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Abstract: RNA interference (RNAi) is a cellular mechanism triggered by double-stranded RNA
(dsRNA), in which gene expression is reduced in a sequence-specific manner, allowing development
of pest-specific control strategies. Effective delivery of the dsRNA is a hurdle, particularly in systems
with endophagous insects such as the emerald ash borer (EAB) Agrilus planipennis, an invasive
phloem-feeding beetle that develops beneath the bark of ash trees, Fraxinus spp., causing rapid
tree death. We evaluated uptake and bioactivity of dsRNA in green ash (F. pennsylvanica) growing
in a greenhouse to investigate the feasibility of delivery through the host plant. To assess dsRNA
persistence and distribution, seedlings were exposed to EAB-specific dsRNA using foliar spray and
sectioned into different tissue types at selected time-points; RT-PCR and Sanger sequencing were
used to detect the exogenous dsRNA. We found dsRNA persistence in plant tissues 21 days after
treatment. To evaluate bioactivity, neonate EAB were exposed to treated seedlings and assessed
for gene expression and feeding behavior. Results demonstrate gene silencing and a 24% (p = 0.03)
reduction in cambial consumption. Our findings provide proof-of-concept for delivery of RNAi to the
target insect through the host plant, suggesting the feasibility of RNAi functioning as a sustainable
approach for tree protection against EAB.

Keywords: RNA interference; spray induced gene silencing; dsRNA delivery; forest pest management

1. Introduction

Emerald ash borer (EAB), Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), is
an invasive pest of forest, shade, and ornamental ash (Fraxinus spp.) that caused extensive
tree mortality throughout its invaded range in North America [1]. EAB is among the most
impactful of North American invasive pests, with unprecedented ecological and economic
impacts [2] that include extensive tree mortality in urban and wildland forests, accompany-
ing losses in biodiversity and ecosystem services, and debilitating costs to municipalities
for suppression programs and tree removal [3,4]. Furthermore, naturalized areas in urban
environments provide human health benefits by improving air quality, increasing physical
activity, and reducing stress. The loss of the urban tree canopy associated with the EAB in-
vasion caused tangible effects on human health and well-being that include cardiovascular
deaths and respiratory disease [5]. The costs associated with the EAB invasion in North
America are estimated at USD 10B per year [6].

All North American ash are susceptible to EAB [7], though white and green ash
(F. americana L. and F. pennsylvanica Marshall) are highly preferred. In the eastern US, ash
is a significant component of wildland forests [8], but is also prevalent as street, park,
and landscape trees. Current management strategies in urban situations include trunk
injection or soil drench of insecticides, removal of infested trees, and classical biological
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control [4]; municipalities are frequently encouraged to develop long-range management
plans encompassing all three [9]. Despite intensive management efforts, EAB continues
to expand its range in North America and is projected to colonize wherever ash occurs.
Clearly, innovative suppression strategies are needed.

An emerging pest control technology that shows tremendous potential for EAB man-
agement is gene silencing through RNA interference (RNAi). RNAi is a naturally occurring
cellular immune response triggered by the introduction of double-stranded RNA (dsRNA).
The RNAi pathway can silence specific genes, disrupt protein function, and can lead to
insect mortality when essential genes are silenced [10,11]. By carefully designing dsRNAs
targeting specific essential genes, manipulating the RNAi pathway can be used as a pest
management strategy to kill insects. Since dsRNAs can be translocated through plant
vascular systems [12,13], topical applications on leaves or soil for root absorption could
be utilized as delivery options. Systemic spread of topically applied dsRNAs in woody
plants via foliar spray, root drenching, or trunk injections was demonstrated in citrus trees
and grapevines [12,14], deciduous white oak, Q. alba L., seedlings [15], and seedlings of the
coniferous loblolly pine, Pinus taeda L. [16].

