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Citrus crops, including oranges, lemons, limes, and grapefruits, are among the most
economically important fruit crops worldwide. However, their global production is
severely threatened by Huanglongbing (HLB), commonly known as citrus greening disease.
This devastating disease is caused by the bacterium Candidatus Liberibacter spp., which is
; transmitted by the Asian citrus psyllid (Diaphorina citri). HLB leads to stunted tree growth,
%0 misshapen and bitter fruit, premature fruit drop, and eventual tree death. Since no effective
C50¢0 cure exists, genetic improvement has become a key strategy for developing resistant citrus
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03050 In recent years, advancements in plant breeding, genomics, and genetic engineering
iz have paved the way for innovative approaches to combating citrus greening. This article

N
Pl

o explores various strategies, including traditional breeding, marker-assisted selection (MAS),
transgenic approaches, and CRISPR-based genome editing, in the fight against HLB.
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Traditional Breeding Approaches for Citrus Greening Resistance
Conventional Hybridization and Polyploidy Breeding: Traditional breeding in citrus is
challenging due to:

e Long juvenile periods (citrus trees can take 5-10 years to bear fruit).

o Complex genetics (most citrus species are polyploids, making breeding difficult).

O SO

E o Limited sources of natural resistance (most commercial citrus varieties lack HLB
:i; resistance).

. However, breeders have been exploring hybridization between HLB-tolerant wild citrus
o080 species and commercial cultivars. For example, wild relatives like Citrus ichangensis and
j E Poncirus trifoliata have shown some level of HLB resistance and have been used in breeding
02550 programs (Gmitter et al., 2022). Polyploid breeding is another strategy where breeders induce

- tetraploid or triploid varieties to create citrus hybrids with improved disease resistance.

Rootstock Breeding for Indirect Resistance: Rootstocks play a crucial role in disease

resistance. Scientists have developed HLB-tolerant rootstocks, such as:

e US-942 (a hybrid of C. trifoliata and C. reticulata), which enhances tree vigor and
reduces disease symptoms.

e Flying Dragon (Poncirus trifoliata), a dwarfing rootstock with some level of natural
tolerance to HLB.

Grafting commercial citrus scions onto these resistant rootstocks can delay disease

progression and improve tree health (Bowman & McCollum, 2023).
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. Marker-Assisted Breeding and Genomic Selection
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j ‘ Marker-assisted selection (MAS) allows breeders to identify genetic markers linked to HLB
o255 resistance and use them to accelerate breeding programs. Recent genomic studies have
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identified quantitative trait loci (QTLs) associated with disease tolerance in C. trifoliata and
C. maxima.

Genome-Wide Association Studies (GWAS)

GWAS has helped identify specific gene loci responsible for HLB tolerance. By sequencing
resistant and susceptible citrus varieties, scientists have pinpointed genes related to plant
immune responses, secondary metabolism, and pathogen recognition (Wang et al., 2021).
These genetic markers are now being used to screen and develop resistant citrus varieties
through genomic selection (GS).

RNA Sequencing and Gene Expression Studies

RNA-seq analysis has revealed that tolerant citrus species upregulate defense-related genes
when infected with Candidatus Liberibacter asiaticus (CLas). For instance, genes involved in
salicylic acid and jasmonic acid pathways are highly active in tolerant varieties, suggesting
that breeding for enhanced immune signaling could improve resistance (Albrecht & Bowman,
2022).

Genetic Engineering and CRISPR-Based Approaches

Since natural resistance is rare in commercial citrus species, genetic engineering offers a
promising solution. Scientists have been using transgenic and genome-editing technologies to
introduce HLB resistance.

Transgenic Approaches

Transgenic citrus plants expressing antimicrobial peptides (AMPs) have shown significant

resistance to Candidatus Liberibacter spp.. For example, expression of the spinach-derived

gene Defensin (derived from Spinacia oleracea) has successfully reduced bacterial loads in

infected trees (Huang et al., 2023).

Other transgenic approaches include:

o Overexpression of pathogenesis-related (PR) proteins to boost plant immunity.

o Engineering citrus plants to produce RNA interference (RNAIi) molecules targeting
psyllid vectors.

CRISPR/Cas9 for Citrus Genome Editing

CRISPR/Cas9 has revolutionized citrus breeding by allowing precise modifications of genes
associated with disease resistance. Scientists have successfully used CRISPR to:

« Knock out susceptibility genes (S-genes) that aid bacterial infection.

o Modify genes involved in plant immunity to enhance resistance.

« Develop psyllid-resistant citrus by altering leaf structures and secondary metabolites.
Recent breakthroughs include CRISPR-modified sweet oranges with reduced susceptibility to
HLB, marking a significant step toward sustainable citrus production (Jia et al., 2023).

Future Perspectives and Challenges

Challenges in Breeding for HLB Resistance: Despite progress, several challenges remain:

e Regulatory Hurdles: Transgenic and CRISPR-modified citrus face strict regulations
before commercial release.

e Consumer Acceptance: Public perception of genetically modified citrus is mixed,
affecting market adoption.

e Pathogen Evolution: The HLB-causing bacteria may evolve to overcome genetic
resistance, requiring continuous breeding efforts.

Integrating Multi-Disciplinary Approaches: To achieve long-term solutions, researchers

emphasize integrating multiple strategies, including:

e Microbiome Engineering: Utilizing beneficial microbes to suppress Candidatus
Liberibacter asiaticus.

« RNAI-Based Psyllid Control: Deploying RNA interference to disrupt psyllid gene
functions.
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e Speed Breeding and Al-Based Genomics: Using Al-driven breeding tools to accelerate
resistance screening and hybrid selection.

Conclusion

Citrus greening disease poses a severe threat to global citrus production, but advances in
genetics and biotechnology provide hope for developing resistant citrus varieties. Traditional
breeding, marker-assisted selection, transgenic approaches, and CRISPR-based genome
editing are transforming citrus breeding efforts. While challenges remain, a combination of
genomic innovation, biological control strategies, and improved horticultural practices will be
crucial in securing the future of citrus farming.
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