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ABSTRACT OF THESIS

SOUTHERN PINE BEETLE-SPECIFIC RNA INTERFERENCE DEMONSTRATES
NO EFFECTS ON NONTARGET INSECTS

The endemic southern pine beetle (SPB), Dendroctonus frontalis Zimmermann, is
a highly destructive bark beetle that has devastated coniferous forests of the southern
United States for decades. Traditional management strategies have been unable to respond
effectively to largescale SPB outbreaks, prompting exploration of novel techniques
including RNA interference (RNAi). Double-stranded RNAs (dsRNAs) are effective at
triggering gene silencing and inducing mortality in SPB, but determining delivery methods
and demonstrating specificity of the treatments is necessary before this technology may
progress to deployment.
I evaluated three SPB-specific dsRNAs on model nontarget insects to assess
potential lethal effects, sublethal effects such as larval weight gain, adult emergence or
fecundity, and gene silencing. The model insects, a predator, herbivore, and pollinator,
were evaluated in laboratory bioassays following dsRNA exposure and results from these
studies demonstrate no nontarget effects on representative model insects.
Additionally, I evaluated these three SPB-specific dsRNAs on pine-associated
insects that co-occur with SPB, including a pine engraver, pine defoliator, and decomposer.
Lethal effects, sublethal effects such as larval weight gain or food consumption, and
relative gene expression were analyzed for these insects, and results show no nontarget
effects on these insects that could encounter the treatments were they to be deployed in a
pine ecosystem.
KEYWORDS: RNA interference, specificity, Dendroctonus frontalis, environmental risk
assessment, model nontarget organisms, pine associated insects
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CHAPTER 1
Introduction

Forests, which comprise 34% of land in the United States (USDA Forest Service
2020), represent a vital resource providing a balance of both direct and indirect economic
and ecological benefits (Bohn and Huth 2017). Coniferous and mixed forests offer
numerous economic resources (Holmes 1991) such as timber, pulp, and paper (Pye et al.
2011; Bacher et al. 2017) as well as ecosystem services (Tchakerian and Coulson 2011;
Dhar et al. 2016), including carbon sequestration (Bentz et al. 2010), wildlife habitat
(Palik et al. 1997), nutrient cycling (Mikkelson et al. 2013), forest composition and
biodiversity (Coleman et al. 2008), and other hydrological and ecological functions
(Ehrenfeld 2010), as well as recreational opportunities (Leuscher and Young 1978). Yet
the sum of numerous environmental stresses and biological invasions of pests and
pathogens (Ziska et al. 2011; Walsh et al. 2016) is leaving these valuable forest resources
more vulnerable than ever (Ramsfield et al. 2016). Climate change has increased forests’
susceptibility to invasion (Lesk et al. 2017) and at the same time, to range expansions of
many native forest pests, which are able to colonize beyond their endemic geographic
range (Williams and Liebhold 2002). In recent decades, North American forests have
faced unprecedented outbreaks of several endemic bark beetles (Coleoptera:
Curculionidae, Scolytinae), which are projected to cause losses in basal area of 3.337
billion square feet over a 15 year period (Krist Jr. et al. 2014). Management of bark
beetles and other insect pests has focused on improving tree health through silvicultural
1

techniques to reduce susceptibility (Belanger et al. 1993; Nebeker 2004), as well as
attempting to directly suppress pest populations. Insecticides, while often effective, are
only practical on a small scale for high value trees (Grosman et al. 2009). In some cases,
monitoring tactics help inform Integrated Pest Management (IPM) plans, as with the
southern pine beetle, where studies have calculated methods for estimating SPB
outbreaks through monitoring the number and distribution of a native predator of SPB,
the clerid beetle Thanasimus dubius Fabricius (Coleoptera: Cleridae) (Cronin et al. 2000;
Billings and Upton 2010). While integrating these monitoring and management strategies
has had some success, population outbreaks of forest pests continue, encouraging the
development and screening of novel pest suppression techniques such as gene silencing
induced by RNA interference (RNAi).
Gene silencing utilizes an organism’s endogenous defensive response to viral
double-stranded RNA (dsRNA), causing the degradation of specific genes and preventing
the construction of corresponding proteins (Fire et al. 1998; Hannon 2002; Price and
Gatehouse 2008). When exogenous dsRNA is introduced to the target organism, an
enzyme called Dicer cleaves the dsRNA into small interfering RNAs (siRNAs). These
siRNAs bind to another enzyme complex called RISC, which cleaves the organism’s
messenger RNA (mRNA) that is complementary to the incorporated siRNA. With the
targeted mRNA cleaved, the genes that were encoded on that RNA are unable to be
translated to protein. In this way, specially designed dsRNAs can trigger the RNAi
pathway and target specific genes to prevent formation of key proteins and inhibit proper
functioning of the organism or cause mortality (Cerutti and Casas-Mollano 2006; Zotti
and Smagghe 2015). This technology has shown promise to manage pest populations
2

