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Abstract

Citrus canker disease, caused by Xanthomonas citri subsp. citri, poses a
significant threat to global citrus production. The control of the disease in
the field relies mainly on the use of conventional tools such as copper
compounds, which are harmful to the environment and could lead to
bacterial resistance. This scenario stresses the need for new and sustainable
technologies to control phytopathogens, representing a key challenge in
developing studies that translate basic into applied knowledge. During
infection, X. citri subsp. citri secretes a transcriptional activator-like effector
that enters the nucleus of plant cells, activating the expression of the canker
susceptibility gene LATERAL ORGAN BOUNDARIES 1 (LOB1). In this
study, we explored the use of antisense oligonucleotides (ASOs) with
phosphorothioate modifications to transiently inhibit the gene expression
of CsLOB1 in Citrus sinensis. We designed and validated three potential

ASO sequences, which led to a significant reduction in disease symptoms
compared with the control. The selected ASO3-CsLOB1 significantly
decreased the expression level of CsLOB1 when delivered through two
distinct delivery methods, and the reduction of the symptoms ranged from
approximately 15 to 83%. Notably, plants treated with ASO3 did not
exhibit an increase in symptom development over the evaluation period.
This study highlights the efficacy of ASO technology, based on short
oligonucleotide chemically modified sequences, as a promising tool for
controlling phytopathogens without the need for genetic transformation
or plant regeneration. Our results demonstrate the potential of ASOs as a
biotechnological tool for the management of citrus canker disease.
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Citrus canker, a severe bacterial disease caused by Xanthomonas
citri subsp. citri, poses a significant global threat to commer-
cial citrus production, resulting in substantial economic losses
(Behlau et al. 2020; Martins et al. 2020). Currently, copper-based
chemicals are the main compounds for controlling citrus canker.
However, their extensive use raises concerns about environmental
impact, plant stress, and bacterial resistance (Behlau et al. 2020;
Heydarpanah et al. 2020; Lamichhane et al. 2018). To overcome
these challenges, biotechnology-based approaches have emerged
as promising alternatives, offering sustainable methods to enhance
plant resistance against citrus canker disease (Caserta et al. 2019;
Huang et al. 2022a; Prado et al. 2024).

To induce citrus canker symptoms, X. citri subsp. citri secretes
PthA4, a transcriptional activator-like effector that enters the nu-
cleus and activates the expression of the canker susceptibility gene
LATERAL ORGAN BOUNDARIES 1 (LOB1), causing hypertro-
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phy and hyperplasia on citrus tissues (An et al. 2020; Martins et al.
2020; Yan and Wang 2012). Activation of the LOB1 transcription
factor induces the expression of plant genes associated with cell ex-
pansion, remodeling of the cell wall, and the development of citrus
canker symptoms (Hu et al. 2014; Roeschlin et al. 2019; Zou et al.
2021). Recently, resistance to citrus canker was achieved in differ-
ent citrus species by using CRISPR-Cas technology to target LOB1
genes (Huang et al. 2022b; Jia and Wang 2020; Jia et al. 2017,
2022; Peng et al. 2017; Su et al. 2023). These different studies
demonstrated the importance of LOB1 as a target gene for citrus
canker control. Although conventional transgenics and CRISPR
genome editing are relevant strategies for building more durable
disease resistance, both require plant transformation or regeneration
techniques, in addition to propagation, to produce seedlings, mak-
ing these approaches laborious and time consuming (Krasnodębski
et al. 2023). Recently, the use of antisense oligonucleotides (ASOs)
has been highlighted as a potential biotechnological tool to tran-
siently silence genes of interest without modifying the plant genome
(Dinç et al. 2011; Krasnodębski et al. 2023).

