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Take home message

v'We have found the genetic evidence that HLB is pathogen triggered immune
disease.

v'The identified genes can be used for genome editing of citrus to improve
disease resistance against HLB.

v'"Non-transgenic Eds7-edited and Dmré6-edited Hamlin and Valencia were
generated and have received regulatory approvals by USDA APHIS and EPA.
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What to consider for generating HLB-resistant citrus varieties
using the CRISPR technology
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Overall progress on CRISPR genome editing for
resistance/tolerance against HLB

> 200 lines were generated for 40 target genes.

» Suppressing HLB symptoms by targeting
HLB susceptibility gene

» Killing CLas by upregulating plant defense
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What are the suitable target genes for HLB
resistance/tolerance via CRISPR genome
editing?
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Citrus Huanglongbing is a pathogen-:
triggered immune disease

ARTICLE

Citrus Huanglongbing is a pathogen-triggered
immune disease that can be mitigated with
antioxidants and gibberellin

Wenxiu Ma'2, Zhigian Pang!2, Xiacen Huang® "2, Jin Xu® 2, Sheo Shankar Pandey® 2, Jinyun Li'2,
Diann S. Achor'?, Fernanda N. C. Vasconcelos® ', Connor Hendrich® ", Yixiao Huang1, Wenting Wangw,

Donghwan Lee!, Daniel Stanton' & Nian Wang =

CLas does not contain typical pathogenicity factors that are
directly responsible for disease damages.

CLas triggers systemic and chronic immune responses, including
reactive oxygen species (ROS) production and callose deposition,
leading to phloem cell death and HLB symptoms.

The genetic evidence for this disease model is unavailable.



What are the immune signaling genes that drive Ca.
Liberibacter triggered chronic immune disease?

elicitors?

PTI: BIK1/SOBIR1
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What are the immune signaling genes that drive Ca. Liberibacter
triggered chronic immune disease?

T rbohD s rin bik1 s1 B AaWI™ WT pads-1 pads-2

« Ca. L. psyllaurous (Lpsy, synonym Ca. L.
solanacearum) causes increased leaf
yellowing, ROS production, cell death, phloem
callose deposition and starch accumulation in
tomato, similar to that seen in HLB.

Ct Ct Ct Ct Ct Ct Ct Ct Ct
241 25.6 26.5 23.5 25.9 19.8 291 21.2 19.5

 Knockout of tomato Eds7 and Pad4 but not
RbohB, Bik1 and Sobir1 reduces disease
symptoms, ROS production, callose
deposition, and phloem cell death caused by

Ca. Liberibacter

UF|IFAS unpublished
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How do we conduct non-transgenic
CRISPR genome editing for citrus?
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Non-transgenic genome editing of citrus using CCas12a/crRNA
ribonucleoprotein transformation of embryogenic protoplasts

3-4 weeks

3-4 weeks
Protoplast

After transformation
of embryogenic
citrus protoplast
cells with RNPs

34 weeks
Callus

Callus

Callus Embryos

Sequencing
~ 3 confirmation
-4 ——y - - -
e Phenotype testin
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Shoot generation

Micro-graft
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Transgene-free genome editing in plants in the TO e

Brief Communication https://dol.org/10.1038/s41477-023-01520-y
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Target 1: Our first batch of non-transgenic genome edited (Eds1)
Valencia and Hamlin sweet orange have received regulatory
approvals by APHIS and EPA

. APHIS regulatory filing: first file on 4/24/25, Not E_dS1'9d't9dv e
a regulated article (Non-GMO/non-transgenic) Hamlin alencia
under 7 CFR part 340: May 1, 2025

« EPA approval was submitted on April 24, 2025,
approved on 6/4/25

« FDACS/DPI New Budwood program: plants
submitted on July 15, 2025 to permit moving
plants to nurseries for propagation through
fast-track.

UFIIFAS
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h are te non-transgenic Eds1-eitd weet rang

potentially a good choice against HLB?

Editing of Eds1 abolishes CLas induction of ROS production, phloem
callose deposition and phloem cell death, thus the plants are likely
HLB tolerant.

Have received both APHIS (non-transgenic) and EPA approvals.

No effects on growth and fruit quality!

The plants are ready for testing by growers (need propagation by
nurseries).

