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We report on the development, evaluation, and efficient delivery of antisense

oligonucleotide FANA (2′-deoxy-2′-fluoro-arabinonucleotide) RNA-targeting technology

into citrus trees and potato plants for management of bacterial pathogens and arthropod

pests. The FANA ASO technology is a single nucleotide strand of 20–24 nt in length that

incorporates 2′F- chemically modifications of nucleotides, along with a phosphorothioate

backbone and modified flanking nucleotides, in their structure called “gapmers,”

produced by AUM LifeTech., Inc. These unique modified structures of FANA “triggers”

enables gymnotic activity that self-delivers into cells, moving systemically in treated

plants and insects, with significant suppression of their RNA targets. Reported is the

FANA suppression of two plant-infecting bacterium Candidatus Liberibacter asiaticus,

CLas (in citrus trees), and C. Liberibacter solanacearum, CLso (in potato and tomato).

The CLas pathogen is associated with huanglongbing (a.k.a. Citrus Greening Disease),

which causes severe loss of citrus trees, threatening global citrus production. The

CLas bacterium is transmitted during feeding by the Asian citrus psyllid, Diaphorina

citri (Hemiptera: Liviidae). CLso causes Zebra-Chip disease in potato and is transmitted

by the potato psyllid, Bactericera cockerelli (Hemiptera: Triozidae). Infected citrus trees

or potato plants were treated with aqueous FANA solutions applied as a soil drench,

root-infusion, topical spray, tree trunk injection or by absorption into cuttings, detached

leaves, and leaf disks. Plants showed significant reduction of each pathogen or symptom

development in response to FANA treatments. Similarly, ingestion of FANA solutions

designed specifically to CLas by insects via artificial diets produced significant titer

reductions in infected citrus psyllid adults that resulted in reduction of CLas transmission.

The unique properties of FANA ASO solves many of the problems of stability, cell

entry, and binding affinity that plagues exogenous RNAi strategies. Breakthroughs in

production methods are reducing costs enabling these ASO to expand beyond medical
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applications into agricultural treatments. Thus, FANA ASO may provide viable treatments

in the response to crop pandemics, like huanglongbing in citrus that threatens global

food production.

Keywords: antisense oligonucleotide, citrus huanglongbing, psyllid vectors, Liberibacter disease, FANA,

biopesticide, microbicide, Solanaceae

INTRODUCTION

Arthropod vectors of plant, animal, and human pathogens

continue to threaten food security, and animal and human health

on a global scale (Savary et al., 2019; He and Creasey Krainerm,

2020; Mesterházy et al., 2020). Many crop epidemics spread
rapidly within an area in a country causing severe crop loss

and economic hardship for local farmers. However, when these

plant pathogens spread beyond international borders causing

severe crop loss and starvation, they become pandemics (Savary

et al., 2019; He and Creasey Krainerm, 2020). Crop pandemics,
along with loss of food causes economic hardship with losses

reported to be worth over $220 billion USD annually (Nicaise,

2014). Plant pathogens and pests are responsible for crop-yield

losses up to 40% of maize, potato, rice, soybean, and wheat
worldwide production, with another 30% loss in stored grains
(Pimentel, 1991). Almost half of all plant diseases are caused
by viruses, worth an annual global cost of $30 billion USD
(Nicaise, 2014). Herbicides for weed control represented over
half of all pesticides applied in the U.S. in 2012 and cost
over $9 billion USD (Atwood and Paisley-Jones, 2017). The
most severe crop pathosystems are from bacterial- and viral
plant-pathogens vectored by plant-feeding hemipterans (psyllids,
aphids, whitefly, leafhoppers, and planthoppers) (Nicaise, 2014;
Sastry et al., 2019; Savary et al., 2019). These pathosystems,
together with beetle pests and fungal pathogens, destroyed
millions of tons of stored grains (Mesterházy et al., 2020),
representing 30–40% loss of maize, potato, rice, soybean, and
wheat crop-yield losses worldwide (Savary et al., 2019). Each
year in response to these threats, ∼500 million kilograms of
pesticides are applied to plants in the United States. Studies show
that only 0.1% of this reaches the desired target to eliminate
pests (Pimentel and Levitan, 1986; Pimentel and Burgess, 2012),
and the total pesticide expenditures in the US for agriculture
showed a 5-fold increase (adjusted for inflation) between 1960
and 2008, at a cost of $12 billion USD (Fernandez Cornejo et al.,
2014).

In the current global pandemic in citrus production, called
Huanglongbing, HLB (a.k.a. “citrus greening disease” or “citrus
yellows”), citrus trees infected with the bacterial pathogen
(Candidatus Liberibacter asiaticus, CLas) produce small bitter
fruits, eventually dropping all fruit, with infected trees ultimately
dying (Da Graça and Korsten, 2004; Bové, 2006). Huanglongbing
is the most serious threat to sustainable global citrus production
(Halbert and Manjunath, 2004; Wang et al., 2017a,b). The
economic losses in product and jobs in the Florida citrus
industry alone is estimated to be over $4 billion USD (Hodges
and Spreen, 2012; Stansly and Qureshi, 2020). Increased losses
now threaten other U.S. citrus producing states (AZ, CA, TX)

(Sétamou et al., 2016; Gottwald et al., 2018). Other countries that
are citrus producers are also under threat from these psyllid-
transmitted bacterial pathogens (Candidatus Liberibacter spp.)
causing the global pandemic (Bové, 2006; Sétamou et al., 2016;
Wang et al., 2017a,b; Kruse et al., 2019; Ammar et al., 2020a,b).
The three known Liberibacter species associated with HLB are:
Candidatus Liberibacter africanus, CLaf; Candidatus Liberibacter
americanus, CLam; and Candidatus Liberibacter asiaticus, CLas
(Bové, 2006; Haapalainen, 2014; Wang et al., 2017a,b; Coates
et al., 2020). African countries are dominated by CLaf, which
is transmitted by two psyllid species, the African citrus psyllid,
Trioza erytreae (Hemiptera: Triozidae) and the Asian citrus
psyllid (ACP) Diaphorina citri Kuwayama (Hemiptera: Liviidae),
which can transmit both CLam and CLas bacteria (Lallemand
et al., 1986). In Brazil, the CLam species is dominant, while
CLas occurs globally in many citrus growing countries (Hall
et al., 2013; Wang et al., 2017a,b; Ammar et al., 2020b). The
pathogens replicate and circulate systemically in both the plant
and the psyllid host tissues (Ammar et al., 2011, 2016, 2020a,b;
Coy et al., 2014; Ramsey et al., 2015; Kruse et al., 2017, 2018),
which facilitates their effective, rapid spread and persistence
(Inoue et al., 2009; Ebert, 2019; Jiang et al., 2019; Huang et al.,
2020).

A bacterium related to CLas, “Ca. L. solanacearum” (CLso)
(syn. “Ca. L. psyllaurous”), causes disease symptoms in crops
within the Solanaceae (Hansen et al., 2008; Liefting et al., 2009) in
North America and New Zealand, and crops within the Apiaceae
in Europe and North Africa (Munyaneza et al., 2010; Tahzima
et al., 2014; Ahmed et al., 2015). CLso infection leads to rapid
development of foliar symptoms in susceptible plants and is
associated with the development of striped patterns in potato
tubers known as zebra chip disease (Munyaneza, 2012, 2015).
Multiple haplotypes of CLso have been identified (Nelson et al.,
2011; Wen et al., 2013; Mauck et al., 2019; Swisher-Grimm
and Garczynski, 2019). Haplotypes A and B appear to be most
commonly associated Solanaceous crops in the United States
(Dahan et al., 2017, 2019) with CLso haplotype B causing more
severe symptoms than haplotype A (Mendoza-Herrera et al.,
2018; Swisher-Grimm et al., 2018; Harrison et al., 2019; Tang
et al., 2020). This pathogen infects multiple psyllid vectors within
the Triozidae (Munyaneza et al., 2010; Tahzima et al., 2014;
Antolinez et al., 2017; Borges et al., 2017), but is transmitted
among Solanaceous plants by the potato psyllid (Bactericera
cockerelli; Triozidae) in North America (Munyaneza et al., 2007;
Hansen et al., 2008; Liefting et al., 2009). Like CLas, CLso
is transmitted in a circulative and propagative manner, and
colonization of the vector’s salivary glands by CLso is required
for transmission to new host plants (Cooper et al., 2014; Sengoda
et al., 2014). CLso is transmitted by potato psyllids about 2–3
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weeks after initial acquisition (Sengoda et al., 2014) and is known
to affect psyllid fecundity (Nachappa et al., 2014; Ammar et al.,
2020b).