ASOs are short synthetic DNA or RNA polymers capable of
affecting nucleic acid metabolism through physical and chemi-
cal alteration (Benizri et al. 2019; Dinç et al. 2011; Rinaldi and
Wood 2018). ASOs reversely complement their target messen-
ger RNA (mRNA), consequently inducing a gene silencing effect
(Oberemok et al. 2022). Once within the cellular environment, they
hybridize with their target transcript, forming a duplex structure
(Chan et al. 2006). This process disrupts the mRNA’s conforma-
tion and rearranges their own structure, ultimately leading to the
establishment of a heteroduplex (Shao et al. 2006). The major si-
lencing activity arises from recruiting the endogenous nuclease
RNAse H, which identifies the newly formed hybridized struc-
ture. This recognition event triggers the mRNA’s cleavage, thereby
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exerting a negative regulatory effect (Chan et al. 2006; Dinç et al.
2011; Oberemok et al. 2022). Recently, ASOs were employed to
silence specific genes from ‘Candidatus Liberibacter asiaticus’, a
citrus-pathogen bacterium that causes citrus greening disease, also
known as Huanglongbing (HLB). In this study, the authors demon-
strated the potential of ASOs to be integrated into the management
of agricultural pathogens aiming at HLB control (Sandoval-Mojica
et al. 2021).

Despite the potential use of ASOs in plants, their application
is limited when compared with mammalian cells (Horwich and
Zamore 2008; Korobeynikov et al. 2022; McMahon et al. 2023).
Thus, aiming to extend the application of ASOs in plants, we fo-
cused on CsLOB1 as a target to reduce citrus canker disease. In
this study, we developed a pipeline to design ASO sequences in
the citrus genome and validate its interference in citrus canker de-
velopment. The selected ASO3-CsLOB1 was evaluated in detached
leaves and whole plants using two methods of ASO delivery and
bacteria inoculation. In both methods, ASO3-CsLOB1 significantly
reduced CsLOB1 gene expression and citrus canker development.
Together, this study confirms the potential use of ASOs as a po-
tential technology for plant-pathogen control, which encompasses
genetic manipulation without alterations in the plant genome (Dhuri
et al. 2020; Lusser et al. 2011).

Materials and Methods
Design and synthesis of ASOs

The ASOs were designed following the pipeline developed for
Citrus sinensis in this study, based on Távora et al. (2021). In the
first step, the fasta sequence (orange1.1g026556m) of the CsLOB1
gene was obtained from the Citrus Genome Database (https://
www.citrusgenomedb.org/). Subsequently, the Blast tool (NCBI;
https://blast.ncbi.nlm.nih.gov/Blast.cgi-Global Align) was used to
detect conserved homologous regions between C. sinensis varieties
for ASO design. After selecting the fasta sequence, it was ana-
lyzed using both Sfold (https://sfold.wadsworth.org/cgi-bin/index.
pl) and Oligowalk (http://rna.urmc.rochester.edu/cgi-bin/server_
exe/oligowalk/oligowalk_form.cgi) software. Sfold and Oligowalk
use algorithms to calculate the thermodynamic parameters of an-
tisense hybridization by predicting changes in the free energy of
oligonucleotide binding to the target RNA. The algorithms predict
the best regions for accessing the target mRNA structure by evalu-
ating the variation in the molecule’s free energy. Thus, based on the
input sequence, the software selects ASOs with a probability of suc-
cessfully silencing the target mRNA. By default, Sfold generated a
list of the top 20 ASOs, whereas Oligowalk produced a list of 140
oligos (Supplementary Tables S1 and S2). Subsequently, the ASOs
generated by each software program were compared, and those
common to both software programs were chosen (Supplementary
Table S3). The oligonucleotides were then analyzed by BLASTn
with the citrus genome to ensure there were no similarities with se-
quences of nonspecific genes, to avoid possible off-targets (cutoff =
below 16 nucleotides of identity). The second check was performed
by BLAST in the Citrus Genome Database to verify the location of
the ASO sequences on the target mRNA and to ensure they were
not located in a splicing region or untranslated region. Third, the
ASO target site in the citrus genome was amplified and sequenced
on the ABI PRISM 3730 sequencer (Applied Biosystems) to con-
firm homology between the ASO nucleotides and their respective
genome target sequences. Finally, three ASOs for each gene were
selected for synthesis (Supplementary Fig. S1). In addition to the
selected ASOs, a random sequence ASO (random) was designed
to serve as a negative control. This sequence was designed by ran-
domizing the ASOs using the Shuffle DNA software (https://www.
bioinformatics.org/sms2/shuffle_dna.html). Afterward, a BLASTn
analysis was performed again for the random ASO to ensure it did
not align with any other plant gene. The ASOs were ultimately
synthesized by Integrated DNA Technologies, using phosphoroth-

ioate modification in all ASOs (https://www.idtdna.com/pages/
education/decoded/article/antisense-oligonucleotides-(asos)). The
modifications were introduced at both the 5′ and 3′ ends, with two
modifications at each end.