RNAi is emerging as a viable next-generation pest control strategy to manage insect
pests in herbaceous agricultural crops [17], including the corn rootworm complex, Dia-
brotica spp., in corn [18], and the Colorado potato beetle, Leptinotarsa decemlineata Say, in
potatoes [19]. Beyond its application in crops, RNAi technology shows efficacy against the
emerald ash borer [20,21], as well as other forest pests such as the southern and mountain
pine beetles (Dendroctonus frontalis Zimmermann and D. ponderosae (Hopkins)) [22–24] and
the Asian longhorned beetle (Anoplophora glabripennis Motschulsky) [25,26].

RNAi works in EAB; effective target genes that cause rapid and extensive mortality
were identified [21]. Investigations into the safety of RNAi for tree protection demonstrated
its specificity to EAB, with no observable effects on non-target organisms [27]. Furthermore,
proof of concept of dsRNA movement through the vascular tissue of small ash seedlings
(~5 cm) and excised twigs was demonstrated, as has bioactivity in ash cotyledons [28].
However, a significant barrier to deployment of RNAi technology against EAB is the
development of a practical and reliable method of dsRNA delivery [29,30].

Here, we investigate the efficacy of foliar spray as a dsRNA delivery option for EAB
suppression. Significant mortality of neonate larvae and adult beetles can be induced
in laboratory bioassays following oral ingestion of dsRNA targeting the gene heat shock
70-kDa protein (hsp) [21]; thus, it was selected for our study of in planta behavior of dsRNA
to assess the systemic distribution, persistence, and bioactivity of a spray application of
dsRNA in greenhouse grown green ash seedlings.

2. Materials and Methods
2.1. Ash Seedlings

Dormant green ash seedlings (~70 cm from root tip to terminal bud and ~1 cm root
collar diameter (RCD)) were received from the Pennsylvania Department of Conservation
and Natural Resources, Spring Mills, PA and immediately stored in darkness at 4 ◦C.
Seedlings were potted in general purpose Promix BX growing medium (Premier Tech
Horticulture, 92 Rivière-du-Loup, QC, Canada) in 10.16 × 35.56 cm tall tree pots (Stuewe
& Sons Inc., Tangent, OR, USA) 40–45 days before use, and maintained in the greenhouse
(~18–22 ◦C, 15:9 L:D) for the duration of the experiments. To ensure developmental
uniformity between replicates, seedlings were potted in groups of ~30.

2.2. Insects

In April 2021, EAB-infested green ash trees from Upton, KY (37◦26′13.7′′ N 85◦51′53.6′′

W) were felled and stems were immediately transported to the University of Kentucky
Forest Entomology Lab, Lexington, KY, and stored at 4 ◦C in constant darkness. In late May,
stems were sectioned into 75 cm lengths and placed in rearing bins (55.6 × 62.7 × 81.3 cm)
at room temperature (~24 ◦C, 15:9 L:D) and monitored for emergence of adult beetles.
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Rearing colonies were set up by grouping 5–7 adult beetles into rearing containers
consisting of 1 L plastic cups covered by a plastic mesh screen and a standard white
paper coffee filter (Kroger, Cincinnati OH) placed directly on top and secured by rubber
bands [31]. The plastic mesh mimicked the tree bark crevices, and the filter paper provided
a substrate for oviposition. Eggs were collected on the filter paper and allowed to develop
at room temperature (~24 ◦C) for two weeks before use in the bioassay. Rearing colonies
were checked twice weekly and provided with new filter paper and fresh tropical ash
(F. uhdei) foliage.

2.3. Gene Selection

Due to its efficacy triggering gene silencing in EAB, the heat shock protein gene hsp [21]
was selected for evaluation of uptake, translocation and distribution, and persistence of
topically sprayed dsRNA in ash tissues and in the subsequent bioassay. Elongation factor β
(ef1β) [32] targeting an ash-specific gene was chosen as an endogenous and quality control
gene for the methods used to detect dsRNA uptake in ash; green fluorescent protein (gfp)
was selected as the negative control.