Research efforts to develop effective management strategies
for CLas and CLso have strongly focused on reducing the
psyllid population, preventing acquisition and transmission of
the bacterial pathogen by using several strategies including:
RNAi-based suppression of the psyllid (Hajeri et al., 2014;
Taning et al., 2016; Andrade and Hunter, 2017; Ghosh et al.,
2017, 2018; NASEM, 2018; Dubrovina and Kiselev, 2019;
Adeyinka et al., 2020; Dubrovina et al., 2020; Hunter et al.,
2020; Yu and Killiny, 2020; Kiselev et al., 2021); antisense
oligos, ASO (FANA and Morpholinos) targeting psyllids, their
endosymbionts, and bacteria (Wesolowski et al., 2011, 2013;
Pietri et al., 2014; Daly et al., 2017; Hunter et al., 2017a,b, 2018b,
2020; Metz et al., 2017a,b; Moulton and Moulton, 2017; Patel
et al., 2017; Pelz-Stelinski et al., 2017; Hunter and Sinisterra-
Hunter, 2018; Xue et al., 2018; Novopashina et al., 2019; Pelz-
Stelinski, 2020; Sandoval-Mojica et al., 2020, 2021; Hunter and
Pelz-Stelinski, 2021); gene–targeting and editing CRISPR/Cas9
systems (Chaverra-Rodriguez et al., 2018; Chaverra Rodriguez
et al., 2020; Hunter et al., 2018a, 2019a; Hunter and Tomich,
2019); insecticides (Tiwari et al., 2011; Grafton-Cardwell et al.,
2013; Qureshi et al., 2014; Chen and Stelinski, 2017; Chen
et al., 2018; Della Vechia et al., 2019; Tian et al., 2019; Grafton-
Cardwell, 2020; Monzo and Stansly, 2020) and biocontrol agents
(Avery et al., 2009, 2011, 2013; Hoy et al., 2010; Chen and
Stansly, 2014; Qureshi et al., 2014; Patt et al., 2015; Cicero
et al., 2017; Pérez-Rodríguez et al., 2019). However, bacterial
pathogens cannot be targeted directly using dsRNA strategies
due to differences in cellular immune and replication processing
pathways (Kruse et al., 2019; Blacutt et al., 2020). Bacteria also
produce protective biofilms and have rapid replication that favors
selection and development of resistance to chemical or antibiotic
treatments, thus bacterial pathogens are very difficult to manage
(Cansizoglu and Toprak, 2017; Jiang et al., 2019; Kumar et al.,
2020; Naranjo et al., 2020; Puvača and de Llanos Frutos, 2021).
The HLB pathosystem is the most difficult problem globally
affecting the citrus industry (Bové, 2006; Wang and Trivedi,
2013; Wang et al., 2017a,b). A review by the national Academies
of Sciences, of the past 10-year’s research efforts, 2006–2018
summarized efforts, as “no significant solutions to stop HLB
have yet been developed” (NASEM, 2018). Like many other plant
pathogens that do not have effective treatments for infected
hosts, the focus is on reduction of the insect vector population
(Stansly and Qureshi, 2020), and/or targeting the pathogen using
genetically modified plants (Puchta and Fauser, 2013; Saurabh
et al., 2014; Younis et al., 2014; Aldemita et al., 2015; Huesing
et al., 2016; Ricroch and Hénard-Damave, 2016; Ni et al., 2017;
Sinisterra-Hunter and Hunter, 2018; ISAAA, 2019; Van Vu et al.,
2019; Bramlett et al., 2020; Doyle et al., 2020; Kunte et al., 2020;
Samada and Tambunan, 2020).

The purpose of this study was to assess FANA ASO as a novel
strategy to manage Liberibacter species of bacterial pathogens
in citrus, potato, tomato, and in the psyllid vector, and to
suppress the psyllid vectors. We examined the potential of FANA
ASO (2′-Deoxy-2′-Fluoro-β-D-Arabinonucleic Acid) antisense

oligonucleotides to target bacterial pathogens inside of citrus
trees and the psyllid vector. FANA are nucleic acids with a
phosphorothioate backbone and modified flanking nucleotides,
in which the 2′-OH group of the ribose sugar is substituted by
a fluorine atom. The flank modifications increase the resistance
of the ASO to degradation and enhances binding to targeted
mRNA. The FANA/RNA duplex is recognized by ribonuclease
H (RNase H), an enzyme that catalyzes the degradation of
duplexed mRNA (Kalota et al., 2006; Teo et al., 2018; Gruenke
et al., 2020; Ochoa and Milam, 2020). Therefore, antisense
oligo modifications permit targeting of bacteria, like CLas,
that cannot be suppressed with dsRNA strategies (Scott et al.,
2013). The unique properties of the FANA designs make them
more stable, enhance binding efficiency and increase specificity
to the targeted organism (Gruenke et al., 2020; Ochoa and
Milam, 2020), including the psyllid vectors (Hunter et al.,
2017a,b; Pelz-Stelinski et al., 2017; Sandoval-Mojica et al., 2021).
In the current study, FANA ASO were evaluated for plant
delivery and systemic movement, insect delivery and activity to
suppress psyllid and several bacteria: CLas, CLso, and psyllid
endosymbionts. Confirmation analyses included (1) visualization
using confocal microscopy of plant and insect tissues for their
capacity to penetrate host cells, (2) silencing bacterial and insect
essential genes and (3) evaluation on bacterial titer, and (4)
insect mortality. The study demonstrated successful delivery of
FANA with subsequent movement into target tissues in plants
and psyllid, with reductions in CLas, and CLso titers within
their perspective hosts (citrus, potato, tomato) and psyllid vector.
Ultimately, the decreased bacteria titer, CLas in citrus and in the
vector, ACP, translated into a biological significance of reduced
CLas transmission by the vector, ACP1 (Pelz-Stelinski et al., 2017;
Brown et al., 2020; Sandoval-Mojica et al., 2021).

RESULTS

FANA Targeting Bacteria in Citrus Trees
and Psyllids
Visualization of FANA Penetration in Citrus
To validatemovement of the FANA into plant xylem and phloem,
whole plants, cuttings, and detached leaves were treated with a
fluorophore-tagged FANA and tissues prepared and examined
with confocal microscopy. FANA bound to probe was observed
in the xylem and phloem of citrus leaf midribs (Figure 1).

Tree Trunk Injection Into CLas-Infected Citrus Trees
In lab and glasshouse trials, the FANA reduced CLas in infected
citrus seedling trees, Madam vinous or Citrus sinensus. Methods
as in Pelz-Stelinski et al. (2017), Andrade and Hunter (2016,
2017), Ghosh et al. (2018), and Sandoval-Mojica et al. (2020,
2021). Preliminary analyses at 3 weeks after FANA injections into
infected citrus seedlings, showed a greater percentage of dead
CLas bacteria (aver. 65%), over natural CLas mortality titers in
control infected, untreated citrus trees (aver. 48.2%), method as
in Cangelosi and Meschke (2014). However, at 4 months with

1AUM LifeTech, Inc., More information on FANA products in this study at:

www.aumlifetech.com.
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FIGURE 1 | Fluorescent labeled FANA (yellow) after delivery into citrus leaves

[Sweet orange group, Madam vinous, Citrus sinensis (L.) Osbeck] (B).

Confocal microscope view as cross-section through leaf midrib near petiole.

Control-Counter stain leaf cross-section. Green probe for nuclei used a tag

fluorescence at 488 nm wavelength, was Nuclear-GreenTM (A). Labels: Ph,

Phloem; XL, Xylem; Fibrous Ring. Detection of FANA in Phloem and Xylem

vessels. Sample image 7 days after treatment. FANA-probe treatment was a

6.93 nmol concentration in 500 µL water, absorbed into detached citrus

leaves. Image view ∼40X. Images were taken with a Zeiss LSM510 Confocal

Microscope.

no further treatments the CLas titers returned to pretreatment
levels (data not shown). Thus, either more than a single-dose
treatment would be required, or a higher concentrated dose
would be needed to maintain suppression of CLas for longer than
3 months period.

Citrus Cutting Feeding Assay Using FANA Scrambled

Probe
Adult psyllids were fed on new citrus growth that absorbed
solution of FANA labeled with a fluorescent probe psyllids and
leaves were prepared and viewed with a confocal microscope
(Figure 2). Feeding access periods were 48 h, 5 and 7 d (B). The
tagged FANA were observed in a variety of tissues at 7 d after
feeding, including the fat body, esophageal ganglia (brain), and
vesicles in the psyllid body.

SILENCING OF ESSENTIAL BACTERIAL
GENES BY FANA ASO IN Diaphorina citri

CLas DNA Ligase-A, Insect Feeding Assay
CLas-infected adult psyllids fed on FANA DNA Ligase-A treated
citrus leaves produced significant reduction of CLas titer.
Four FANA_DNA Ligase-A (CLIBASIA-1,-2,-3,-4) designed to
different regions were evaluated were evaluated in a citrus leaf
feeding assay, as described in Sandoval-Mojica et al. (2021).
Ingestion of FANA ASOs targeting the DNA Ligase-A, reduced
CLas titers in infected-psyllid given a 6-day feeding access period
on FANA treated citrus leaves (Figure 3). However, due tomRNA
folding a FANA can be blocked from binding to the target
region. Thus, not all selected target regions are equally accessible.

Multiple FANA designs must be screened to find the best target
regions to produce the greatest amount of suppression.

CLas Acetyl-CoA Carboxylase Biotin Carboxylase

Subunit
Psyllids that fed on FANA treated citrus seedlings had
significantly reduced CLas titers. Two out of four FANA ASO
designed to acetyl-CoA carboxylase biotin carboxylase subunit
(CLas-BTIN), produced significant reductions of CLas titers in
the CLas-infected adult psyllids given a 6-day feeding access
period. LSD test post-hoc comparison of means (P ≤ 0.05)
(Hayter, 1986). There was no significant difference observed for
CLasBTIN-3 treatment with controls (Figure 4).