Foliar petiole ASO absorption assay
Aiming to confirm the ASO absorption by plant vascular tis-

sues, the random ASO was labeled with the fluorochrome 5′6-
FAM (495 nm excitation, 520 nm green emission) (https://www.
idtdna.com/site/Catalog/Modifications/Product/1108). For fluores-
cence microscopy analysis, a total of five sequential sectioned slices
were performed using a LEICA SM2010R microtome. The slices
were done 1 cm above the region of contact between the petiole and
the ASO solution. The cross-sections were examined with a BX6
fluorescence microscope (Olympus) at magnifications of 40×. GFP
fluorescence was captured using the U-MWB2/WB3 (Olympus)
filter (band pass of 520 nm).

Effect of ASOs by absorption in detached leaves
Eighteen young leaves from the C. sinensis ‘Hamlin’ variety were

used in the experiment. Each leaf was incubated in a 50-ml Falcon
tube with 250 µl of 10 µM ASO solution (10 µM ASO diluted in auto-
claved water). This experiment was conducted with three biological
replicates for each ASO (ASO1, ASO2, and ASO3) and controls
(water and random). The leaves were incubated for 24 h with the
ASO solution before inoculation with X. citri subsp. citri strain 306.
In parallel, the X. citri subsp. citri_GFP strain 306 (Rigano et al.
2007) was grown on nutrient broth yeast extract culture medium
containing ampicillin (100 mg/liter) and gentamicin (100 mg/liter).
The plates were incubated at 28°C. A colony was used to prepare
the pre-inoculum, which was inoculated in 10 ml of liquid nutrient
broth yeast extract medium plus 100 mg/liter of gentamicin in a
50-ml Falcon tube and placed under agitation at 180 rpm at 28°C
overnight. This inoculum was used for leaf infiltration, where 100 µl
of the bacterial suspension (104 CFU/ml) was applied on each side
of the leaf using a needleless syringe. A total of three leaves were
used for each ASO. The leaves were collected for RNA extraction at
specific time points: T0 (before ASO infiltration) and T1, T2, and T3
(1, 2, and 3 days after ASO infiltration). The symptoms were evalu-
ated through photographic records and symptomatic area using the
Quant software (Vale et al. 2003). The experiment was repeated
twice with three internal replicates, and the statistical significance
of the means was analyzed using Student’s t test (P < 0.05).

Effect of ASOs by leaves infiltration in planta
The bacterium was harvested from solid nutrient broth yeast

extract medium and incubated for 2 days at 28°C. The inoculum
was prepared as described above. The inoculum was infiltrated into
young leaves in whole plants of C. sinensis and kept in a plastic
chamber to improve the humidity condition. After 48 h, solutions
containing 10 µM of ASO1, 2, or 3 were infiltrated. This time point
was chosen based on studies that demonstrated that CsLOB1 is
highly induced 48 h after X. citri subsp. citri inoculation (Abe and
Benedetti 2016; An et al. 2020). As controls, water and random ASO
infiltrations were used. The treatments and their respective controls
were inoculated in the same leaf, totaling three infiltrations per
leaf (see Supplementary Fig. S2). At least three independent ex-
periments were performed with five replicates, and the statistical
significance of the means was analyzed using Student’s t test (P <
0.05).