UNIVERSTIY a) FILRIDA
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Eds1 positively regulates the recently identified HLB
susceptibility gene PUB21

.
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Editor's summary

! Citrus plantations are being attacked worldwide by a bacterial disease called
Huanglongbing or citrus greening. Zhao et al. identified an immune protein, MYC2,
which is degraded by the E3 ubiquitin ligase PUB21. Citrus species and their rela-
tives vary in resistance to Huanglongbing depending on the allele of PUB21 and on
variations in MYC2-binding sites in the PUB21 promoter. The authors elucidated
how a regulatory circuit between PUB21 expression and MYC2 stability confers
Huanglongbing resistance. Using an artificial intelligence screening tool, the au-
thors identified microbial peptides that could inhibit proteolysis. They narrowed
down the selection to a single small peptide that stabilized MYC2 and reduced dis-
ease symptoms when applied to citrus trees. The work offers a mechanistically de-
rived approach to fighting a devastating plant disease (see the Perspective by
Opachaloemphan and He). —Madeleine Seale

PUB21 is an S gene for citrus HLB
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Cautions in adopting the non-transgenic Eds7-edited
sweet orange against HLB and how to address them

« Mutation of Eds1 likely reduces accumulation of salicylic acid, thus
reducing disease resistance against several biotrophic pathogens such as
citrus canker pathogen but increase resistance against Phytophthora.

 How to address this issue:
 This compromise is partially alleviated by rootstocks, and most
commercial citrus rootstocks are resistant or tolerant against most

biotrophic pathogens.

« The benefit of improving disease tolerance against HLB using this
approach likely outweighs the cost because most scion diseases except
HLB have effective control approaches.
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Next step for non-transgenic Eds1 edited Valencia and

Hamlin

CLas inoculation test ongoing.

Field trial needs to be done!

Nursery propagation (8/26).

To overcome the juvenility.
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Because CLas is a biotrophic pathogen,
promoting immune response can increase
citrus resistance against HLB by reducing
CLas titers.

WEILEAS



Target 2: Our 2nd batch of non-transgenic genome edited Valencia and Hamlin
plants (Dmr6, a broad range disease S gene) have received regulatory approvals

by APHIS a?ﬁe%e’&edited plants grow slightly slower
_ than the wild type initially, but there are no
Ha"f_\‘ A Valencia major growth defects so far.

r
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APHIS regulatory filing: filed on 6/02/25,
“approved” on 6/24/25.

EPA: filed on 06/09/25, approved on 7/2/25.

Dmr6- Dmro- Wild type Dmr6- FDACS/DPI New Budwood program: plants

edited edited edited . . .
submitted on July 15, 2025 to permit moving
plants to nurseries for propagation and testing
through fast-track.

UFIFAS
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Why are the non-transgenic Dmr6-edited sweet orange
potentially a good choice for citrus growers against HLB?

e © DMRG6 encodes SA-5 hydroxylase that
V{g] T {m } degrades SA.
MeSA B::: SA| - ol . . . .
UUUUUUU 1 \ow * [nactivation of DMRG6 results in increased SA
SAG  Z5DiBA levels and confers resistance to different
SGE ™ - - -
classes of pathogens, including bacteria and
oomycetes.
lbanoz et al. 2019 « Itis expected genome editing of citrus DMR6

will enhance the killing effect of plant
defense against CLas.
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Inactivation of DMRG6 confers resistance to multiple bacterial
pathogens

A Pseudomonas syringae B Xanthomonas gardneri C Xanthomonas perforans
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Sldmr6-1

Sldmr6-1

Wild type Wild type

. 2021

grapefruit Xanthomonas citri subsp. citri

Parajuli et al. 2022

Dmr6 Wild type

Banana Xanthomonas campestris pv. musacearum



Next step for non-transgenic Dmr6 edited Valencia and Hamlin

« CLas inoculation test ongoing.
* Field trials need to be done!

* Nursery propagation (8/26).

* To overcome the juvenility.

UFIIEAS



Timeline for the non-transgenic Eds71 and Dmr6 edited citrus
plants to be available to Florida citrus growers for testing

2025 2026 2027 2028 2029

APHIS Done

EPA Done

HLB testing (greenhouse and

field trial) Ongoing/to be done

DPIl New Budwood Program July 15, 2025

Nursery propagation to be done \'; \'; \'; \';
Trees available for growers small small Ilarge large
testing”* scale scale scale scale

It is recommended that small scale field trials must be done by
growers and the scientific community before large scale

planting!



Conclusion

 Citrus HLB is a pathogen-triggered chronic immune
disease via Eds1 and Pad4 mediated chloroplastic ROS
production and phloem callose deposition, leading to
phloem cell death and subsequent disease development.

* We have generated non-transgenic citrus varieties by
genome editing the putative HLB susceptibility gene Eds1
and Dmr6 that have received regulatory approvals by
APHIS and EPA and are ready for testing by citrus growers.
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