CLas Replicative Helicase, DNA-B
There was significant suppression of CLas titer in infected psyllid
fed on the treatment with FANA_DNAB-1, out of the four
FANA CLas_DNAB (replicative helicase DNA-B). The reduction
of CLas represented a drop by 4.32 equivalents in CLas-infected
psyllids fed on CLasDNAB-1 treated citrus leaves. There were
no significant reductions in CLas in psyllids fed on FANA
CLasDNAB-2 (0.48 CLas copy number), CLasDNAB-3 (2.37),
or CLasDNAB-4 (3.7 log equivalents), as compared with the 4.8
CLas equivalents in the infected psyllids that fed on untreated
control citrus leaves (Figure 5). The FANA_DNAB-1 was the
most 5′ binding region within 107 nt from the “ATG” start
codon (Supplementary Materials). Due to mRNA folding there
can be regions that are blocked. Thus, not all FANA have equal
activity. Individual FANA treatments may produce no effect, or
no significant difference from the controls.

Gyrase-A, Targeting Diaphorina citri

Endosymbiont, Profftella armatura
Adult psyllids were given a 12-day feeding access period on
FANA-treated potted citrus seedlings to evaluate the effect of
FANA targeting the Gyrase-A in the D. citri endosymbiont
Profftella armatura. Reduction of the endosymbiont P. armatura
significantly increased adult psyllid mortality by 76.3% (±SE
1.07) and 87.2% (±SE 0.89) after 8 and 12d of feeding on
FANA-GyrA, respectively, compared to mortality in the control
groups [15.7% (±SE 0.48) and 21.1% (±SE 0.38)]. The psyllid
mortality between day 8 and 12 on FANA treated plants
were not significantly different. There were no significance
differences in mortality between psyllids on treated and control
plants on day 2 or 5. Psyllid mortality reached 100% for
six of 18 colonies on day 12 –feeding on FANA treated
plants (33.33%), while 94% (17 of 18 colonies) had >60%
mortality (Supplementary Figure 6B). The Eta Squared value
(η2 = 0.92) supports a strong effect associated with the FANA
treatment (Figure 6).

FANA-ASO Targeting Diaphorina citri

Trehalase
Expression of Trehalase in psyllids given a 72 h-feeding access
period on artificial diet containing FANA-TRS. Psyllids that
ingested FANA DcTRS-2 showed a 0.73 log fold less of total
Trehalase mRNA, while psyllids fed on DcTRS-3 had a 0.55 log
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FIGURE 2 | Citrus cutting feeding assay using FANA Fluorescence probe.

Adult psyllid were fed on new citrus growth that absorbed solution of FANA

with fluorescent probe or water. Feeding access periods were 48 h (A), 5 and

7 d (B,C). The midgut (A) of adult psyllid 48 h after feeding access on treated

citrus leaf. The lumen of the midgut becomes void of fluorophores when

examined after 7-day feeding access on untreated citrus leaf. (C,F) midgut

(Loop). The tagged FANA were observed in a variety of tissues at 7 d after

feeding, indicative of systemic movement into cells of tissues, and vesicles in

the psyllid body (E) (Red). Control untreated psyllid sample shows level of

background fluorescence (D). Drawing of dissected psyllid alimentary tract (F)

provides perspective of location of the midgut loop shown in (C). Filter

chamber (FC). Samples were viewed within 48 h after being mounted on glass

slides, with a Zeiss LSM510 Confocal Microscope (Smithsonian Marine

Station, Fort Pierce, FL). Image (A) separate sample preparation method as in

Sandoval-Mojica et al. (2020).

fold less total TrehalasemRNA at 48 h of feeding. FANA DcTRS-
1,−2, and−5, were not significantly different across all three
sampled time periods (Figure 7).

TREATMENT OF FANA-GyrA ON CLso
INFECTED POTATO AND TOMATO

Foliar and tuber symptoms associated with CLso infection were
not observed in potato plants that were not inoculated with CLso-
infected potato psyllids (data not shown). Potato plants that were
inoculated with CLso-infected potato psyllids did not exhibit
foliar symptoms until about 5 weeks after inoculation, at which
time the plants declined rapidly. Because foliar symptoms were
not observed at the 2–4-wk observations, only data collected at
the 6-wk observation was included in data analysis. Contingency
table analyses indicated significant differences in Potato Foliar
Symptom Scores of severity among treatments (row mean score

FIGURE 3 | Psyllid ingestion of FANA ASO targeting DNA Ligase-A (CLIBASIA)

reduced CLas titers in infected-psyllid given a 6-day feeding access period on

FANA treated citrus leaves. Changes in CLas bacteria copy number in

CLas-carrying psyllids after feeding on individual FANA leaf treatments shown.

Error bars represent ±SE of the mean from six biological replicates, from three

replicates. Bars with the same letter are not significantly different.

FIGURE 4 | Effects of ingested FANA ASO by CLas-infected adult psyllid

targeting CLas acetyl-CoA carboxylase biotin carboxylase subunit

(CLas-BTIN). There was a statistically significant difference between group

means as determined by one-way ANOVA [F (3,32) = 8.52, p = 0.0003],

followed by post-hoc comparison of means used LSD test (P ≤ 0.05). Two out

of four FANA ASO, designed to (CLas-BTIN) produced significant reduction of

CLas in the CLas-infected adult psyllid given a 6-day feeding access period on

citrus leaf disks. FANA CLasBTIN-2 and CLasBTIN-4 reduced bacteria

concentrations by 3.5- to 3.7-fold less bacteria, respectively, compared to the

untreated control. Error bars represent ±SE of the mean from six biological

replicates, from three replicates. Bars with the same letter are not significantly

different.

= 10.5; d.f. = 3; P = 0.015). All untreated plants exhibited
severe foliar symptoms associated with infection with CLso,
but nearly all FANA treatments, except DNAB6, led to reduced
or no foliar symptom development in at least some plant
replicates (Figure 8A). There were also significant differences
among treatments in Zebra Chip disease in tubers (row mean
score= 5.9; d.f.= 1; P= 0.026). All tubers from untreated plants
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FIGURE 5 | Suppression of CLas in infected adult psyllid given a 6-day

feeding access period on FANA-CLasDNAB (replicative helicase DNA-B),

treated citrus leaf tissue, which absorbed 300 µL of FANA at 1µM

concentration. Only the DNAB-1 treatment showed a significant decrease in

CLas titer. One way ANOVA: F (5,48) = 5.77, P < 0.001, followed by post-hoc

comparison of means using Tukey test (P ≤ 0.05). Error bars represent ±SE of

the mean from six biological replicates, from three replicates. Bars with the

same letter are not significantly different.

FIGURE 6 | Average adult psyllid mortality on FANA treated citrus seedlings.

Mortality of adult psyllids fed on citrus seedlings treated with FANA-GyrA to

Profftella, was significantly greater than the control groups on days 8 and 12.

Psyllid mortality associated with feeding on control and FANA-GyrA plants was

not significantly different on days 2 or 5, reaching average of 0.8% (±SE 0.10)

between treatments on day 2, and 9.81% (±SE 0.33) and 20.6% (±SE 0.24)

in the control compared to the FANA-GyrA, respectively, on day 5. Single

factor ANOVA, F (1,34) = 397.9, p < 0.001, η2 = 0.92, followed with Tukey

post-hoc comparison of means (P ≤ 0.01). Error bars represent ±SE of the

mean from 18 biological replicates, from two technical replicates. Symbol **

signifies significantly different from control.

were symptomatic, while the proportion of symptomatic tubers
was reduced by all FANA treatments (Figure 8B). GyraseA-4,

FIGURE 7 | Feeding bioassay on diet targeting trehalase-of psyllid, D. citri.

The qPCR analysis revealed that the treatments with FANA DcTRS-2 and

DcTRS-3 significantly reduced mRNA Trehalase in the psyllids, D. citri at 48

h-post feeding (with reductions of 0.73 log fold and 0.55 log fold less total

mRNA, respectively). Comparison of means post-hoc test using Tukey (P <

0.05). Error bars represent ±SE of the mean from six biological replicates, from

three experimental replicates.

DNAB2, and DNAB4 showed the largest reduction in tuber
symptoms, and were significantly different from the untreated
control (Figure 8B).

To confirm results of experiments conducted on potato,
five treatments that showed the greatest reduction in foliar
symptoms (GyraseA-2 and DNAB1) or tuber Zebra Chip disease
(GyraseA-4, DNAB2, and DNAB4) were included in a second
experiment using tomato plants. Foliar symptoms were first
observed on untreated tomato plants just 2 weeks after removing
infected psyllids, but were not observed in plants that were
treated with FANA until at least the third weeks of the assay
(Figure 9A). Contingency table analyses controlling for week
indicated significant differences in symptom severity among
treatments (row mean score = 19.4; d.f. = 5; P = 0.002).
In general, plants that were treated with FANA had reduced
or delayed foliar symptom development compared with the
untreated plants (Figure 9A). CLso titers in leaves measured at
the end of the experiment were not significantly different among
treatments (F = 1.2; d.f. = 3, 42; P = 0.340), but were highly
variable among plant replications ranging from nearly zero in
four plants that were treated with FANA to over 100,000 copies
in other plants (Figure 9B).