Bacterial inoculation by pin-roller device
For experiments with ASO3, infiltration in whole plants was

performed as described above. The bacteria were inoculated by a
pin-roller, as described by Nascimento et al. (2022). This method-
ology induces microinjuries that facilitate bacterial entry while
minimizing mechanical damage, thus reducing experimental vari-
ation. Moreover, as X. citri subsp. citri naturally enters plant cells
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through natural openings or microinjuries, this methodology closely
mimics what occurs under natural conditions (Nascimento et al.
2022). Briefly, the inoculations were performed using a pin-roller
device (Dermaroller 540 System, ELON-YC) containing 540 mi-
croneedles 0.5 mm in length rolled over the leaves. Subsequently,
sterile cotton soaked in a bacterial solution (108 CFU/ml) was ap-
plied to the top of the microinjuries on all the leaves. The leaves
were collected for RNA extraction at specific time points: T0 (be-
fore ASO infiltration) and T1, T2, and T3 (1, 2, and 3 days after
ASO infiltration). The symptomatology of canker lesions was pho-
tographed and analyzed using an Olympus MVX10 (U-MGFPHQ
filter) stereomicroscope, and pustule analysis was performed using
ImageJ software (Schneider et al. 2012). Samples containing canker
pustules were collected from both treatments (ASO3 and control)
at 5, 7, 9, 11, and 14 days after inoculation. For CFU counting, the
samples were collected at 7 and 14 days after bacteria inoculation.
The experiment was repeated three times for symptom analysis and
twice for CFU counting and RNA extraction. Three internal repli-
cates were used for each experiment, and the statistical significance
of the means was analyzed using Student’s t test (P < 0.05).

Quantitative real-time PCR
To access the gene expression of CsLOB1, the mRNA was

reverse transcribed following quantitative real-time PCR (RT-
qPCR) analysis. The total RNA of the leaf samples was extracted
using the PureLink RNA Mini Kit (Invitrogen). The RNA quality
and concentration were determined by spectrophotometry using
NanoDrop ND-8000 (Thermo Fisher Scientific) and electrophore-
sis. One microgram of total RNA was used for cDNA synthesis
with a GoScript Reverse Transcription Kit (Promega). The reac-
tions were performed using GoTaq qPCR Master Mix (Promega),
120 nm of each CsLOB1-specific primer pair (CsLOB1_F,
5′-TCCTTCACAATCCTCTCCAAATCT-3′ and CsLOB1_R,
5′-AAGAAGTGCATACCTGCAAGAAC-3′) (Jia et al. 2017),
and actin (Actin_F, 5′-CCCTTCCTCATGCCATTCTTC-3′ and
Actin_R, 5′-CGGCTGTGGTGGTAAACATGT-3′) as the refer-
ence gene (Shimo et al. 2019). The qPCR reaction was performed
in QuantStudio 5 (Thermo Fisher Scientific) using the default
program. Dissociation curves were analyzed to confirm the primer
specificity. The relative gene expression was determined by the
2��Ct method (Livak and Schmittgen 2001).

Results
ASO design and plant absorption

Our pipeline utilized two distinct software tools, Oligowalk and
Sfold. Subsequently, the intersection of these lists yielded five
common oligos (Supplementary Table S3), which underwent a
blast analysis against the citrus genome to verify a potential off-
target effect and confirm their presence within coding regions.
Three oligos meeting these stringent criteria were selected for

utilization in this study, constituting our approach for ASO se-
lection. However, it is worth noting that an alternative approach,
utilizing the full set of 20 ASOs from Sfold and the 140 from
Oligowalk, could also be considered valid, representing an al-
ternative criterion for selection. Three different sequences were
obtained as potential candidates to silence CsLOB1 (Table 1;
Supplementary Fig. S1). The sequences targeted the coding se-
quence of the CsLOB1 transcript (citrus genome ID: 18129398)
at positions 212 to 230 (ASO1), 304 to 322 (ASO2), and 487 to
505 (ASO3). In addition, a randomly designed ASO was used
as a negative control. The ASO absorption by the plant was
confirmed by diluting fluorescence-labeled ASO in water and
placing the leaf petiole in contact with the solution. The labeled
ASO was detected in the xylem region of the leaves 24 h after
absorption (Fig. 1A). No signal was detected in untreated leaves
(Fig. 1B).