2.4. dsRNA Synthesis

Total RNA was isolated from adult EAB using Trizole reagent (ThermoFisher, Waltham,
MA, USA), and the quantity and quality were checked by electrophoresis and a spectropho-
tometer (Nanodrop Technologies, Wilmington, DE, USA), and cDNA was synthesized using
M-MLV reverse transcriptase (ThermoFisher, USA) according to the manufacturer’s instructions.

PCR templates for in vitro synthesis of dsRNA were generated using hsp-specific
primers [21]. PCR cycle conditions were 2 min at 94 ◦C, 30 cycles of 30 s at 94 ◦C, 30 s
at 60 ◦C, and 45 s at 72 ◦C, finishing with an extension step at 72 ◦C for 10 min. The
PCR template was purified using a PCR purification kit (Qiagen Inc., Valencia, CA, USA).
After PCR purification, dsRNA synthesis was performed using the MEGAscript RNAi Kit
(Ambion Inc., Foster City, CA, USA), following the manufacturer’s instructions. The quality
of the dsRNA was checked by electrophoresis and quantified using a spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA).

2.5. dsRNA Exposure

Before dsRNA application, the top three leaves of each seedling were protected with
a plastic bag (26.8 × 27.3 cm) to prevent direct exposure to the dsRNA treatment, and
the remaining leaves and stem were fully sprayed to runoff with 200 µg of EAB dsHSP
diluted in 10 mL of dd H2O or sprayed with water only to serve as a negative control.
Seedlings were randomly assigned to receive either the dsRNA treatment or the water
negative control, as well as the different sampling time intervals of 3, 7, 14, and 21 days
post-dsRNA application. Seedlings were maintained in the greenhouse (18–22 ◦C, 15:9 L:D)
for the duration of the assay and watered twice weekly or as needed. There were three
seedlings per time interval per replicate for the dsHSP treatment (n = 12 per replication) and
one negative control seedling per time interval (n = 4 total). The experiment was replicated
three times at approximately 2-week intervals in June and July 2021.

2.6. Plant Processing and RNA Isolation

At each predetermined sampling interval, designated seedlings were gently removed
from the growing medium, rinsed thoroughly, and measured (total seedling length (cm)
from root tip to the apical meristem, and root collar diameter (mm)) [15]. Seedlings were
then sectioned into (a) root; (b) woody stem, representing the previous year’s growth;
(c) soft stem, representing the stem tissue grown during the current season; (d) treated leaf;
and (e) untreated leaf, comprising the leaves covered with the plastic bag and therefore,
unsprayed. Following sectioning, each tissue type was soaked in a 1% bleach solution
for 30 s to remove any remaining dsRNA, profusely rinsed in dd H2O, and processed for
RNA isolation.
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Using liquid nitrogen and a mortar and pestle, tissues were ground to a fine powder,
and ~200 mg of each tissue type was transferred to a 1.5 mL microcentrifuge tube and
stored at −80 ◦C until RNA extraction. Following homogenization, total RNA was isolated
using previously published protocols [15] and used for the cDNA synthesis.

2.7. Recovery of Exogenously Applied dsRNA
2.7.1. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and Gel Electrophoresis

The presence of the topically applied dsRNA was assessed in each tissue type at the
predetermined time points by RT-PCR. RNA quality and concentration were checked by
a spectrophotometer at absorbances of 260/280 and 260/230, and 1000 ng of RNA was
used for cDNA synthesis using a M-MLV reverse transcriptase kit (ThermoFisher, USA).
To increase the specificity of the reverse transcription, we used a combination of both
Oligo (dT) and EAB-hsp reverse primers. Each cDNA sample served as a template for PCR
targeting the EAB hsp gene and the ash ef1β gene that served as an endogenous control
to confirm the success of RNA extraction, cDNA synthesis, and PCR amplification. To
increase the sensitivity of the PCR, we used nested primers flanking a 250 bp region inside
the original hsp sequence (468 bp) to build the dsRNA (primer sequences in Supplementary
Table S1). PCR cycle conditions were 2 min at 94 ◦C followed by 40 cycles of 30 s at 94 ◦C,
1 min at 50 ◦C, and 1 min at 68 ◦C, finishing with an extension step at 68 ◦C for 5 min.
PCR amplification was visualized by gel electrophoresis to assess the presence of the target
amplicons in the different tissues and time points.