DISCUSSION

As crop pandemics continue to cause food shortages that
threaten lives, there is a need to develop “stop-gap” emergency
treatments like RNAi and FANA ASO to suppress invasive
bacterial pathogens and insect vectors. FANA ASO easily enter
cells without the need of additional carriers like peptides or
nanoparticles. These additional traits combined with improved
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FIGURE 8 | Foliar symptom score of “0” (no symptoms) to “3” (severe leaf

yellowing) (A) and proportion of seed tubers exhibiting zebra chip disease (B)

observed in potato plants 7 weeks after confining CLso-infected potato

psyllids to plants, and 6 weeks after the initial treatment with water (untreated)

or FANA treatments (A). Error bars represent ±SE; there is no error bar for the

untreated control because all plants exhibited severe yellowing of leaves.

specificity to the RNA target, provide a therapeutic that could
treat the most serious and difficult pathogens of fruit trees
or crop plants, like bacteria (Kruse et al., 2019; Sastry et al.,
2019; He and Creasey Krainerm, 2020). Bacteria pose some of
the greatest problems due to rapid development of antibiotic
resistance that limits traditional treatment effectiveness (Kumar
et al., 2020; Puvača and de Llanos Frutos, 2021). Severe crop
loss, stored grain loss, and starvation are associated with plant
pathogens (Pimentel, 1991; He and Creasey Krainerm, 2020).
Therefore, scientific research efforts are constantly working
toward development of better, safer, more specific therapeutic
treatments to manage pathogens and their insect vectors.
Development of FANA ASO microbicides and biopesticides will
provide improved targeting and binding affinity to increase
pest specificity and management. These types of products could
substantially reduce the amount of pesticides applied on crops
and in urban settings each year. Estimates of pesticide costs for
2012, in the U.S.A. were over 380,000 tons used, at an annual
cost of over 9 billion $USD (Fernandez Cornejo et al., 2014;

FIGURE 9 | Foliar symptom score of “0” (no symptoms) to “3” (severe leaf

yellowing) observed in tomato plants 2, 3, or 4 weeks after treating the plants

with water (untreated control) or FANA products (A). Mean log number of

copies of 16S gene of CLso 4 weeks after treating the tomato plants with

water or FANA products (B). Error bars represent ±SE of the mean.

Atwood and Paisley-Jones, 2017; Vega-Vásquez et al., 2020).
Products with little to no negative impacts on biodiversity in
ecosystems in and surrounding treated crops and homes would
support greater numbers of beneficial organisms (Vogel et al.,
2019; Lenard et al., 2020). These organisms in turn support plant
growth and can increase plant yield (Mesterházy et al., 2020).
Currently applied chemical pesticides and herbicides are more
general in their toxicity, and broad in taxa that may be harmed
(Sinisterra-Hunter and Hunter, 2018; ISAAA, 2019; Samada and
Tambunan, 2020).

Thus, there is a substantial need and willingness to try new
therapeutic approaches for management of devastating plant
pathogens, such as HLB and Zebra Chip disease. The proposed
solutions using FANA oligonucleotide as therapeutics developed
as antibacterial products targeting CLas and CLso pathogens and
their respective insect vectors could prove to be an attractive
strategy to maintain sustainable crop productivity. The rational
design for specificity and relative speed of FANA screening
and development provide a treatment option to fill the void,
while development of other approaches, like plant breeding for
tolerance or resistance to Liberibacter infection are completed
(Stover et al., 2013; Saurabh et al., 2014; Younis et al., 2014).

The results from this study demonstrate a proof-of-concept
for the activity and suitability of FANA ASO treatments as a
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novel strategy to reduce Liberibacter bacterial pathogens: HLB
in citrus trees, Zebra-Chip pathogen in potato and tomato;
and to reduce their psyllid vectors. Design of FANA to the
same binding site in each bacterial specie, FANA DNAB-1 for
CLas and CLso both produced significant reduction of bacteria,
having a 2 SNP difference, while the FANA DNAB-3 targeting
the same binding region in each bacterium had one SNP and
also produce similar results in their perspective host plants
(Supplementary Materials). Thus, these results provide evidence
that when a FANA had good activity against the CLso in
the Solanaceous plant, the corresponding FANA design would
most likely have a similar activity against CLas in the citrus
tree host. Therefore, Solanaceous plants may provide a rapid
screening system, for FANA activity against plant pathogens
that may have related pathogens in other crops (Liberibacter
spp. in tomato comparatively to citrus trees). Solanaceous plants
grow faster providing analyses of FANA activity in 5 weeks,
while citrus trials take an average of 2–3 years. This study
demonstrated that FANA ASO have the capacity for direct
plant delivery, without any additional carrier or surfactants.
FANA ASO applied in an aqueous solution (water), to potted
potato, tomato plants and citrus seedlings resulting in systemic
movement and availability to insect feeding from plant vascular
tissues. Treatment to the root zones of citrus seedlings and trees
in pots, from 20 cm to 2m in height, and from 1 to 15 years
of age in glasshouse conditions also successfully delivered the
FANA ASO in a systemic manner (Hunter et al., 2017a,b, 2018b;
Metz et al., 2017a,b). Effective systemic delivery of the FANA
is due to their unique modifications (Scoles et al., 2019; Ochoa
and Milam, 2020). The study of chemical modified nucleotides
and structures have been reviewed elsewhere (Kurreck, 2003;
Bennett and Swayze, 2010; Ludin et al., 2015; Crooke, 2017;
Crooke et al., 2017, 2020; Hegarty and Stewart, 2018; Shen and
Corey, 2018; Verma, 2018; Scoles et al., 2019; Shen et al., 2019;
Gruenke et al., 2020; Ochoa and Milam, 2020). Incorporating
the knowledge gained from studies over the past 30 years
show chemical modification with 2′-Fluro- improves the stability
and activity of “trigger” molecules, like ASO and dsRNA,
supports their incorporation when possible (Malek-Adamian
et al., 2019). Reports of improved RNAi activity by incorporating
2′Fluro-modified pyrimidines into dsRNA exogenous applied
treatments show increased mortality of insects after feeding
on treated plant tissues (Hunter and Sinisterra-Hunter, 2018;
Hunter et al., 2020). Some of the credit in improved activity is
the increased resistance to nuclease degradation, thus providing
more “trigger” to the target within cells (Adeyinka et al., 2020;
Crooke et al., 2020; Gruenke et al., 2020). One key trait is
the gymnotic, “self-delivery” property of FANA oligos comes
from the modifications of the phosphorothioate backbone, and
modifications that produce a high affinity for proteins on the cell
surface membrane promoting increase adsorptive endocytosis
(Lebedeva et al., 2000; Souleimanian et al., 2012; Alves Ferreira-
Bravo et al., 2015; Rose et al., 2019; Scoles et al., 2019; Ochoa and
Milam, 2020). FANA are readily absorbed by the roots of citrus
trees, potato, tomato, and okra, basil, and ornamental plants
(sunflower, periwinkle, Orange jasmine, Murraya paniculata)
and grapevines (see text footnote 1) (Hunter and Aishwarya,

2020; Pelz-Stelinski et al., 2020; Sandoval-Mojica et al., 2021).
The movement of the FANA ASO through the plant xylem
and phloem enables targeting and suppression of plant-infecting
bacterial pathogens, like phloem-limited CLas in citrus trees; and
CLso in potato and tomato plants (Hunter et al., 2017a,b, 2018b,
2019b, 2020; Pelz-Stelinski et al., 2017; Sandoval-Mojica et al.,
2021). The reduction of the CLso bacterial titers with FANA
soil applied treatments in infected potted potato and tomato
plants decreased the foliar symptom severity and spud browning
in potato, resulting in improved plant growth. Likewise, the
reduction of CLas titers in infected citrus trees, and within the
adult psyllid vector was reported to reduce CLas- transmission
(Pelz-Stelinski et al., 2020; Sandoval-Mojica et al., 2021).
Targeting one endosymbiont, Profftella armatura of the D. citri
psyllid significantly increases psyllidmortality, providing another
strategy for the control of plant-feeding hemipteran vectors
(Ramsey et al., 2015).

The efficient absorption of a treatment is critical to both
efficient activity on the target, and in reducing cost of treatments
by reducing the amount of active ingredient required. Thus, the
advantages of FANA ASO are the combined characteristics of
increased stability, specificity, binding affinity, plus self-delivery
(Scoles et al., 2019; Gruenke et al., 2020; Ochoa andMilam, 2020).
Thus, FANA have the potential to change the face of agricultural
production providing a greater variety of solutions across plant,
animal or microbial agriculture. As society continues to look for
safer biopesticides that are, more effective the development of
FANA ASO looks bright. Emerging breakthroughs in production
will further decrease the cost of FANA treatments (Jarvis
et al., 2020). All these benefits make FANA ASO a leading
transformative technology in therapeutics that also provide new
alternative treatments for economically important arthropod
pests and plant pathogens.