Effect of the ASOs on citrus canker development
To assess the ability of ASO1, ASO2, and ASO3 to reduce cit-

rus canker symptoms, detached leaves were first treated with ASOs
through petiole absorption and then infiltrated with X. citri_GFP.
In general, leaves inoculated with ASO1, ASO2, and ASO3 showed
lower symptom severity (Fig. 2A) and bacterial colonization, as-
sessed through GFP fluorescence from infiltrated leaves (Fig. 2B),
compared with the water and random controls. The ASO treat-
ments resulted in an average of symptomatic area in leaves be-
tween 15 and 17% (ASO1 P = 0.06; 0.08), 13 to 16% (ASO2
P = 0.04; 0.07), and 15 to 18% (ASO3 P = 0.008; 0.04) lower
compared with the water and random controls, respectively. Al-
though the symptomatic leaf areas treated with ASO1, ASO2, and
ASO3 were smaller compared with the controls, significant differ-
ences for both controls were observed only for ASO3 (Fig. 2C).
To select the best ASO sequence for further analysis, new exper-
iments were carried out using whole plants instead of detached
leaves and ASO infiltration instead of absorption. The controls and
ASOs were inoculated in the same leaf and evaluated daily for
14 days (Supplementary Fig. S2). Similarly, as observed for the
detached leaves, only leaves treated with ASO3 showed the aver-
age of symptomatic lesions significantly reduced compared with
both controls (Fig. 3A to C). This reduction led to a 34 to 18%
(P = 0.002; 0.01) decrease in the symptomatic canker lesions com-
pared with the water and random controls, respectively (Fig. 3C).
These results (Figs. 2 and 3) indicated ASO3 as the best sequence
to interfere with citrus canker disease, probably to target CsLOB1.
Additionally, because both controls (water and random) showed
the same results, only water was used as a control in the subsequent
experiments.

CsLOB1 posttranscriptional gene silencing in C. sinensis by ASO3
To verify the effect of ASO3 in silencing CsLOB1, the two dif-

ferent ASO3 delivery methods used in previous experiments were

TABLE 1. Parameters of the antisense oligonucleotides (ASOs) used in this studya

ASO

Starting
target

position

Ending
target

position
Target sequence

(5′→3′) ASO (5′→3′)

GC
content

(%)

Average
unpaired

probability for
target site

nucleotides

Binding site
disruption

energy
(kcal/mol)

(�G)

Oligo
binding
energy

(kcal/mol)

Probability
of being
efficient
siRNA

(Oligowalk)

ASO1 212 230 CUCUCCGCCGCCUA
UAGUU

A*A*CTATAGGCGGC
GGAG*A*G

57.9 0.621 7.7 −9.7 0.715123

ASO2 304 322 CACCAACCGAACCA
UACAA

T*T*GTATGGTTCGG
TTGG*T*G

47.4 0.598 7.0 −11.6 0.825929

ASO3 487 505 GAAACAAGUCAG
UGAGCUU

A*A*GCTCACTGA
CTTGTT*T*C

42.1 0.557 5.6 −9.1 0.897697

Random − − − C*G*CCGACGCAAA
CGCTT*T*A

57.9 − − − −

a Asterisks (*) indicate the positions of the phosphorothioate modifications. siRNA, small interfering RNA.
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tested. X. citri subsp. citri was inoculated in two different ways,
by infiltration, when ASO3 delivery was done by absorption, or
pin-roller microlesions when ASO3 delivery was carried out by
infiltration. Samples were collected for gene expression analysis us-
ing RT-qPCR at 1, 2, and 3 days after inoculation with X. citri. For
both ASO3 delivery methods, a significant reduction of CsLOB1
transcript levels was observed at all evaluated time points com-
pared with the control (Fig. 4A and B). The significant reduction

of CsLOB1 transcripts was 8.9, 3.8, and 12.8-fold when ASO3 was
applied by absorption (Fig. 4A) and 5.4, 15.9, and 10.5 when ASO3
was applied by infiltration (Fig. 4B) in T1, T2, and T3 compared
with their respective controls. Altogether, our results demonstrate
that ASO3 was able to suppress transcripts in both methods of de-
livery and bacterial inoculation, suggesting a positive correlation
with the reduction of citrus canker symptoms observed in previous
experiments.

