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Abstract

The citrus industry holds significant economic importance in FHorida, being one of the leading
producers of oranges and grapefruits in the United States. However, several diseases, such as
canker and huanglongbing along with natural disasters like hurricanes have rigorously affected
citrus production, quality, and yield. Improving citrus through traditional breeding methods
requires significant challenges due to time constraints and complexity in genetic enhancements.
To overcome these limitations, several expression systems have been developed in clustered
regularly interspaced short palindromic repeats (CRISPR)-associated protein 9 (CRISPR/Cas9)
framework allowing for gene editing of disease-associated genes across diverse citrus varieties.
In this study, we present a new approach employing a multi-intron containing Cas9 gene plus
multiple gRNAs separated with tRNA sequences to target the phytoene desaturase (PDS) gene in
both ‘ Carrizo’ citrange and ‘ Duncan’ grapefruit. Notably, using this unified vector significantly
boosted editing efficiency in both citrus varieties, showcasing mutationsin all three designated
targets. The implementation of this multiplex gene editing system with a multi-intron-containing
Cas9 plus a gRNA-tRNA array demonstrates a promising avenue for efficient citrus genome

editing, equipping us with potent tools in the ongoing battle against HLB.
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Introduction

Citrus stands as avital fruit crop on aglobal scale and holds particular significance in Florida.
The citrus industry in Florida has recently declined by 74 % and has resulted in California
surpassing it as the foremost citrus-producing state (Weber et al. 2023; Bové 2006; Singerman
and Rogers 2020; Haque et a. 2023). This weakening citrus production is attributed to various
biotic stress, including bacterial and viral diseases such as Canker, Huanglongbing, and natural
disasters like Hurricanes and freezes (Ferrarezi et al. 2020; Gottwald and Graham 2014; Gabriel
et al. 2020; Harper and Cowell 2016). At present, numerous strategies are under development
and being implemented to manage citrus diseases. Some of those include thermotherapy
(Ghatrehsamani et al. 2019; Armstrong et al. 2021), trunk-injections with antimicrobials (Archer
et al. 2023; Archer and Albrecht 2023), plant defense inducers (Hu et al. 2018), control of the
insect vector (Snyder et al. 2022; Diniz et al. 2020), use of CUPS (citrus under protective
screening) (Schumann et al. 2022) and eradication of HLB or canker symptomatic trees (Lee et
al. 2015; Li et al. 2021; Bassanezi et al. 2009). However, these techniques are often ineffective,
can pose risks to both food safety and the environment and may contribute to the emergence of
antibiotic-resistant microorganisms (Shin et al. 2016; de Gracia Coquerdl et al. 2023; Vashisth
and Livingston 2020). Traditional breeding methods have proven effective in enhancing citrus
cultivars but are limited to traits associated with fruit quality and constrained by time (Conti et
al. 2021).

During the last two decades, genetic engineering methods have been successfully adopted to
improve fruit quality, nutritional value, and disease tolerance. Genome editing via clustered
regularly interspaced short palindromic repeats -associated protein 9 (CRISPR/Cas9) system is
being widely applied to crops to induce disease/abiotic stress tolerance (Rai and Shekhawat
2014; Jiaand Wang 2014; Jiaet a. 2019; Li et al. 2019; Abdallah et al. 2022; Dutt et al. 2020).

In assessing the effectiveness of the CRSPR/Cas9 technique, the phytoene desaturase (PDS) gene
isafrequently targeted candidate (Qin et al. 2007). The disruption of this geneleadsto a
deficiency in carotenoid and chlorophyll production, resulting in avisibly distinct white albino
phenotype that facilitates easy visualization and selection. There are several architectural
parameters to design efficient Cas9 gene and guide RNA sequences in a construct, and one of the
most efficient isthe combination of a multi-intron-containing Cas9 gene plus multiplex gRNAsS,
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which improves the efficiency as well asincreases the number of targets (Gritzner et al. 2021,
Stuttmann et al. 2021).