Future Directions
The results presented here support the potential of FANA
ASO products to reduce plant bacterial pathogens and their
insect vectors. However, preliminary analyses with single dose
treatments only reduced bacteria in infected citrus seedlings for
about 30–60 days, while providing significant improvement in
potato and tomato for 55 days. Thus, further evaluation across
a range of treatment doses and/or number of applications are
still needed to determine how the effective dose needed to keep
bacteria suppressed andmaintain crop yields. The FANA solution
was absorbed by the roots and transported systemically through
the plants. Insects that fed on these treated plants also showed
absorption into cells and tissues in a systemic manner, resulting
in increased mortality. To extend the period of protection after
as single FANA treatment, we conducted a pretrial using a clay
absorbent product that successfully delivered a slow-release of
FANA ASO to the plant root-zone. Our results show plant’s
are able to absorb FANA in water solution through the roots.
Thus, when the FANA is absorbed into clay-VergeTM (OilDri,
Inc.) and then added into the potting soil of plants as an
amendment, the clay-VergeTM product2 acts as a “slow-release”

2Oil-Dri Corporation of America, Chicago, Illinois, USA. http://www.oildri.com.
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system each time the soil is watered. With this method potted
citrus seedlings provided delivery of FANA ASO for at least 90
days after treatment (Detected in plant material using BioTek
H-1, Supplementary Materials). The slow-release clay system
was previously reported by Hunter (2017) to extend delivery of
dsRNA into plants with a single application mixed into the soil
of potted citrus seedling trees providing RNAi activity for over
12 months (Ghosh et al., 2018; Hunter, 2019; Adeyinka et al.,
2020; Hunter et al., 2020). This slow-release clay system was
shown to deliver dsRNA into a variety of potted plants (citrus,
grapevine, tomato, okra, andMurraya paniculata). Foliar applied
clays, or penetrants were not evaluated in this study, however
several studies report using topical sprays of clay with absorbed
dsRNA that show extended delivery and period of activity for
exogenous applied dsRNA for 20–30 days (San Miguel and Scott,
2016; Mitter et al., 2017). Preventing degradation of dsRNA from
nucleases is not a problem with FANA ASO, but use of a method
that provides a slow-sustained release would extend the period
of plant protection and potentially reduce the cost of FANA
treatments, making them more marketable.

Treatments with FANA reduced the bacterial pathogen CLas
in citrus, and CLso in potato and tomato. Application of
FANA ASOs in aqueous solutions applied to the soil of potted
citrus, potato, and tomato plants was an effective method of
delivery resulting in systemic movement throughout the plants.
The bacterial pathogens where also reduced when targeted
inside the psyllid vectors that fed on FANA-treated plants,
or infected leaves. The endosymbionts of psyllids (Chu et al.,
2016; Morrow et al., 2017; Hosseinzadeh et al., 2019) that are
critical to psyllid survival were suppressed when insects fed on
FANA-treated plants. The ability to target specific endosymbiotic
microbes inside of insect vectors, like psyllids, makes FANA
biopesticides an important control strategy that could be applied
to many agricultural pathogens (Hunter et al., 2017a,b; Metz
et al., 2017a,b; Pelz-Stelinski et al., 2017; Sandoval-Mojica et al.,
2021).

Although FANA’s are more stable, there needs to be more
research on incorporating them within current agricultural
practices such as with slow-release clays, chemical penetrants
or surfactants similar to slow release fertilizers and pesticides
(Ghosh et al., 2018; Hunter and Sinisterra-Hunter, 2018; Rudmin
et al., 2020; Vega-Vásquez et al., 2020). Advances in medical
applications includes nanoparticle-assisted delivery is rapidly
developing a wide variety of molecules (Hammond et al.,
2021; Mendonça et al., 2021). These novel materials may
provide greater utility of biopesticide products in agriculture
(Vega-Vásquez et al., 2020), aided by bioengineering and
novel production methods to reduce costs or to add unique
traits (Hochella et al., 2019), providing benefits across the
environmental sciences (Lespes et al., 2020; Li et al., 2020;
Slaveykova et al., 2020). Combined all these technological
advances support the movement toward that day when FANA
biopesticide are used to suppress invasive arthropod pests and
insect vectors of pathogens to reduce threats to food security,
or health of human and animal populations (Jiang et al.,
2019; Adeyinka et al., 2020; Berber et al., 2020; Fletcher et al.,
2020; He and Creasey Krainerm, 2020; Huang et al., 2020;

Kleter, 2020; Mesterházy et al., 2020; Vega-Vásquez et al.,
2020).

This study reports on FANA treatments that target and
reduce CLas bacteria in infected citrus trees and the psyllid
vector, while treatments also reduced symptoms in CLso infected
potato and tomato. Repeat dose treatment trials were not
conducted, therefore, additional field trials need to be completed
to determine the effective dose, and number of applications
needed to keep CLas titers below the economic threshold and
improves plant health. With this information in hand, it will
be determined if FANA ASO are an affordable and suitable
treatment, to reduce bacterial pathogens of Huanglongbing, HLB,
or Zebra Chip disease, ZC, in potato or other Solanaceous crop
plants and their psyllid vectors.

MATERIALS AND METHODS

Production of FANA Antisense
Oligonucleotides
FANA antisense oligonucleotides were synthesized by AUM
Biotech (see text footnote 1) (Philadelphia, PA). Over 160 FANA
ASO were produced for in vitro and in vivo experiments, the
designed triggers averaged 22 nt long, single-stranded gapmers,
with multiple binding regions in each RNA target. The DNA
gyrase subunit A gene (GyrA) has been shown to be a good
target in several bacteria (Wesolowski et al., 2011, 2013), and
were used to identify GyrA in CLas, CLso,Wolbachia-Diaphorina
(wDi) and Profftella armatura. On average, four individual FANA
sequences were designed to different regions within each RNA
target in bacteria and insects, with up to eight FANA designed
for some RNA targets in insects. Multiple target regions and
FANA are selected due to complex folding of RNA that can block
or reduce the binding affinity and activity. Thus, as there is no
guarantee that the FANA will be effective until they are screened
in vivo. More information on design and methods of use are
available at the AUM LifeTech website (AUM LifeTech, Inc.,
Philadelphia, PA) (see text footnote 1). For in vivo experiments
targeting bacteria, the CLas NAD-dependent DNA Ligase A gene
(LigA) [CLIBASIA], gyrase A [GyrA], and CLas acetyl-CoA
carboxylase biotin carboxylase subunit [BTIN], were selected as
targets. Previously, the psyllid endosymbiont, Wolbachia, was
shown to be suppressed in in vitro cell culture experiments using
FANA to demonstrate that bacteria like CLas could be suppressed
(Sandoval-Mojica et al., 2021). Visualization of FANA in plants
with fluorescent probe after absorption into leaves, stems, and
roots used confocal microscopy. The plant tissue was then placed
into a vial, 1.5 or 2.0mLwhich held a range of treatment solutions
from 10 to 50 nMoles of FANA in solution. The ASO solution was
absorbed into the cuttings within 6–8 h, after which the vials were
filled with Milli-Q filtered water and the top of the vials wrapped
with parafilm loosely around the cut petiole stems to reduce water
loss and prevent psyllids from entering.

Psyllid Cultures
The colonies of Asian citrus psyllid (ACP) were cultured at
two different laboratory locations in FL [Univ. Florida, Citrus
Research and Education Center (CREC), Lake Alfred, andUSDA,
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ARS, Fort Pierce] about 180 km (112 miles) apart. B. cockerelli,
cultures were reared on Russet Burbank cv. potato plants at
the USDA-ARS laboratory, Wapato, WA, USA (Cooper et al.,
2015). The USDA colony established in 2000 has been reared
on Citrus macrophylla Wester since 2010 (Hall et al., 2015; Hall
and Hentz, 2019) The colony was maintained using procedures
similar to those described by Skelley and Hoy (2004), with no
infusion of wild types. The insectary colony was subdivided
among many cages (up to 78 at a time) containing psyllids at
various different stages of growth and age. The University of
Florida culture was established in 2005 from a field population
collected in Polk Co., FL (28.0′ N, 81.9′ W), before the detection
of HLB in the state. Psyllids not harboring CLas were maintained
on uninfected Murraya koenigii (L.) Sprengel (Rutaceae) plants
in a greenhouse not exposed to insecticides. Insects infected with
CLas were collected from a subset of the uninfected D. citri
culture reared on CLas-positive “Pineapple” sweet orange [Citrus
sinensis (L.)] plants. Both psyllid colonies were maintained at
26 ± 1◦C, 60–80% relative humidity and a photoperiod of 16:8
(L:D) h. To confirm the absence/presence of the bacterium in
the colonies, random subsamples of both plants and insects were
tested monthly using a quantitative real-time polymerase chain
reaction procedure (Li et al., 2006; Chu et al., 2016, 2019). We
produced four or more biological replicates for independent
sample collection. Each treatment group was compared to the
TE-Buffer control using students t-test (P ≤ 0.05).