Fig. 1. Fluorescence-labeled antisense oligonucleotide (ASO) localization in Citrus sinensis cells. Images were acquired using fluorescence microscopy with the
WB3 filter (495 nm excitation, 520 nm emission). A, Cells after absorbing 10 μM of ASO-5′6-FAM solution. Red arrow indicates the presence of a fluorescent ASO
in the xylem vessels. B, Untreated cells showing absence of fluorescence.

Fig. 2. Analysis of citrus canker and
bacterial colonization after antisense
oligonucleotide (ASO) absorption and
Xanthomonas citri_GFP infiltration.
A, Representative leaves infiltrated with
X. citri_GFP in the area circled in black.
B, Images of X. citri_GFP-infiltrated areas
using a GFP filter in different treatments.
Numbers 1 and 2 in B correspond to the
respective squad area in A. Water indicates
Citrus sinensis leaf inoculated with water
as a control. Random indicates C. sinensis
leaf inoculated with random ASO control.
ASO1, ASO2, and ASO3 indicate C. sinen-
sis leaves inoculated with respective ASOs.
C, Symptomatic area analysis performed
in Quant software to determine the per-
centage of the area exhibiting citrus canker
symptoms. Asterisks (*) indicate signifi-
cant differences based on Student’s t test (*,
P < 0.05) (**, P < 0.01) comparing ASO1,
ASO2, and ASO3 treatments with controls
(water and random ASO). Error bars rep-
resent the standard deviation of the means.
Three independent experiments were per-
formed with five biological repeats. ns, not
significant.
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ASO3 treatment reduces citrus canker symptoms
To confirm the potential of ASO3 to decrease citrus canker symp-

toms, new experiments using whole plants were performed. In
agreement with previous results, all plants treated with ASO3 ex-
hibited a substantial reduction in canker symptoms at all evaluated
time points compared with the control (Fig. 5A). Notably, canker le-
sions in ASO3-treated leaves remained restricted and did not expand
over time, in contrast to control leaves, where symptoms developed
into large spongy pustules (Fig. 5A). Canker lesions were quan-
tified by analyzing four areas of each leaf (n = 3) at each time
point (Fig. 5B; Supplementary Fig. S3). An increase in canker pus-
tule size was only observed in leaves treated with water, whereas
no such increase occurred in leaves treated with ASO3. Indeed,
the reduction of the pustule size induced by ASO3 was of 60.3%
(P = 0.033), 80.1% (P = 0.002), 50.6% (P = 0.020), and 82.7%
(P<0.0001), respectively, for 7, 9, 11, and 14 days after inoculation,
demonstrating a significant decrease in citrus canker symptoms.
Furthermore, the X. citri subsp. citri bacterial population was sig-
nificantly lower in leaves treated with ASO3 compared with the un-
treated control at 14 days after inoculation (Fig. 5C). The decrease in
symptom development, together with the delay in bacterial growth
and the reduction of CsLOB1 transcript level, indicates that ASO3
silences CsLOB1, thereby affecting the interaction of X. citri subsp.
citri and C. sinensis, resulting in attenuated disease symptoms.

Discussion
Citrus is one of the most important fruit crops worldwide (Neves

et al. 2020). However, citrus production is facing many diseases,

such as citrus canker caused by X. citri subsp. citri (Martins
et al. 2020), that increase economic losses and environmental
impact. Due to the importance of promoting sustainable agricul-
tural production, the development of new technologies to control
phytopathogens is urgently needed. In this study, we applied a
pipeline to design ASO sequences to silence the susceptibility gene
CsLOB1 in C. sinensis. In our pipeline, three ASOs were selected
for functional validation, among which ASO1 and ASO2 exhibited
lower effectiveness compared with ASO3 in reducing citrus canker
symptoms. This could be attributed to the ASO sequence prediction
by bioinformatics tools, which generate sequences along with a
probability percentage of their efficacy (Lu and Mathews 2008). In
agreement with this result, ASO3 showed the highest probability of
being efficient, as indicated by Oligowalk (Table 1). In any event,
functional experiments are imperative to validate the efficacy of
the designed ASOs in targeting mRNA sequences (José de Sousa
et al. 2023; Mizuta and Higashiyama 2014; Sandoval-Mojica et al.
2021; Távora et al. 2021).