This study introduces an efficient CRISPR/Cas9 vector with the multi-intron containing Cas9
gene and three gRNAs separated by tRNA sequences, which facilitated successful editing of the
PDSgenein two different citrus varieties, ‘ Carrizo’ citrange (CAR) and ‘ Duncan’ grapefruit
(DUN). Our results demonstrated a high editing efficiency when coupled with the transformation
process. Thisvector isa valuable tool for enhancing citrus genetic improvement and advancing

precision breeding practices.

Resultsand Discussion

The vector pAGM-PDS was made by inserting agRNA-tRNA array containing three gRNASs
targeting the citrus PDS gene into pAGM 55273 (Fig. 1). The vector was transformed into
Agrobacterium strain EHA105. This recombinant Agrobacterium was used to transform citrus

epicotyl explants based on the previously published protocol (Orbovi¢ and Grosser 2015).

Due to high regeneration potential observed in CAR explants, their incubation in regeneration
media (RM) without Kanamycin (-) resulted in uncontrolled shoot regeneration within a week.
Under these conditions, no transgenic and/or edited shoots were observed. This outcome is most
probably the result of faster and more vigorous growth of wild-type shoots that can impede the
growth and survival of transgenic shoots. When CAR explants were incubated on kanamycin-
containing media (+), they exhibited robust shoot regeneration with noticeable white shoot
formation. A much lower shoot generation was recorded for DUN explants on Kanamycin-
containing media during the initial month, followed by transfer to new RM plates with or without
Kanamycin (Table 1). Consequently, we conducted experiments involving CAR by maintaining
the explants in Kanamycin-containing mediaand DUN on RM media without kanamycin to have

a balanced number of shoot regeneration with higher editing rate.

The initial appearance of the first white shoot in CAR was observed at 40 days post
transformation (Fig. 2, upper panels), whereasin DUN, it was observed after 60 days (Fig. 3A).
Our standard protocol for production of transgenic and/or edited shoots calls for inspection and
counting of shoots, and cessation of experiments 35-40 days after co-incubation with

Agrobacterium. However, in this study, the process extended beyond this timeframe and the
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development of the phenotypes resulting from the action of editing machinery within the shoot
tissue took unexpectedly longer time (around 90 days). Also, some of the white CAR shoots
developed from what were originally green shoots (Fig. 2). Promotion of development of white
phenotype in CAR shoots due to the editing event was reported after the application of heat
treatment to co-incubated citrus explants (LeBlanc et al, 2018). However, shoots presented in
Figure 2 sprouted from explants that were not exposed to heat treatment. It was previously
suggested that different promoters can affect the timing of expression of Cas9 nuclease and asa
result frequency of production of chimeric shootsin citrus. A comparison was made between
35S, CmYLCV, and CsUbi promoters and the conclusion was that expression of CasO under 35S
control starts later and consequently more chimeric shoots are produced (Huang et a. 2022). In
the pAGM-PDS vector, Cas9 isunder control of RPSba promoter that may also induce Cas9
expression once the shoots are already formed. Both of these phenomena; extended time for
development of phenotype and non-promoted devel opment of phenotype may be the result of the

employment of RPSba promoter and deserve further exploration.

The distinct white shoots were allowed to grow for an additional two week before further
analyses. Several chimeric shoots observed only in CAR are shown in Fig. 3B. Subsequently, a
pair of PDSspecific primers (Table 5) were used to amplify the spacer sequence regions from
genomic DNA isolated from the white shoots and the resulting PCR products were sequenced.
All the shoots with edited PDS sequence were stably transformed, as confirmed by PCR analysis
with the primers pAGMF-pAGMR (Fig. 4).