CLso-infected and uninfected colonies of potato psyllid were
maintained in separate environmentally controlled rooms at
25◦C with a 16:8 (L:D) h photoperiod on potato Russet Burbank
at the USDA laboratory in Wapato, WA. Both CLso haplotypes
A and B were kept in colonies, but our experiments only used
haplotype B. In addition, three biologically distinct haplotypes
(western, central, and northwestern) of potato psyllid were kept
in colonies. The colonies were regularly checked for the presence
or absence of CLso using diagnostic PCR with primers OA2 and
OI2c to amplify a∼1,200 bp region of 16S (Crosslin et al., 2011).
Purity of CLso haplotypes was periodically assessed according to
Wen et al. (2013), while purity of potato psyllid haplotypes was
monitored based on variability in a region of the cytochrome
oxidase 1 (CO1) gene (Swisher et al., 2012).

Analysis of Gene Expression
Total RNA extraction from untreated and treated samples
psyllid (adults D. citri/B. cockerelli) and plants, were performed
using Direct-Zol RNA MiniPrep (Zymo Research, Irvine, CA),
following the manufacturer’s instructions. The concentration
and quality of RNA were measured by spectrophotometry
(NanodropTM 2000; Thermo Scientific). cDNA was synthesized
from total RNA (1 µg) using the High Capacity cDNA Reverse
Transcription kit (Thermo Fisher Scientific). Quantitative PCR
assays were conducted using a QuantStudioTM 6 Flex Real-
Time PCR Instrument (Thermo Fisher Scientific) and the Syber
GreenTM PCR Master Mix (Thermos Fisher Scientific). The data
was analyzed using the comparative critical threshold (11Ct)
method as in Li et al. (2006) in which the expression level of
the target mRNA in FANA-treated samples was compared to
its expression in untreated samples. Genetic data available at

the Citrusgreening working group (see text footnote 2) (Brown
et al., 2020), International Psyllid genome consortium3 (Saha
et al., 2012, 2017a,b, 2019; Reese et al., 2013; Hunter and
Reese, 2014; Arp et al., 2016; Thomas et al., 2020); the AgData
Commons (Leng et al., 2017; Saha et al., 2017c,d), and NCBI4

(www.ncbi.nlm.nih.gov). Primers for CLso extracted from plant
material used the primers LsoF/HLB-r for qPCR (Levy et al.,
2011). Primer pairs were designed using Primer3 (v. 0.4.0
software). PCR efficiencies of target and reference genes were
confirmed to be within the range of 90–100% for all qPCR assays.

Statistical Analyses
The Shapiro–Wilk normality test and the Levene test of
homogeneity of variances were employed to determine the type
of distribution for the data obtained in each treatment. T-tests
for independent samples or Mann–Whitney U-tests, depending
on data distribution, were used to test for significant differences
in expression levels (1Ct values) of the target genes between
the experimental and control. The differences in CLas copy
number between the treatments were analyzed by Kruskal-Wallis
H-test. One-way analysis of variance (ANOVA), with post-hoc
analyses of means separated by Fisher’s least significant difference
(LSD) test (Hayter, 1986), considering P-values equal or less
than 0.05 as statistically significant. The Software STATISTICA
13.3 (TIBCO Software Inc., Palo Alto, CA). Additionally, data
were summarized as the mean ± SE (standard error). The data
were analyzed using one-way analysis of variance (ANOVA)
using Analyze-it R© Statistical analysis add-in for Microsoft Excel,
significance p ≤ 0.05. Post-hoc analyses of differences between
means used Tukey (P ≤ 0.05) for differences to be considered
statistically significantly different. Tukey Q Calculator (https://
www.socscistatistics.com/pvalues/qcalculator.aspx). The severity
of foliar symptoms and the proportion of symptomatic tubers
were analyzed by contingency table analysis (PROC FREQ
of SAS 9.4) using the Conchran-Mantel-Maenzel Row-Mean-
Score statistic. CLso titers were analyzed using the GLIMMIX
procedure of SAS 9.4 with the log number of copies as a
dependent variable and treatment as the fixed effect.

PCR Validation of the Bacterial Transcripts
for Each Target Gene in C. Liberibacter
asiaticus, CLas
DNA isolated fromCLas bacterium from infected citrus trees was
used to validate CLasP1 primers with positive control primers for
RNA polymerase sigma 70 factor and 16S region. Each reaction
consisted of 1 µL DNA, 0.5 µL of 10µM of each primer, and 23
µL Platinum R© PCR SuperMix (Invitrogen). PCR was performed
in an MJ Research Peltier Thermal-cycler using the following
parameters: 3min at 92◦C, followed by 45 cycles of 30 s at
92◦C, 30 s at 60◦, and 60 s at 72◦C, and a single final cycle of
72◦C for 10min. All PCR reactions were performed in technical
replicates. Ten microliter of each replicate was fractionated by

3Citrusgreening Working group/International Psyllid Genome annotation:

www.citrusgreening.org.
4National Center for biotechnology Information, NCBI, https://www.ncbi.nlm.

nih.gov.
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electrophoresis for 45min in a 2% agarose gel stained with
ethidium bromide. Infected CLas-citrus seedlings were produced
by psyllid transmission, at the USDA, ARS, U.S. Horticultural
Research Lab, Fort Pierce, FL. Methods as in McCollum et al.
(2018), McCollum et al. (2019), and McCollum (2021).

Gel Purification of C. Liberibacter
asiaticus, Transcript DNAB
Reactions were performed to amplify the large region of the
DNAB transcript following the previous method. A single edged
blade was used to excise the amplified fragment from the agarose
gel. A NucleoSpin R© Gel and PCR Clean-up kit (Maherey-
Nagel Ref. 740609.250) was used to purify the gel fragment
according to manufacturer’s protocol. The RNA was eluted using
nuclease free water and quantified using a NanoDropTM 8000
Spectrophotometer (Thermo Fisher Scientific).

Quantitative Real Time PCR
Efficacy of target binding was analyzed by quantitative PCR.
Samples were analyzed in three technical replicate reactions
that consisted of: 2 µL sample, 0.5 µL of 10µM of each
CLasP1 primer, 1 µL ROX reference dye (diluted 1:10), 12.5
µL Platinum R© SYBR R© Green qPCR SuperMix-UDG, and 8.5
µL of nuclease free water. Quantitative PCR was performed in
an Applied Biosystems 7500 Real-Time PCR System with the
following parameters: 2min at 50◦C, 10min at 95◦C, followed
by 40 cycles of 15 s at 95◦C and 30 s at 60◦C. Melting curve
analysis was also obtained following completion of the final cycle.
Analysis using qRT-PCR was performed using primers to CLas
previously reported in the literature (Li et al., 2006), primers
to the CLas Replicative DNAB helicase gene, and primers to the
citrus dehydrin gene as the internal leaf control. Primers used
for studying gene expression with reference to psyllids included
the Elongation factor 1-alpha (EF1-a); wingless (Wg) and α-
tubulin (Supplementary Materials). After an initial activation
step at 95◦C for 5min, 40 cycles (95◦C for 30 s, 57◦C for 30 s,
72◦C for 30 s) were performed. Cycle threshold (Ct) values were
determined using the 7,500 Fast software supplied with the
instrument. Levels of transcript expression were determined via
the 2−11Ct method (Livak and Schmittgen, 2001) by normalizing
the amount of target transcript to the amount of the reference
transcripts mentioned above.

FANA-ASO Solution Preparation and
Absorption for Feeding Assays
Citrus cuttings were obtained and prepared using the method
in Andrade and Hunter (2016, 2017). In brief, the new growth
shoots from citrus trees (several varieties were tried: sweet
orange, sour orange, grapefruit, and Carrizo rootstock variety),
ornamentals, Murraya paniculata, periwinkle, were cut and
washed in 0.2% hypochlorate solution, 10min, then twice with
deionized water, 10min, each time. The cuttings had all but the
most apical leaves removed (3 leaves, or leaflets), and the stem
or petiole end was cut while held underwater at ∼45 degrees
with a new, clean razor. The cutting was then placed into a vial,
1.5mL or 2.0mL that held a range of treatment solutions from
10 to 50 nMoles, of FANA-ASO in solution. The ASO solution

was absorbed into the cuttings within 6–8 h, after which the
vials were filled with Milli-Q filtered water and the tops wrapped
with parafilm to reduce water loss. For psyllid feeding assays the
samples were maintained as needed from 2 to 40 days depending
upon the bioassay by using a sterile needle and syringe to add
filtered water, pH = 6.5–6.8 through the parafilm to fill each vial
(∼every 2–3 d).

Visualization of FANA-Probe in Citrus Cuttings and

Detached Leaves
The FANA-probe (either ATTO 530 or 633) was used at a
concentration of 6.93 nmol in 500 µL water, absorbed into
each detached citrus leaf. Image view ∼40X, each leaf was cut
into pieces and the tissue and whole insects were added to
individual aliquots in four 1.5mL vials of 4% paraformaldehyde
for 24 h. Once fixed, the tissue was further dissected, midribs
cross-section, and mounted onto glass slides. Control leaves
with counter stain, Nuclear Green stain (NucGreenTM 488 nm,
ThemoFisher Scientific) added prior to tissue before mounted
in Fluoromount-G R© (Fluoromount-G R© Anti-Fade Cat. No.
0100-35 SouthernBiotech, Birmingham, AL, USA) and coverslip
added. Images were taken with a Zeiss LSM510 Confocal
Microscope (Figure 1). Methods as in Ammar et al. (2011).