The dsRNA recovery in each sample was treated as a binary dependent variable, with
successful recovery equal to 1 and unsuccessful recovery equal to 0. A logistic regression
model was used to estimate the factors that influenced the successful recovery of dsRNA in
treated tissues. For the logistic regression model, recovery of dsRNA served as the response
variable, and sample interval, RCD, and height were considered as continuous variables,
and replicate and tissue type were treated as categorical.

2.7.2. Sanger Sequencing

PCR samples representing different tissue types (root, woody stem, soft stem, leaf
(treated), and leaf (untreated)) were chosen randomly and Sanger sequenced. There were
10 PCR samples resulting in 20 reads (10 forward and 10 reverse). Consensus reads were
generated using the online tool Benchling [Biology Software] and Emboss Stretcher [33]
was used to create a pairwise alignment between the resulting consensus sequence and
EAB hsp to assess the similarities between the recovered material and annotated sequence.

2.8. Biological Activity of Exogenous dsRNA
2.8.1. Bioassay

EAB eggs were obtained from the laboratory colony. Green ash seedlings (~112 cm
in length (root tip to apical bud) and 1.12 cm RCD) were artificially infested with EAB
eggs (n = 7/seedling) at 5 cm increments along the length of the stem and secured using
2.5 cm-wide strips of parafilm [34]. Each seedling was then individually sprayed either with
dsRNA targeting hsp, or gfp as a control at a concentration of 500 µg of dsRNA/seedling
diluted in 10 mL of water. Each seedling hosting seven EAB eggs/neonates was considered
one biological replicate (n = 2) for this assay, which was conducted in August 2021.

Concurrently, a subsample of EAB eggs were kept in Petri dishes with moistened
filter paper under the same greenhouse conditions; when the eggs in the Petri dish started
hatching, it was assumed that the eggs attached to the stems in the bioassay were also
hatching. Neonates were allowed to feed and develop on the treated ash seedlings for seven
days, after which stems were excised and carefully debarked with a scalpel, and the fate of
individual EAB larvae was recorded. All living EAB larvae were collected and evaluated for
gene expression. Larval galleries were measured by wrapping each experimental seedling
in translucent plastic and tracing over the galleries with a black permanent marker. Gallery
tracings were scanned and ImageJ (Rasband NIH, version 1.53q, March 2022) software
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was used to calculate the total area of cambial tissue consumed on each seedling [34]. A
one-tailed t test was used for statistical analysis to compare the means of a single variable.

2.8.2. Gene Expression

EAB larvae recovered from treated seedlings were evaluated for gene expression
using quantitative real-time PCR (RT-qPCR). Following total RNA isolation, cDNA was
synthesized from 500 ng of RNA using M-MLV reverse transcriptase (ThermoFisher, USA)
and served as a template for gene expression studies. Gene expression analyses were
conducted using SYBR Green PCR Master Mix. The PCR mixture contained 1 µL of cDNA,
0.2 µL of each primer (10 mM) (Supplementary Table S1), 5 µL of the SYBR green PCR
master mix, and 3.6 µL of ddH2O, totaling 10 µL. RT-qPCR was performed using the
QuantStudio 3 Real Time PCR System (ThermoFisher Scientific, Waltham, MA, USA) under
the following conditions: one cycle of 20 s at 95 ◦C, followed by 40 cycles of denaturation
at 95 ◦C (3 s), annealing, and extension for 30 s at 60 ◦C, ending with generation of a
melting curve to confirm a single peak and rule out nonspecific product and primer dimer
formations. The reference genes used were tef1α and β-tub [35], and the 2−∆∆Ct method
was used to calculate the relative expression of the target gene compared to controls [36]. A
two-tailed t test was used for statistical analysis to compare the means of a single variable.