The chimeric shoots were excluded from the sequencing analysis as they could yield genomic
DNA with non-edited sequences. The editing efficiency in CAR averaged to around 3.04 + 1.37
% (4.5% in one experiment) with mutations observed in al three gRNA targets. This efficiency
is high considering that the transformation efficiency in CAR is often below 10% (Dominguez et
al. 2022; Ballester et al. 2008; Dutt and Grosser 2009). In DUN, the editing efficiency was
around 0.54 £ 0.39 %, which islower than that in CAR (Table 2). Most of the white shoots had a
point mutation, specifically insertion, athough substitutions were also found in some targets
(Fig. 2C and Table 3). The multi-intron-containing Cas9 gene has been shown to be highly
efficient in Arabidopsis and tobacco (Stuttmann et al. 2021; Schindele et al. 2022; Gritzner et al.
2021) and the gRNA-tRNA array with multiple gRNAs to target several genomic sites has been
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shown to elevate the expression levels of multiplexed gRNAs within the same transcript (Jiang et
al. 2023; Zhang et al. 2019; Xie et al. 2015). The editing rate observed in this study, coupled with
the ability of this system to successfully edit multiple targets in two distinct citrus varieties, holds

promise for manipulation of multiple genes associated with HLB symptoms.

To increase the genome editing rate, CAR explants were subjected to heat treatment as
previously reported for citrus ( LeBlanc et al. 2018). Although this treatment increased efficiency
of editing in two other cropsaswell (Blomme et al. 2022; Milner et al. 2020), no significant

change was recorded in our experiments (Table 4).

In summary, we developed an efficient vector capable of targeting three different targets either
within the same gene or in different genes. Although CAR is reported to have a high
transformation efficiency, our study found a high editing efficiency up to 4.5 % in conjunction
with the transformation process. This high efficiency is attributed to the utilization of a multi-
intron-containing Cas9 and a gRNA-tRNA array. Further refinement of this vector is required for
effective generation of multiple genome-edited non-transgenic citrus trees. This advancement

holds great potential in contributing to the improvement of citrus varieties to combat HLB.

Materials and methods
Constructs used.

To prepare the construct pAGM-PDS, we used pAGM 55273 (Addgene plasmid #153211) asthe
backbone that contains the Cas9 gene with 13 introns and kanamycin selection cassette for plant
transformation. We introduced a gRNA-tRNA array with three gRNAs targeting the Citrus
sinenss PDS gene (>spacerl: TTGTGCACAAGCAATTGTAC, >gpacer2.
GCAAGCAAAGTCTCTCTGGG and >spacer3: AAAGTTGTAATTGCTGGTGC). A gRNA
scaffold-tRNA template was synthesized by GenScript and cloned into pBlueScriptll (SK) with
Sacl and Sall (Fig. 1A, Supplementary material 1). The gRNA-tRNA array was introduced into
pPAGM 55273 using Golden Gate Assembly (Bsal) with the primers listed in the Supplementary
material 1.

Agrobacterium strains and plant material.

The construct pAGM-PDS was transformed into Agrobacterium tumefaciens strain EHA105 and

this transformed bacterium was used for the plant transformation experiments on ‘ Carrizo’
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citrange [Poncirustrifoliata (L.) Raf. x[JCitrus sinensis (L.) Osbeck] (CAR) and ‘ Duncan’
grapefruit (Citrus paradis Macf.) (DUN). The primers used to confirm the vector are as follows:
PAGMF. GACGCTACTAGAATTCGAGC, and pAGMR: TCCGCGACATTCTAGAACTC.

Plant transfor mation.

CAR and DUN seeds were peeled, surface-sterilized in 30 % bleach for 12 minutes followed by
rinsing with water, thrice. The sterilized seeds were then planted in tubes containing MS medium
(Murashige and Skoog 1962). Thirty days after germination, the seedlings were transferred to
light to etiolate for 3 days before being cut for explants. 2cm stem cuts from these seedlings were
used as explants and were placed in liquid co-cultivation medium (CCM) (Orbovi¢ and Grosser
2007) for 2-3 h prior to transformation with Agrobacterium EHA105-pAGM-PDS. Thiswas
followed by soaking the explants in recombinant Agrobacterium containing the construct
(EHA105-pAGM-PDS) (OD= 0.7) for 3min, then was incubated on plates with CCM -agar
medium for 2 days in dark. The explants were transferred to regeneration medium (RM)
(Orbovi¢ and Grosser 2007) with antibiotic Cefotaxime (330 mg/L) to eliminate Agrobacterium
and with or without Kanamycin (Kan). Control shoots were regenerated from non-transformed
explants on RM medium. The explants were incubated in dark for 1 week before moving to
growth chamber to regenerate for 4 months and were observed every week for white shoot

devel opment.