In our study, different methods of ASO delivery and bacteria
inoculation demonstrated the efficiency of ASO3 in reducing the
level of CsLOB1 transcripts, reducing citrus canker disease. The
symptom reduction ranged from approximately 15 to 83%, and it is
likely attributed to the method of ASO delivery. Curiously, despite
the reduction in the canker pustule sizes, we still observed bacterial
growth in the plant tissues even with ASO3, which agrees with
the previous studies where CsLOB1 was edited using CRISPR-Cas
(Duan et al. 2018; Su et al. 2023).

CsLOB1 is a transcriptional factor that is known to play a key
role as a susceptibility gene in C. sinensis−X. citri subsp. citri

Fig. 3. Quantification of the citrus canker symptomatic area (%) in planta. Symptomatic area analysis was performed using the Quant software to determine the
percentage of leaf area exhibiting citrus canker symptoms. Results are the mean of triplicate experiments ± SD. Asterisks (*) indicate significant differences based
on Student’s t test (*, P < 0.05; **, P < 0.01; and ***, P < 0.001) comparing the antisense oligonucleotide (ASO) treatment with controls (water and random). Error
bars represent the standard deviation of the means. A to C, Leaves infiltrated with Xanthomonas citri_GFP followed by infiltration with ASO1, ASO2, and ASO3,
respectively. Three independent experiments were performed with three biological repeats. ns, not significant.

Fig. 4. Transcript level of CsLOB1 in leaves treated or not with antisense oligonucleotide (ASO) 3 at 1, 2, and 3 days after inoculation with Xanthomonas citri.
A, ASO3 delivery by petiole absorption and X. citri subsp. citri inoculated by infiltration. B, ASO3 delivery by leaf infiltration and X. citri subsp. citri inoculated
by pin-roller. Results are the mean of duplicate experiments with three replicates compared with Time 0 (before inoculation). Asterisks (*) indicate significant
differences based on Student’s t test (*, P < 0.05; and **, P < 0.01). Error bars represent the standard deviation of the means. T1, T2, and T3 indicate 1, 2, and 3
days after X. citri subsp. citri inoculation.
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interaction, where the bacterial effector positively regulates
CsLOB1 gene expression, which induces morphological modifi-
cation favoring a compatible interaction and bacterial colonization
(Barnes and Anderson 2018; Zou et al. 2021). Recent studies em-
ploying CRISPR-mediated LOB1 gene editing have produced citrus
plants with increased resistance to citrus canker disease (Huang
et al. 2022a; Jia and Wang 2020; Jia et al. 2017, 2022; Peng et al.
2017; Su et al. 2023). Our data align with these findings, demon-
strating that enhanced citrus canker resistance can be achieved by
silencing CsLOB1. Notably, to achieve such results, we used ASO
technology to target CsLOB1, which has the advantage of inducing
gene silencing without transgeny or the use of plant transforma-
tion and regeneration techniques, known to be time consuming and
laborious (Krasnodębski et al. 2023; Turnbull et al. 2021). In ad-
dition, ASOs can be used for different citrus species or cultivars.
The use of ASOs for gene silencing in plants is relatively recent
(Dinç et al. 2011; Krasnodębski et al. 2023; Sandoval-Mojica et al.
2021; Távora et al. 2021) compared with their use as biotherapeu-
tics (Krasnodębski et al. 2023). As pointed out by Krasnodębski
et al. (2023), this technology is a low-cost and easy-to-implement
method for direct manipulation of gene activity, and although pre-
dominantly applied in animal cells, its utilization in plants seems
to be even more straightforward and should be better explored.
Moreover, ASOs have been used to increase the basic knowledge
regarding gene function in plant−pathogen interactions. Recently,
the use of ASOs was applied for assessing the behavior of suscepti-
bility genes in tomato triggered by Xanthomonas euvesicatoria pv.
perforans during the plant−pathogen interaction (José de Sousa
et al. 2023). According to the authors, screening these genes is

essential to implement alternative management strategies capable
of silencing target genes that play a key role in symptom induc-
tion. Consequently, these applications can be expanded to other
pathosystems.