3. Results
3.1. Seedling Measurements

Treated seedlings across all replicates (n = 36) had an average root collar diameter
(RCD) of 0.97 cm ± 0.02 (X ± SE) and an average height of 96.38 cm ± 1.61. RCD did
not differ among replicates (F2,33 = 0.88, p = 0.42) nor among time intervals (F3,33 = 0.41,
p = 0.74); similarly, seedling height did not differ among replicates (F2,33 = 0.92, p = 0.40) or
time intervals (F3,33 = 0.91, p = 0.44).

3.2. Recovery of Exogenous dsRNA
3.2.1. Gel Imaging and Logistic Regression Modeling

Recovery of exogenously applied dsRNA was assessed through end-point PCR and
gel electrophoresis (Figure 1), in which the presence of an amplicon corresponding to the
length of the EAB target sequence (250 bp) indicated recovery of the sprayed dsRNA, and
the absence of amplicon indicated the lack of the dsRNA in a given sample.
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Figure 1. Gel demonstrating successful amplification of EAB-specific hsp from ash-treated tissue
(lanes 1 and 2), absence of the specific amplicon in tissues from each dsRNA in lanes 3 and 4, where it
was not recovered, amplification of our endogenous control, the ash gene ef1β (lanes 5 and 6), no
amplification of our target gene (hsp) from the water control seedlings (lanes 7 and 8), and negative
controls showing RT-PCR mixture without RNA in lane 9 and the PCR mixture with the non-template
RT-PCR in lane 10. Lanes labeled with L represent 100 bp DNA ladder.
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Non-specific products or primer dimers were present in some samples but they did
not compromise the analysis of the results. Overall exogenous dsRNA was recovered from
98.3% of the samples (Table 1).

Table 1. Recovery of EAB-specific dsHSP in ash seedling tissues 3, 7, 14, and 21 days post-treatment,
showing percentage and total count (incidence of recovery in numerator and total number of tissue
samples in denominator).

Day 3 Day 7 Day 14 Day 21 All Time Points

Root 100% (9/9) 100% (9/9) 77.7% (7/9) 100% (9/9) 94.4 (34/36)
Woody stem 100% (9/9) 100% (9/9) 100% (9/9) 88.8% (8/9) 97.2% (35/36)

Soft stem 100% (9/9) 100% (9/9) 100% (9/9) 100% (9/9) 100% (36/36)
Treated leaf 100% (9/9) 100% (9/9) 100% (9/9) 100% (9/9) 100% (36/36)

Untreated leaf 100% (9/9) 100% (9/9) 100% (9/9) 100% (9/9) 100% (36/36)
All tissues 100% (45/45) 100% (45/45) 93.3% (42/45) 95.5% (43/45) 98.3% (177/180)

There was a slight decrease in dsRNA recovery after 14 and 21 days (Figure 2A);
however, recovery across time points did not differ statistically (χ2

1,180 = 1.69, p = 0.19).
Recovery between tissue types differed across time (Figure 2B), but a chi-square test
of independence showed no significant association between recovery and tissue type
(χ2

4,180 = 5.29, p = 0.20).
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Figure 2. Projected probabilities of dsRNA recovery based on logistic regression models (A) across
time points for the whole model including all predictors, and (B) each tissue type over time.

Logistic regression modeling showed no association between dsRNA recovery and the
multiple predictors, which included time, RCD, height, tissue, and replicate (χ2

9,180 = 11.07
p = 0.27). When assessing each predictor variable individually, none of the parameters were
significant (Table 2). Although the odds ratios were <1.0, indicating a negative relationship
between the predictor and the response, the p-values were non-significant in our model.