For heat treatment, the RM plates containing the Agrobacterium-transformed explants were
incubated at 35 °C for 8h for three consecutive days, followed by incubation a 24 °C in agrowth

chamber.

DNA isolation and PCR analysis of mutations

The generated white shoots from each experiment were used for DNA isolation followed by
target gRNA Sanger’s sequencing. Briefly, the white shoots were crushed in liquid nitrogen and
were used for DNA isolation using CTAB (Doyle et al. 1987). Non-transformed control shoots
were used as a control to compare the mutations. PCR was performed using Phusion high-
fidelity DNA polymerase (Thermo Fisher Scientific) and three specific primers for each gRNA
sequence (Table 5).
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Table 1. Regeneration rates expressed as the number of shoots per explant for CAR and DUN
explants incubated on RM media with (+) or without (-) Kanamycin for period of one month

followed by additional two months. Numbers in parentheses are the total number of shoots/total

Type of media - — — - — + +—> + + - —
CAR 2.04 (249/122)  1.18(143/121) 0.93 (111/120) 1.3 (157/120)
DUN 0.88 (106/120) 0.61 (86/140)  0.19 (23/120) 0.14 (14/100)

number of explants.

Table 2: Editing rate in Carrizo (on Kan) and Duncan grapefruit (without Kan) with pAGM-PDS

construct.
Experiment #White #Chimeric  #Total shoots/ Total Editing rate
(E) shoots () Shoots Explant

CAR-E1 1 0 82/100 1.2 %
CAR-E2 4 2 176/120 341 %
CAR-ES3 3 4 153/120 45 %
DUN-E1 1 0 106/120 0.94%
DUN-E2 2 0 296/150 0.67 %
DUN-E3 0 0 154/120 0%
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Table 3: Sequences of target gRNA after editing with pAGM-PDS.

Exp/Shoot #
CAR
Control-CAR

Expl-Shootl
Exp2-Shootl
Exp2-Shoot2
Exp2-Shoot3
Exp2-Shoot4
Exp3-Shootl
Exp3-Shoot2
Exp3-Shoot3

Exp/Shoot #
DUN

Control-DUN
Expl-Shootl
Exp2-Shoot1
Exp2-Shoot2

gRNA1

GCAAGCAAAGTCTCTCTGGG

GCAAGCAAAGTCTCTCTTGGG
GCAAGCAAAGTCTCTCTTGGG
GCAAGCAAAGTCTCTCTTGGG
GCAAGCAAAGTCTCTCTTGGG

GCAAGCAAAGTCTCTCTGGG
GCAAGCAAAATCTCACTGGG
GCAAGCAAAGTCTCTCTTGGG
DNA lost in preparation

gRNA2

GTACAATTGCTTGTGCACAA
GTAACAATTGCTTGTGCACAA
GTAACAATTGCTTGTGCACAA
GTAACAATTGCTTGTGCACAA

GTAACAATTGCTTGTGCACAA

GTACAATTGCTTGTGCACAA
GAACAATTGCTTGTGCACAA
GTAACAATAGCTTGTGCACAA

gRNA3

GCACCAGCAATTACAACTT
GCAACCAGCAATTACAACTT

GCAACCAGCAATTACAACTTT

GCAATTGAACTCAATTACAACTTT

GCAACCAGCAATTACAACTTT
GCAACCTTCCATTACAACTTT

GCACCAGCAATTACAACTT
GCCACCAGCAATTACAACTT
GCAACCAGCAATTACAACTTT

*nsertion is denoted with red nucleotide and substitution is denoted with green nucleotide, *-* denotes could not be sequenced.
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Table 4. Editing rate and regeneration rate with heat treatment in CAR maintained on
Kanamycin containing RM media.