The application of ASOs in citrus was recently shown to con-
trol ‘Candidatus Liberibacter asiaticus’, a bacterium transmitted
by Diaphorina citri and the causal agent of citrus greening or
HLB, considered the worst disease affecting citrus groves world-
wide (Sandoval-Mojica et al. 2021). In this work, the authors
modified the ASO sequences by incorporating 2′-deoxy-2′-fluoro-
d-arabinonucleic acid (FANA). According to the authors, these
chemical modifications increased the resistance of the FANA-ASO
to degradation and enhanced its binding to targeted mRNA. The
study demonstrated that FANA-ASOs silence bacterial essential
genes, indicating the potential utility of FANA-ASOs in current
HLB management strategies.

In other studies using ASOs for plant silencing approaches, it was
necessary to dilute the ASOs in a sugar solution (Krasnodębski et al.
2023; Sun et al. 2007; Xie et al. 2014) for absorption by the leaf vas-
cular system. However, we were able to observe the presence of the
labeled random ASO in the vascular tissue using a dilution in water.
It is likely that the efficiency of absorption might vary depending
on many aspects, such as plant species, tissues, age, and method of
ASO delivery. Additionally, using ASOs with the established phos-
phorothioate modification to improve stability and avoid molecule
degradation, we were able to confirm their uptake and effect. Taken
together, as the use of ASO application in plants is still little ex-
plored for biotechnology purposes, improvements in the technique
can be made to optimize its absorption, stability, and efficiency.

Fig. 5. Effect of antisense oligonucleotide (ASO) 3 on citrus canker disease in Citrus sinensis. A, Representative images of citrus canker in leaves treated with ASO3
or water control followed by Xanthomonas citri subsp. citri inoculation using the pin-roller technique. B, Quantitative evaluation of diseased area in leaves treated
with ASO3 and water control. Each leaf was divided into four quadrants, and the symptomatic area was quantified using ImageJ software. The numbers 7, 9, 11,
and 14 correspond to days after inoculation (DAI). The experiment was repeated three times with three replicates. C, Bacterial populations (CFU/ml) were evaluated
from leaves infiltrated with ASO3 and water control followed by X. citri subsp. citri inoculation by pin-roller and collected at 7 and 14 DAI. Asterisks (*) indicate
significant differences based on Student’s t test (*, P < 0.05) comparing ASO3 treatment and the respective control at each time point. Error bars represent the
standard deviation of the means. The experiment was repeated twice with three internal replicates used for each experiment. ns, not significant.
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Based on our results, we assume that the stability of ASO3 prob-
ably persists for at least 14 days after bacterial inoculation, as a
significant decrease of citrus canker symptoms is still observed in
treated plants during this period. This finding is noteworthy, consid-
ering that citrus canker symptoms typically manifest shortly after
bacterial infection, and considering that the application of copper
in a shorter spray interval (7, 14, 21, or 28 days) is required to sig-
nificantly reduce yield loss of citrus canker diseases (Behlau et al.
2010), the stability of ASOs during this critical period could po-
tentially prevent the development of citrus canker. Furthermore, we
verified that the efficiency of the ASO silencing mechanism greatly
relies on the level of the target mRNA transcripts and the ASO
concentration in the cell. The efficacy of ASOs is predominantly
hampered by challenges in cellular delivery. The primary molec-
ular and cellular hurdles to maximizing antisense effectiveness lie
in intracellular trafficking (Roth 2005). Given that, exploring other
ASO targets in both plant and bacteria, along with formulations
incorporating adjuvants and/or nanotechnology to enhance ASO
penetration into plant cells, holds promise for improving its appli-
cation and ushering in new biotechnological approaches to control
plant pathogens.
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