Visualization of FANA-Probe in Citrus
Asian citrus psyllids were fed on cut citrus petioles with 3–4
young leaves placed into 200 µL volume of 6.93 nmol FANA
in water. Cut petioles were from Citrus sinensis (L.) Osbeck
(Sweet orange group: “Pineapple” cv. sweet orange, or Madam
vinous sweet orange), Citrus macrophylla, or rootstock Carrizo
citrange, or Citrus aurantifolia (Key Lime). Cut leaf pieces were
prepared and observed on the same day by mounted in a
drop of Fluoromount-G R© (Fluoromount-G R© Anti-Fade Cat.
No. 0100-35 SouthernBiotech, Birmingham, AL, USA). Small
pieces of filter paper (Whatman Grade #1) were placed around
the edge of the coverslip to absorb excess mounting medium.
The coverslip (Corning Optical Cover Glasses, 22 × 50mm,
0.12–0.16mm), edges were sealed with clear finger nail polish
(CovergirlTM). Sample were observed with a Zeiss LSM510
Confocal Microscope, Plant ASO delivery methods as in Hunter
and Sinisterra-Hunter (2018) and Sandoval-Mojica et al. (2021).

Psyllid Tissue Preparation and Examination
The anatomy of the digestive system in Diaphorina citri and
Bactericera cockerelli, along with methods of preparation for
scanning and transmission electron microscopy (SEM and TEM,
respectively) are reviewed in Cicero et al. (2009), Alba-Alejandre
et al. (2018, 2020), and Alba-Tercedor et al. (2017, 2021). For
fluorescent labeling adult psyllids fed on FANA treated citrus
leaves for 3 d or more were dissected, placing dissected organs
(i.e., alimentary tract) (Figure 2) into aliquots of fixative, 300 µL
of 4% paraformaldehyde pH = 7 (6 h to overnight) (Electron
Microscopy Sciences). Then samples were rinsed 3X in 1.0M
PBS buffer, pH = 8.5 (ThermoFisher Scientific). The counter-
stains used were either one drop of Nuclear Green (NucGreenTM

488 nm, ThermoFisher Scientific), or DAPI; with some tissues
submerged into a volume of the FANA solution (10 mM/1mL)
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for a range of absorption times [1, 3, 8 h, overnight (∼14 h)].
Tissue was rinsed twice, for 5min each (1.0M PBS buffer pH =

8.5), and twice in filtered water with the pH adjusted between
7.5 and 8.0. The excess liquid in the tissue was gently wicked
away with a torn piece of Whatman R© Grade #2 Filter Paper
(Sigma-Aldrich), before placing on a glass slide. Mounted in
a drop of Fluoromount-G R© (Fluoromount-G R© Anti-Fade Cat.
No. 0100-35 SouthernBiotech, Birmingham, AL, USA). Small
pieces of filter paper (Whatman Grade #1) were placed around
the edge of the coverslip to absorb excess mounting medium.
The coverslip (Corning Optical Cover Glasses, 22 × 50mm,
0.12–0.16mm), edges were sealed with clear finger nail polish
(CovergirlTM). Sample were observed with a Zeiss LSM510
Confocal Microscope, ∼40X magnification. The control sample
was observed first with settings place to just below background,
then the treated sample observed at the same setting for above
background signal (Microscope Lab at Smithsonian Oceanic
Marine Station, Ft. Pierce, FL) (Figure 2).

RNA FOLD-PREDICTION AND FANA
BINDING SITE AVAILABILITY ON mRNA
FOR CLas AND CLso

Mfold web server was used to predict potential nucleic acid
folding and hybridization to RNA targets by each FANA ASO.
Fold prediction software, like MFOLD, can help show if a
selected binding site is “open,” not blocked by complex folds and
accessible for binding by the FANA ASO. In the example below
the blue dots show the binding site prediction after folding of the
FANA toDNAB-in CLas and CLso. Prediction shows region to be
an open and suitable target for potential binding (http://unafold.
rna.albany.edu/?q=mfold) (Zuker, 2003). Folding was performed
with MFold program using standard conditions for RNA
(Markham and Zuker, 2008) (Supplementary Figures 6.8A,B).

Predicted mRNA Folding and Binding of
FANA ASO to mRNA in vitro
Five aliquots consisting of 5 ng purified DNAB were prepared
in 0.2mL microcentrifuge tubes. Each aliquot was treated
with a single ASO and nuclease free water to dilute samples
to final concentrations of: 0µM (control), 0.34µM FANA
ASO, 0.67µM FANA ASO, 1.01µM FANA ASO, and 1.36µM
FANA ASO. Samples were vortexed gently and incubated at
room temperature for 30min. Relative binding of each single
ASO to each transcript target was quantified using qPCR
(Supplementary Materials).

Citrus Seedling Root Infusions and CLas
Quantification in planta
Two to 3 years-old Citrus paradisi × Poncirus trifoliate, not
treated with systemic insecticides, were used for plant assays.
The trees were inoculated with CLas by exposing them to
infected ACP for 1 month. After the inoculation access period,
all developmental stages of ACP were eliminated from the trees
by an insecticide treatment. The plants were maintained in a
greenhouse for 4 months to allow for systemic infection of CLas.

The initial CLas titer (T0) of each tree was calculated by
collecting three leaves per plant and extracting their genomic
DNA, followed by quantitative real-time PCR. The Citrus trees
were then treated with the LigA FANA ASO by root infusion
(see text footnote 1) (Pelz-Stelinski et al., 2017, 2020). A single
root from each tree was gently scraped under water with a
razor blade and fitted into clear silicone tubing (1m long, 6mm
diameter). The tubes were filled with 5mL of either a 5µM
FANA ASO solution, a 5 mg/mL streptomycin sulfate solution
or water (untreated control). Tubes were filled with water 24 h
after treatment. From each tree, three leaves were removed from
similar locations as the T0 samples at 2, 7, 14, and 30 days after
treatment, to monitor the effect of the FANA ASO on the plants
CLas titer. Five trees were used per treatment.

Leaf DNA was extracted as described in Pelz-Stelinski and
Killiny (2016) and diluted to 15 ng µL-1. A multiplex TaqMan
qPCR assay was performed as stated before, using probe
and primers targeting CLas 16S rRNA gene and the citrus
mitochondrial cytochrome oxidase gene (Cox) as internal control
for DNA extractions. CLas copy number was quantified as
previously reported (Coy et al., 2014). The standard curve
obtained for CLas in the plant experiments was (y = −3.312x
+ 11.763; R2 = 0.99). The treatments effect was expressed as
percent change in CLas titer [(mean titer after treatment - mean
titer prior to treatment)/mean titer prior to treatment] × 100
(Cangelosi and Meschke, 2014). Initial and final CLas copy
number in plants was compared by treatment using one-way
analysis of variance (ANOVA). Means were separated by Fisher’s
least significant difference (LSD) test, considering P ≤ 0.05 as
statistically significant.

CLas Inoculation Assay
Infected adult psyllids (≤3 days old) were placed in feeding
arenas where they were exposed to a 5µM FANA solution
(LigA-FANA) or a 17% (w:v) sucrose solution, as described
above. After seven days of continuous feeding, the psyllids
were transferred to uninfected 9 months old Citrus macrophylla
plants for a 15 d inoculation access period. Twenty adult
psyllids (10 males and 10 females) were enclosed on individual
plants using 1 L plastic deli containers equipped with mesh
insect-proof panels for ventilation. Five plants were used
per treatment. CLas-free psyllids were caged with healthy
Citrus macrophylla seedlings as negative control. After the
inoculation access period, every psyllid was collected and
stored in 80% ethanol for subsequent CLas detection. The
plants were maintained in an insect proof greenhouse and
sampled after 6 months to quantify CLas infection. Three
leaves were randomly sampled from each plant. DNA was
extracted to determine the CLas copy number of each seedling
as described before. Kruskal-Wallis H-test and Mann-Whitney
U-test were used to compare CLas copy number between the
treatments (P ≤ 0.05).

Delivery of FANA ASO to Plant Tissues
A 48-well leaf disc assay can be used to screen for efficacy of
FANA ASO to reduce CLas in leaves of infected citrus trees
{Valencia sweet orange [Citrus sinensis (L.) Osbeck]}. Valencia
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orange plants, previously validated to be CLas infected, were
used as infection source material. Samples were assayed for
CLas 16S rDNA target via qPCR. Results were considered
CLas positive when mean Ct of three technical replicates of
the same extract had a mean of ≤38 (CN = 1) (McCollum
et al., 2018). Extracted nucleic acids were used for quantitative
real-time PCR (qPCR) using primers and probe according to
standard protocols. The method reduces variation and increases
normalization of CLas copy number across citrus leaves from
one tree. A set of 4–12 leaves per tree were collected and
processed individually. The petiole or proximal end of the leaf
attached to the tree was cut and collected (8.0–8.5mm in length)
and was used as a pretest to validate CLas positive leaves
(positive if Ct value ≤ 36). Five to six disks were punched
out along the midrib of CLas positive leaves starting from the
proximal end (petiole). The leaf disks were floated on solutions
containing individual FANA targeting CLas DNA Ligase (1–
4), at ∼50–100 nM concentration in basal salt mixture, M524
(PhytoTechnology Laboratories, Shawnee Missions, KS, 66282,
USA). The individual leaf disks were collected and analyzed at
1 and 24 h after treatment. The extracted samples were run as
technical replicate reactions in qPCR analyses. The Total CLas
genome equivalents, gDNA, were compared to the CLas RNA
Ct value to calculate CLas equivalents (Cangelosi and Meschke,
2014). A bacterial RNA/DNA ratio was calculated to get the
indicator for live bacteria.