White Shoots/  Chimeric Shoot/ Editingrate  #Shoots per

total Shoot total Shoot explant Ta
CAR-E1 3/304 0 0.98 % 304/460
CAR-E2 1/445 3/445 0.89 % 445/540 ble

5: Primers used to sequence target guide RNA sequences.

Primer Name  Target Sequence5’ - 3 Tm (°C)

PDS-glF AAACGAGGACAAGGAAGGGT

gRNA1 52
PDS-gl1R ATAGGTATTTAACCAAAAACCC
PDS-g2F GAGAAGCATGGTTCGAAGATG

gRNA2 52
PDS-g2R CATATGTGGATGTTGATGACTG
PDS-g3F ACCATCCCAAATTGTGAACCT

gRNA3 55
PDS-g3R AAGGTACAGCAATGCCAAGC
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Figure Legends
Fig. 1 Construct pAGM-PDS used for editing with the gRNA-tRNA array into pAGM55273.

Fig. 2 Phenotype development in CAR edited shoots. Photographs on the upper panels depict
very young white shoots appearing from originally green shoots (labeled with white arrows)
observed around 9-week post transformation (a, ¢, €). Photographs on the lower panels show
well developed, fully white shoots observed around 12-week post transformation (b, d, f).

Fig. 3 Detection of editing in the white shoots. A) White shoots as regenerated from explants
incubated on Regeneration media with Kan for CAR and without Kanamycin for DUN (S1-3
denotes shoot numbers). B) Chimeric shoots as observed on CAR shoots regenerated from
explants transformed with Agrobacterium EHA105-pAGM-PDS. C) Representative mutations in
the target gRNA sequences of the white shoots. (E: Experiment number and S: White Shoot

number.)

Fig. 4 PCR analysis of all the white shoots compared with the control shoots generated from
both A) CAR and B) DUN explants. (E: Experiment number and S: White Shoot number, M:
100bp Plus DNA ladder)

12


https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571842; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Abdallah, N. A., Elsharawy, H., Abulela, H. A., Thilmony, R., Abdelhadi, A. A., and Elarabi, N.
I. 2022. Multiplex CRISPR/Cas9-mediated genome editing to address drought tolerance in
wheat. GM Crops Food. :1-17.

Adams, D. C., Keenan, R. M., Olexa, M. T., and McGovern, R. J. 2007. The legal basis for
regulatory control of invasive citrus pests in Florida: a review of the citrus canker and spreading
decline cases. Drake J. Agric. L. 12:4009.

Archer, L., and Albrecht, U. 2023. Evaluation of Trunk Injection Techniques for Systemic
Delivery of Huanglongbing Therapiesin Citrus. HortScience. 58:768—778.

Archer, L., Kunwar, S., Alferez, F., Batuman, O., and Albrecht, U. 2023. Trunk injection of
oxytetracycline for huanglongbing management in mature grapefruit and sweet orange trees.
Phytopathology®. 113:1010-1021.

Armstrong, C. M., Doud, M. S, Luo, W., Raithore, S., Baldwin, E. A., Zhao, W., et al. 2021.
Beneficial horticultural responses from the application of solar thermotherapy to mature
Huanglongbing-affected citrustrees. Hortic. Plant J. 7:411-422.

Ballester, A., Cervera, M., and Pefia, L. 2008. Evaluation of selection strategies alternative to
nptll in genetic transformation of citrus. Plant Cell Rep. 27:1005-1015 Available at:
https://doi.org/10.1007/500299-008-0523-z.

Bassanezi, R. B., Junior, J. B., and Massari, C. A. 2009. Current situation, management and
economic impact of citrus canker in S&0 Paulo and Minas Gerais, Brazil. In International

Workshop on Citrus Quarantine Pests, Fundecitrus.

Blomme, J., Develtere, W., Kose, A., Arraiza Ribera, J., Brugmans, C., Jaraba-Wallace, J., et al.
2022. The hesat is on: a smple method to increase genome editing efficiency in plants. BMC
Plant Biol. 22:142.

