also involved in regulating sweet potato resistance to stem nematodes and Fusarium wilt,

! respectively, and is the former directly regulated by IbPIF1?

5 Pathogen effector proteins hijack and regulate host protein stability, thereby facilitating pathogen invasion. Is this a
conserved mechanism?

3 Does manipulation of previously characterized biotic stress resistance genes (e.g., IbBBX24, IbPIF1, IbJAZ10, IINF-YA3 and

IbPIRL8) confer broad-spectrum resistance in sweet potato (Ipormoea batatas)?

4 How does sweet potato defend against infection by viruses such as SPEMV and SPCSV?

networks?

What are the core genes co-regulated under both biotic and abiotic stresses in sweet potato, and what are their regulatory

6  How can the reported biotic stress-related genes be utilized in sweet potato molecular breeding?

How can emerging technologies (e.g., AI) be employed to accelerate the cloning of biotic stress-related genes and breeding in

7
sweet potato?
Table A4. Future strategies for biotic stress management.
Perspective
1 Establish an early warning system for sweet potato pests and diseases, and strengthen international and regional cooperation

to facilitate information sharing.

2 Adopt rational cultivation practices and emphasize the modulation of soil microbial communities.

Reduce the production and planting costs of virus-free sweet potato seedlings.

4  Strengthen the collection, evaluation, utilization and long-term conservation of sweet potato germplasm resources.

Promote the application of emerging biotechnologies (e.g., Al, gene editing, synthetic biology, single-cell and spatial

> transcriptomics) in sweet potato breeding and mechanism research.

6 Strengthen the integrated application of multi-omics technologies to elucidate the molecular regulatory networks underlying
biotic stress responses in sweet potato.

- Further strengthen the cloning and functional analysis of biotic stress-related genes to elucidate the regulatory networks

underlying biotic stress resistance in sweet potato.
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