An in vivo assay was performed by collecting CLas infected
leaves and validating infection (CLas copy number) by screening
the petioles using real-time PCR, as previously described. Five
leaf disks (10mm diameter) were punched out with metal cork
bore tool, down the midrib of each leaf and placed in a 48-
well plate that contained 100 µL sterile water. The first two leaf
disks closest the petiole were treated with individual FANA ASO
targeting CLas-DNAB, replicative DNA B helicase (1–4). The leaf
disc samples were collected at 1 and 24 h, then homogenized
under liquid nitrogen, and stored in Trizol reagent. Total RNA
isolation was performed using ZymoResearchDirect-ZolTM RNA
Microprep kit.

Silencing Essential Bacterial Genes by
FANA ASO in Diaphorina citri Adults
Psyllid Diet Feeding Assay
Infected adult psyllids (≤3 days old) were placed in feeding
arenas containing an artificial diet solution consisting of 17%
(w:v) sucrose solution plus (5µM FANA ASO solution), or a
17% (w:v) sucrose solution. Sixteen adult psyllids (eight males
and eight females) were placed in artificial feeding arenas for
exposure to FANA ASO. The FANA ASO treatments targeting
different C. Liberibacter asiaticus essential genes: CLas Gyrase
A, CLas DNA Helicase, CLas biotin carboxylase subunit, or CLas
Ligase. Two FANA ASO concentrations were used: 5 and 20µM.
RNA was extracted from each group of 16 psyllids, 6 days after
treatment, followed by cDNA synthesis and quantitative reverse
transcriptase PCR analysis. The copy number of the psyllid gene
Wingless used as a reference gene.

Silencing of Diaphorina citri Genes by
FANA ASO
The following experiments have shown successful suppression
of psyllid mRNA transcripts using FANA ASO after ingestion.
The enzyme trehalase controls the hydrolysis of trehalose, which
has a role in the regulation of energy metabolism and glucose
generation via trehalose catabolism (Shukla et al., 2015). The
FANA ASO were designed to psyllid trehalase mRNA, DcTRS-
1,−2,−3,−4,−5. A feeding bioassay was conducted and evaluated
at 48 h after feeding. A 250 µL volume containing 1µM of each
FANA DcTRS molecule was added to artificial diet. This was
repeated for the water control and Scramble SC-ASO control.
Sixteen adult psyllids were introduced to each arena. The psyllid
were given 24, 48, and 72 h of feeding access. Three biological
replicates collected for each time period. Psyllid were sacrificed
and total RNA was extracted from each sample. The RT-qPCR
was performed in triplicates using primers for the target mRNA
as well as a housekeeping gene (Elongation Factor, Accession No.
XM_026827967.1 NCBI).

Delivery of FANA-ASO via Soil Applied
Treatments
Insects were provided feeding access on citrus and other plants,
which were treated with FANA ASO via soil treatments to potted
plants, to investigate the effect of FANA ASOs targeting the
psyllid endosymbiont C. Profftella armatura, and the effect on
psyllid survival. Individual FANA were applied to potted plants
either as 100mL water solution (12.5 nmol FANA), or as a
soil additive of montmorillonite clay pellets (see text footnote
2), mixed into the potting soil (35 g Clay-VergeTM in 25mL
water with 12.5 nmol FANA) (Ghosh et al., 2018; Hunter and
Aishwarya, 2020). Both routes of soil treatment showed sufficient
delivery for ingestion by insects with subsequent watering for
root absorption and systemic movement of the FANA ASO
throughout the plant tissues (Supplementary Materials).

The scramble control FANA-SC solution was prepared by
mixing 200 nmoles (1.6mg) of the oligonucleotide in 100mL
water for plants potted in pots or containers 2.6 L or larger in
volume. The soil was not watered for 2 days prior, then the
treatment was applied. Within 1 h of application to the soil, an
additional volume of water alone, 100mL, was applied to ensure
the soil in the pot was adequately wetted. Plastic drip pans below
the pots rarely showed excess runoff.

Slow-Release Clay Pellet System
Clay pellet product, montmorillonite clay, used the same
concentration 200 nmoles (1.6mg) of FANA-SC-probe was
mixed in 25mL water. This solution was poured into an empty
50mL centrifuge tube containing 35 g of granular dry clay
particles (see text footnote 2). The cap was screwed onto the
tube and shaken to mix the clay absorbent and FANA solution.
The 35 g of wet clay was then mixed into half the volume of
potting soil (damp potting mix, no water drip when squeezed in
hand) that would fill the pot container. Each pot then had half
the volume filled with regular potting soil, the citrus seedling
was place into the pot and then the pot filled the rest of the
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way with the FANA+clay absorbent soil mixture. At 1 h after
potting, 100mL of water alone (no product) was then poured
onto the soil to provide adequate water for root absorption.
Plants were watered on a schedule of 100mL water only, per
potted citrus seedling, once or twice a week depending on
evaporation for the duration of the experiment, method as in
Ghosh et al. (2018). Analyses of the leaves and roots, plus insects
that fed on the treated plants used confocal microscopy of plant
and insect tissues revealed similar results to those previously
shown for insects after fed on FANA+fluorophore absorbed into
plant cuttings or topically applied foliar sprays (Hunter, 2019)
(Supplementary Materials).

Citrus tissues were collected and processed for visualization
using confocal microscopy at 5, 7, and 10 days after treatment.
A second validation detection method used a BioTekTM Synergy
H1, microplate fluorescence reader (Wavelength excitation scans
were set from 300 to 700). Plants were sampled taking two
leaves per plant, per treatment on days 2, 5, 10, and 30 after
treatment. Tissue homogenized in water, centrifuged at 200
×g for 3min, and the supernatant was added as a triplicated
aliquot 300 µL per well of a 96 well plate specific for the
spectrophotometric plate reader. Scan setting was set full to run
300–700 wv reads. Psyllid were collected live after feeding on
plants or cuttings with FANA fluorophore-tagged (ATTO 633
or ATTO 530 wv), across a range of feeding access periods
(3, 8, 24 h, and at 3, 7 d) to determine FANA absorption
and systemic movement using both methods described above.
The detection of the tagged-FANA in untreated leaves after
soil applied treatments of potted citrus, tomato, and potato,
along with detection in roots of potted citrus seedlings that had
exogenously applied topical spray treatments to the leaves (Note:
pots were wrapped in plastic to prevent contamination to soil
and plant roots), both supports systemic movement of FANA
ASO in plants (Supplementary Materials). Confocal microscopy
showed tagged-FANA in xylem, and phloem when examined
citrus leaf midribs (Figure 1). Furthermore, trials where the
FANA where applied to the soil of potted citrus seedlings, potato,
or tomato plants, provided for psyllid feeding-access resulted in
RNA suppression in the psyllid, and of CLas or CLso in the
infected plants.

TREATMENT OF FANA GyrA AND DNAB ON
CLso INFECTED POTATO AND TOMATO

Five potted potato plants (Russet Burbank cultivar) in 2.6 L
(one gallon pots) (five per treatment) were inoculated by
psyllid transmission with CLso haplotype “B” by confining
three Liberibacter-infected psyllids to a single leaf for 1 week.
Control-CLso infected plants were inoculated with psyllids,
while Control-uninfected plants were challenged with uninfected
potato psyllids (B. cockerelli). Following a 1-week inoculation
access period, the psyllids were removed and confirmed to
harbor CLso using PCR (Crosslin et al., 2011). Each plant was
then treated with 100mM FANA solution (one of 11 target
sequences including 4 GyrA-FANA and 7DNAB-FANA) or water
(untreated controls) using a 100ml solution as a soil applied

drench. Twoweeks (∼14 days) following the initial treatment, the
second dose of treatments were applied in the same manner as
described. Development of Foliar Symptom Severity symptoms
was monitored and photo-documented every 2 weeks for 6
weeks, and symptoms were ranked ordinals from “0” to “3,”
where 0 = No symptoms, 1 and 2 = Leaf yellowing, and 3
= Dead. Seed tubers were harvested 6 weeks after the initial
treatment and were sliced to observe the presence or absence of
Zebra Chip symptoms. The severity of foliar symptoms and the
proportion of symptomatic tubers was analyzed by contingency
table analysis (PROC FREQ of SAS 9.4) using the Conchran-
Mantel-Maenzel Row-Mean-Score statistic.

A second experiment was conducted on tomato
“Moneymaker” cv. as described for potato, except that
foliar symptoms were recorded every week, and the assay
was terminated 4 weeks after removing infected psyllids. At
the end of the experiment, three leaflets from separate leaves
were collected from each plant to quantify pathogen titers (Levy
et al., 2011). The severity of foliar symptoms was analyzed by
contingency table analysis while controlling for week using the
Conchran-Mantel-Maenzel Row-Mean-Score statistic. CLso
titers were analyzed using the GLIMMIX procedure of SAS
9.4 with the log number of copies as a dependent variable and
treatment as the fixed effect.
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