Bové, J. M. 2006. Huanglongbing: a destructive, newly-emerging, century-old disease of citrus.
J. plant Pathal. :7-37.

Conti, G., Xoconostle-Cazares, B., Marcelino-Pérez, G., Hopp, H. E., and Reyes, C. A. 2021.
Citrus genetic transformation: an overview of the current strategies and insights on the new

13


https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571842; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

emerging technologies. Front. Plant Sci. 12:2519.

Cowell, S. J,, Harper, S. J, and Dawson, W. O. 2018. A survey of Florida citrus viruses and
viroids. J. Citrus Pathol. 5.

Diniz, A. J. F,, Garcia, A. G, Alves, G. R, Reigada, C., Vieira, J. M., and Parra, J. R. P. 2020.
The enemy is outside: Releasing the parasitoid Tamarixia radiata (Hymenoptera: Eulophidae) in
external sources of HLB inocula to control the Asian citrus psyllid Diaphorina citri (Hemiptera:
Liviidae). Neotrop. Entomol. 49:250-257.

Dominguez, M. M., Padilla, C. S., and Mandadi, K. K. 2022. A versatile Agrobacterium-based
plant transformation system for genetic engineering of diverse citrus cultivars . Front. Plant Sci.
. 13 Available at: https.//www.frontiersin.org/articles/10.3389/fpls.2022.878335.

Doyle, J. J, Doyle, J. L., Doyle, J. A., and Doyle, F. J. 1987. A rapid DNA isolation procedure
for small quantities of fresh leaf tissue. Phytochem. Bull. 19:11-15.

Dutt, M., and Grosser, J. W. 2009. Evaluation of parameters affecting Agrobacterium-mediated
transformation of citrus. Plant Cell, Tissue Organ Cult. 98:331-340 Available at:
https://doi.org/10.1007/s11240-009-9567-1.

Dutt, M., Mou, Z., Zhang, X., Tanwir, S. E., and Grosser, J. W. 2020. Efficient CRISPR/Cas9
genome editing with Citrus embryogenic cell cultures. BMC Biotechnol. 20:1—7.

Ferrarezi, R. S., Rodriguez, K., and Sharp, D. 2020. How historical trends in Florida all (Jcitrus
production correlate with devastating hurricane and freeze events. Weather. 75:77-83.

Gabrid, D., Gottwald, T. R., Lopes, S. A., and Wulff, N. A. 2020. Bacterial pathogens of citrus:
Citrus canker, citrus variegated chlorosis and Huanglongbing. In The genus citrus, Elsevier, p.
371-389.

Ghatrehsamani, S., Abdulridha, J., Balafoutis, A., Zhang, X., Ehsani, R., and Ampatzidis, Y.
2019. Development and evaluation of a mobile thermotherapy technology for in-field treatment
of Huanglongbing (HLB) affected trees. Biosyst. Eng. 182:1-15.

Gottwald, T. R., and Graham, J. H. 2014. Citrus diseases with global ramifications including
citrus canker and huanglongbing. CABI Rev. :1-11.

14


https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571842; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

de Gracia Coquerel, M., Wegerif, J., McAuley, A., Read, Q. D., Chowdhury, N., Jeong, K. C., et
al. 2023. Preliminary assessment of bacterial antibiotic resistance and Candidatus Liberibacter

asaticustiter in three Florida commercial citrus groves. Crop Prot. 172:106350.

Gritzner, R., Martin, P., Horn, C., Mortensen, S., Cram, E. J., Lee-Parsons, C. W. T., et a. 2021.
High-efficiency genome editing in plants mediated by a Cas9 gene containing multiple introns.
Plant Commun. 2.

Haque, S., Hammami, A., Xia, T., and Guan, Z. 2023. Market Power in the Florida Orange Juice
Processing Industry.

Harper, S. J., and Cowell, S. J. 2016. The past and present status of Citrus tristeza virus in
Florida. J. Citrus Pathol. 3.