Table 2. Logistic regression model representing the association of each individual categorical with
the response variable, dsRNA recovery.

Characteristic Odds Ratio Confidence Interval p-Value

Time (d) 0.88 (0.68, 1.06) 0.18
RCD (mm) 0.05 (0.00, 4637) 0.59
Height (cm) 0.97 (0.82, 1.13) 0.69

Tissue N/A N/A 0.19
Replicate N/A N/A 0.21
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3.2.2. Sanger Sequencing

The sequence alignment of our multiple samples resulted in a consensus sequence of
a 233 bp length fragment. Pairwise alignments comparing the consensus sequence of the
amplicons obtained from dsRNA-treated seedlings resulted in 99.6% similarity between the
recovered material and the EAB hsp annotated gene sequence, with one single gap (0.4%)
in the alignment.

3.3. dsRNA Bioactivity

EAB larvae were recovered from each gallery within the debarked experimental
seedlings, and all larvae recovered were viable and morphologically indistinguishable
between dsHSP-treated and control seedlings. However, gallery area differed significantly
between the dsHSP-sprayed seedlings and the control group (t(17) = 1.9, p = 0.03), with a
~24% reduction in cambial tissue consumption on treated seedlings (Figure 3A,B). Addi-
tionally, EAB larvae experienced a significant reduction in gene expression after exposure
to the dsHSP-sprayed seedlings (Figure 3C).
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Figure 3. (A) Stems showing larval galleries indicating cambial tissue consumption by neonate EAB
larvae on two ash seedlings sprayed with 500 µg of dsRNA targeting the EAB gene hsp. One seedling
sprayed with 500 µg of dsGFP was used as a negative control. (B) Average areas were measured
7 days post treatment from six galleries in each of the two treated seedlings (0.40 cm2 ± 0.03) and
seven galleries in the control seedling (0.52 cm2 ± 0.05). Means ± SE (n = 6–7) with an asterisk
indicates significant differences (t-test, one-tailed p = 0.03). (C) Transcript levels of the hsp gene in
EAB larvae recovered from sprayed seedlings. Relative mRNA levels were normalized using tef1α

and β-tub as reference genes. Means ± SE (n = 4) with an asterisk indicates significant differences
(t-test, two-tailed p = 0.003).
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4. Discussion

RNAi-induced gene silencing is a powerful tool that is increasingly utilized for crop
protection against pathogens and insects, offering an efficient pest suppression strategy
while minimizing negative environmental and human health concerns [37]. The technology
has proven to be effective against numerous forest pests [21–23] and has tremendous poten-
tial as a tree protection strategy and for integration into forest management efforts. Here,
we provide evidence that an appropriately timed foliar application of dsRNA designed to
silence genes and induce mortality could potentially provide season-long protection against
EAB. However, the success of RNAi technology is reliant on practical and effective delivery
of efficacious, pest-specific dsRNAs. Hunter et al. (2012) [12] first demonstrated exogenous
application of dsRNA and delivery in non-transformed woody plants, and subsequently,
there has been intense interest in non-transformed strategies, including trunk injection [13],
root drench [12–14], and spray-induced gene silencing (SIGS), which is touted as an effec-
tive delivery method in terms of cost, time, and labor for many agricultural settings [38].
Here, we assess SIGS in green ash seedlings; we evaluate the systemic movement and
retention of EAB-specific dsRNA sprayed on leaves of green ash seedlings, followed by
an assessment of bioactivity against EAB larvae. This builds on previous work providing
proof-of-concept of plant uptake and delivery of exogenous dsRNA to EAB larvae and
adult beetles through excised ash twigs and leaves [28]. In planta movement is particularly
relevant in our system. Adult EAB feeds on ash foliage prior to oviposition in bark crevices
and larvae are confined to cambial tissues; systemic movement allows dsRNAs to reach
tissues exploited by both feeding life stages. To investigate uptake, systemic distribution,
and retention of SIGS-associated RNAs in ash seedlings, we evaluated different tissues for
the presence of exogenous dsRNA, including sprayed and unsprayed distal leaf, stem, and
root tissues over a 21 d greenhouse assay.