Hu, J., Jiang, J., and Wang, N. 2018. Control of citrus Huanglongbing via trunk injection of plant
defense activators and antibiotics. Phytopathology. 108:186-195.

Huang, K.-M., Guan, Z., and Hammami, A. 2022. The US fresh fruit and vegetable industry: An
overview of production and trade. Agriculture. 12:1719.

Jia, H., Orbovi¢, V., and Wang, N. 2019. CRISPR “1LbCas12a Imediated modification of citrus.
Pant Biotechnol. J. 17:1928-1937.

Jia, H., and Wang, N. 2014. Targeted genome editing of sweet orange using Cas9/sgRNA. PLoS
One. 9:€93806.

Jang, C., Geng, L., Wang, J., Liang, Y., Guo, X., Liu, C., et a. 2023. Multiplexed Gene
Engineering Based on dCas9 and gRNA-tRNA Array Encoded on Single Transcript. Int. J. Mol.
Sci. 24:8535.

LeBlanc, C., Zhang, F., Mendez, J., Lozano, Y., Chatpar, K., Irish, V. F., et al. 2018. Increased
efficiency of targeted mutagenesis by CRISPR/Cas9 in plants using heat stress. Plant J. 93:377—
386.

Lee, J. A., Habert, S. E., Dawson, W. O., Robertson, C. J., Keesling, J. E., and Singer, B. H.
2015. Asymptomatic spread of huanglongbing and implications for disease control. Proc. Natl.
Acad. Sci. 112:7605-7610.

15


https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571842; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Li, R., Liu, C.,, Zhao, R., Wang, L., Chen, L., Yu, W., & a. 2019. CRISPR/Cas9-Mediated
SINPR1 mutagenesis reduces tomato plant drought tolerance. BMC Plant Biol. 19:1-13.

Li, X., Ruan, H., Zhou, C., Meng, X., and Chen, W. 2021. Controlling citrus Huanglongbing:
green sustainable development route is the future. Front. Plant Sci. 12:760481.

McVay, J., Sun, X., Jones, D., Urbina, H., Aldeek, F., Cook, J. M., et a. 2019. Limited
persistence of residues and metabolites in fruit and juice following penicillin trunk infusion in
citrus affected by Huanglongbing. Crop Prot. 125:104753.

Milner, M. J., Craze, M., Hope, M. S., and Wallington, E. J. 2020. Turning up the temperature on
CRISPR: increased temperature can improve the editing efficiency of wheat using
CRISPR/Cas9. Front. Plant Sci. :1780.

Orbovi¢, V., and Grosser, J. W. 2007. Citrus. Agrobacterium Protoc. Val. 2. :177-189.

Orbovi¢, V., and Grosser, J. W. 2015. Citrus transformation using juvenile tissue explants.
Agrobacterium Protoc. Val. 2. :245-257.

Qin, G., Gu, H., Ma, L., Peng, Y., Deng, X. W., Chen, Z., et al. 2007. Disruption of phytoene
desaturase gene results in albino and dwarf phenotypes in Arabidopsis by impairing chlorophyll,
carotenoid, and gibberellin biosynthess. Cell Res. 17:471-482.

Rai, M. K., and Shekhawat, N. S. 2014. Recent advances in genetic engineering for improvement
of fruit crops. Plant Cell, Tissue Organ Cult. 116:1-15.

Schinddle, A., Gehrke, F., Schmidt, C., Rohrig, S., Dorn, A., and Puchta, H. 2022. Using
CRISPR-KIll for organ specific cell elimination by cleavage of tandem repeats. Nat. Commun.
13:1502 Available at: https://doi.org/10.1038/s41467-022-29130-w.

Schumann, A. W., Singerman, A., Wright, A. L., Ritenour, M., Qureshi, J., and Alferez, F. 2022.
2022-2023 Florida Citrus Production Guide: Citrus under Protective Screen (CUPS) Production
Systems: CPG ch. 22, HS1304/CM G109, rev. 4/2022. EDIS.