RT-PCR and subsequent visualization using gel electrophoresis was our initial confir-
mation of the presence of the exogenous dsRNAs in plant tissues. Following total RNA
extraction, each sample from each tissue type and each time point served as a template for
cDNA synthesis and was evaluated with primers targeting both the EAB-specific hsp gene
to assess for the presence of exogenous dsRNA, and the plant-specific ef1β gene, which
served as a positive control for our protocol and methods. Using semi-quantitative RT-PCR,
we detected the sprayed dsRNA in all tissue types and time points up to 21 days after a
single foliar application, confirming systemic movement from source to sink and long-term
persistence. Sanger sequencing also provided evidence that the recovered material was our
EAB-specific dsHSP.

The mechanisms for foliar dsRNA uptake and subsequent entry into plant cells is
not fully understood [38]. Stomata have been suggested as an entry point [39], with two
main routes. The first is the symplastic pathway, where dsRNA molecules permeate
the cell wall and plasma membrane and are processed into small RNAs by the plants’
RNAi machinery and transported via plasmodesmata to adjacent cells, to the phloem,
and finally move longer distances to additional plant parts [40]. A disadvantage of the
symplastic path is that plant-processed RNAi may be less efficient in triggering gene
silencing compared to long unprocessed dsRNA molecules [41]. In contrast, the apoplastic
route suggests that unprocessed dsRNA remains intact in the apoplast and travels to the
vascular tissues for distal translocation [13,42]. The plant vascular system is a nuclease-free
environment [43,44], so any dsRNA accessing this tissue should remain stable and available
for target pest consumption for long periods.

Research suggests that the mechanism may be taxon dependent. Following spray
application of dsRNA to the cereal Hordeum vulgare L., RT-qPCR and confocal imaging
revealed both plant-processed siRNAs and unprocessed dsRNAs, demonstrating simulta-
neous symplastic and apoplastic routes of dsRNA movement in the graminaceous host [42].
In contrast, herbaceous and woody plants appear to utilize apoplastic translocation; Dalak-
ouras et al. (2018) [13] evaluated systemic movement of exogenous dsRNAs using Northern
blot and confocal imagery and showed that hairpin RNA (hpRNA) is prevented from reach-
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ing the cell cytoplasm and remains unprocessed by plant RNAi machinery, suggesting
transport exclusively in the xylem. In our study, we did not assess the presence of small
RNAs, which could elucidate plant processing of exogenous dsRNAs. However, similar
studies detected both dsRNA and hpRNA through confocal imaging solely in the xylem
of both ash and apple [13,28]. dsRNA and hpRNA are large molecules whose size may
initially confine them to the xylem [15]. Our RT-PCR and Sanger sequencing results clearly
show that unprocessed dsRNA was recovered from ash tissues, demonstrating that the
dsRNA moved systemically through plant tissues and was not degraded.

Additionally, our logistic regression shows no association between ash tissue type,
sample time point, and recovery of dsRNA, implying that dsRNA applied via foliar spray
could potentially be recovered from any tissue type sampled from 3 to 21 days. We
observed a slight decline in dsRNA detected 14 and 21 days post-application; however, it
was not statistically significant (p = 0.27), and the overall recovery was 93.3% and 95.5%
for days 14 and 21, respectively. The assessment of dsRNA recovery per tissue type shows
97.2% detection in woody stem and 100% detection in soft stem and leaf tissues over time,
indicating the presence of exogenous dsHSP in both tissue types utilized by different EAB
feeding stages. Adult beetles live for about 3 weeks [31] and require approximately one
week of maturation feeding on ash foliage before mating begins [2]. The persistence of
EAB dsHSP in ash tissues for up to 21 days suggests that a single foliar spray application
could potentially provide season-long protection against EAB with appropriately timed
applications. Hunter et al. (2012) [12] and Ghosh et al. (2018) [14] evaluated dsRNA uptake
and distribution in citrus trees following foliar application; using qPCR, a technique with
greater sensitivity than the RT-PCR we used, they detected dsRNA on untreated leaves
from 3–4 h to 7 weeks after spray application, demonstrating rapid uptake and systemic
transport of exogenous dsRNA and the long-lasting effects of foliar application. Our results
corroborate their findings, suggesting the suitability of foliar spray as a delivery method
for RNAi technology targeting EAB.

Our previous work demonstrated mortality of neonates and adult EAB following
dsRNA exposure in controlled laboratory bioassays [21,28]. Here, using a more applied
approach, we conducted greenhouse bioassays to assess the bioactivity of dsRNAs sprayed
to ash seedlings and delivered to neonate EABs through the host plant. Our results show
that larvae exposed to dsRNA-sprayed seedlings experience significant gene knockdown
(Figure 3C), confirming our assertion that dsRNA remains stable and bioactive in ash
plant tissues.

Beyond silencing genes, our data show a 24% reduction in cambial tissue consumption
(Figure 3A,B) in treated seedlings. Reduced feeding associated with a reduction in gene
expression could lead to delayed larval development, with several consequences. It could
benefit the host by allowing a more rapid host defense against early larval instars. It
could also potentially arrest larval growth rate, preventing larvae from reaching the later
instars when feeding is more detrimental to the host. Finally, delayed larval development
provides additional opportunities for natural enemies to inflict mortality. Our experimental
design did not allow evaluation of larval development and mortality over the course of
the experiment, as seedlings were destructively sampled for data collection. However, our
results demonstrate dsRNA stability and provide evidence for bioactivity under green-
house conditions and suggest the potential for SIGS in protecting ash from EAB. Several
studies demonstrated SIGS efficacy in crop systems targeting both pathogens [45–47] and
insects [12,19,41,42], confirming the potential of this technology for plant protection, but
this is the first published greenhouse trial demonstrating successful SIGS to a wood-boring
insect in a deciduous tree.

We demonstrated that dsRNA technology targeting EAB is efficacious [21,28], highly
specific, and harmonious with existing biocontrol efforts [27], and here we show that
the RNAi pathway can be successfully induced in EAB using SIGS in greenhouse-grown
seedlings. However, moving this technology to field scales poses challenges that must
be addressed. Quantification of dsRNA in various ash tissues, optimization of dsRNA
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concentration for field application, and the bioactivity of sprayable dsRNA in adult beetles
are logical next steps. Additionally, a better understanding of plant mechanisms for dsRNA
uptake and systemic transport to distal tissues will be crucial to help determine if the
dsRNA is being processed by plant RNAi machinery and accumulating in the form of
siRNAs, and how it might impact the efficiency of SIGS targeting EAB.

5. Conclusions

RNAi is emerging as a next-generation biopesticide, offering an innovative and sustain-
able approach for pest management. Development of RNAi-based technologies for plant
protection underwent significant advances over the last decades, with increasing emphasis
on delivery approaches without plant transformation. Production costs are decreasing as
biotech companies improve dsRNA production techniques, leading to marketability of
non-transformed products utilizing RNAi technology [48].

Here, we demonstrate that topically applied dsRNA is internalized in ash tissues
and systemically transported to distal plant parts, remaining stable and available for pest
consumption for 21 days. Our bioassay provides evidence that exogenous dsRNA is
delivered to EAB larvae leading, to reduced feeding and gene knockdown. Our results
demonstrate the feasibility of SIGS for providing season-long protection of ash trees against
EAB and confirm the potential for RNAi to be implemented as an additional and sustainable
tool to manage EAB.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14091853/s1, Table S1: Primer sequences for dsRNA synthesis
and PCR amplification.
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