Scott, B. L., Thomas, N., Kirby, R. S.,, Reader, S.,, L Merlo, K., and Marshall, J. 2023.
Employment impacts and industry workforce shifts in the Florida Panhandle post-Hurricane
Michadl. Int. J. Mass Emergencies Disasters. 41:85-93.

16


https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571842; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Shin, K., Ascunce, M. S., Narouei-Khandan, H. A., Sun, X., Jones, D., Kolawole, O. O., et al.
2016. Effects and side effects of penicillin injection in huanglongbing affected grapefruit trees.
Crop Prot. 90:106-116.

Singerman, A., and Rogers, M. E. 2020. The economic challenges of dealing with citrus
greening: The case of Florida. J. Integr. Pest Manag. 11:3.

Snyder, J., Dickens, K. L., Halbert, S. E., Dowling, S., Russdll, D., Henderson, R., et a. 2022.
The Development and Evaluation of Insect Traps for the Asian Citrus Psyllid, Diaphorina citri
(Hemiptera: Psyllidae), Vector of Citrus Huanglongbing. Insects. 13:295.

Stuttmann, J., Barthel, K., Martin, P., Ordon, J., Erickson, J. L., Herr, R., et a. 2021. Highly
efficient multiplex editing: oneJshot generation of 8x Nicotiana benthamiana and 12x
Arabidopsis mutants. Plant J. 106:8-22.

Sun, L., Nasrullah, Ke, F., Nie, Z., Wang, P., and Xu, J. 2019. Citrus genetic engineering for
disease resistance: Past, present and future. Int. J. Mol. Sci. 20:5256.

Trotochaud, J.,, and Ehsani, R. 2016. Commercial-scale thermotherapy for combating citrus
greening (huanglongbing). 2016 ASABE Intl. In Meeting.

Vashisth, T., and Livingston, T. 2020. Efficacy of in-field thermotherapy in comparison and
combination of defoliation for mitigating Huanglongbing in sweet orange. HortScience. 55:251—
257.

Weber, C., Smnitt, S., Wechder, S., and Wakefield, H. 2023. Fruit and Tree Nuts Outlook:
September 2023.

Xie, K., Minkenberg, B., and Yang, Y. 2015. Boosting CRISPR/Cas9 multiplex editing
capability with the endogenous tRNA-processing system. Proc. Natl. Acad. Sci. 112:3570-3575.

Zhang, F., Qiu, Z., Huang, A., and Zhao, X. 2021. Optimal control and cost-effectiveness
analysis of a Huanglongbing model with comprehensive interventions. Appl. Math. Model.
90:719-741.

Zhang, Y ueping, Wang, J., Wang, Z., Zhang, Yiming, Shi, S., Nielsen, J,, et a. 2019. A gRNA-
tRNA array for CRISPR-Cas9 based rapid multiplexed genome editing in Saccharomyces

17


https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571842; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

cerevisiae. Nat. Commun. 10:1053.

18


https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571842; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

|

gRNA cassette

NOS terminator

4000

Spaceri

> 1
T ' L,
% ‘(-DNA repeat [ yy

L X \O et Moy By L
o™ A'f-"- Oy 94, ¥

L
A2)0Wg.
o s

pAGM-PDS

o
Ly}
T}
W
0
o
E
&
w
o)
=
(14
§

NOS p

< m


https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571842; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Shoot 1

SYoam g | saé ZI


https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571842; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license ispl e preprint in perpetuity. It is made
availabgﬂdhd FOBY-NCND 4.0 International Ilgrﬁﬁoﬂlﬁ

—_—

TGTGC

TTGTGC A

c

Duncan (DUN)

L MaAAAA\ANAANA

[T) = 5 = e -
|jCAIUCD IST3 |OJIUOD IST3
gRNAZ2 gRNA1

T 1 6C A
T TGT GC
TCTETCGC

g
&L
A G

GC

Carrizo (CAR)



https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.15.571842; this version posted December 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

¥



https://doi.org/10.1101/2023.12.15.571842
http://creativecommons.org/licenses/by-nc-nd/4.0/