(Huvenne and Smagghe 2010; Zhang et al. 2013) and because the exogenous dsRNA
must have at least a 16-nucleotide match with the target mRNA (Chen et al. 2021), this
technology is highly specific (Agrawal et al. 2003; Whyard et al. 2009; Bachman et al.
2016).
Insects from many orders have been found to be susceptible to RNAi (Zhang et al.
2013), particularly coleopterans (Palli 2014; Smagghe and Swevers 2014). The use of
RNAi in pest suppression has been evaluated and deployed for a few agricultural (Zhang
et al. 2017) and horticultural pests (Hunter et al. 2012), with research into uses against
new pests constantly advancing. In western corn rootworm (Diabrotica virgifera
LeConte), a devastating agricultural pest, genes that serve an integral function in the
insect have been successfully silenced, causing larval mortality (Bolognesi et al. 2012).
After developing an optimal delivery method and demonstrating minimal nontarget
effects (Bachman et al. 2013), RNAi has emerged as a new tool for managing western
corn rootworm in agricultural systems (Fishilevich et al. 2016). RNAi technology has
also been evaluated for several forest pests including emerald ash borer (Agrilus
planipennis Fairmaire) (Zhao et al. 2015; Rodrigues et al. 2017; Rodrigues et al. 2018;
Pampolini et al. 2020), Asian longhorned beetle (Anoplophora glabripennis
Motschulsky) (Rodrigues et al. 2017), as well as southern pine beetle (Dendroctonus
frontalis Zimmerman) (Kyre et al. 2019) and its congeneric mountain pine beetle (D.
ponderosae Hopkins) (Kyre et al. 2020).
While several bark beetles have had devastating effects on forests across North
America, the endemic southern pine beetle (SPB) has for decades been the most
destructive forest insect pest in the southern United States (Schowalter et al. 1981;
3

Nowak et al. 2008). SPB is native to the southern U.S. and parts of Mexico, yet the
increasing severity of outbreaks and expansion of geographic range have prompted
concern (Ungerer et al. 1999; Dodds et al. 2018). SPB feed within the vascular cambium,
causing tree decline and eventual mortality (Hain et al. 2011; Nebeker et al. 1992). At
innocuous population levels, SPB target damaged or dying pine trees (Pinus spp.), but
when populations reach outbreak levels, healthy pines and other coniferous species are
attacked (Cudmore et al. 2010; Dodds et al. 2018). SPB’s multiple generations per year
(Payne 1980), oligophagous diet (Cook and Hain 1987), and intricate pheromone
communication system (Sullivan 2011) allow populations to reach outbreak levels and
attack host trees en masse. The resulting economic and ecological impacts are
devastating, and the northward range expansion of SPB into parts of New England has
raised concerns for coniferous forests across the eastern United States (Williams and
Liebhold 2002; Dodds et al. 2018). Traditional management techniques have frequently
been inadequate at suppressing SPB outbreaks, prompting investigations into possible use
of RNAi to manage SPB.
For southern pine beetle, oral ingestion of 1 μl of SPB-specific dsRNAs at a
concentration of 10 μg/μl (10 μg of dsRNA per insect) causes beetle mortality when
targeting the genes shi (shibire) and hsp (heat shock protein), and a quantitative real-time
PCR analysis confirmed gene knockdown; the third gene targeted, iap (inhibitor of
apoptosis), causes no significant mortality or gene silencing (Kyre et al. 2019). However
all three genes demonstrate efficacy against SPB’s congeneric, the mountain pine beetle
(Kyre et al. 2020). Treatments as low as 2.5 μg per insect (Kyre, unpublished data) have
also shown significant efficacy. The effectiveness of dsRNAs at triggering gene
4

knockdown and inducing mortality in SPB unlocks possibilities of its eventual adoption
in integrated pest management programs for suppressing SPB. In addition to developing a
viable delivery method (Pampolini et al. 2020; Bragg and Rieske, in review), another step
before potential deployment in forests is evaluating nontarget effects of these dsRNAs on
representative or co-occurring insects (Lundgren and Duan 2013; Haller et al. 2019).
Evaluating pest-specific dsRNAs for potential effects on nontarget arthropods is required
by the United States Environmental Protection Agency before registration of dsRNAs for
deployment (US Environmental Protection Agency 2014, 2015; Mendelsohn et al. 2020;
Romeis and Widmer 2020). Several studies have specifically recommended that dsRNA
risk assessments focus on representatives of key functional guilds of economic or
ecological importance (Romeis et al. 2008; Whyard et al. 2009; US Environmental
Protection Agency 2013). Additionally, to gain a broad perspective of the potential
bioactivity of these treatments in the natural environment, evaluation of their effects on
relevant co-occuring insects that would encounter them in pine ecosystems is also
necessary (Romeis and Widmer 2020; Dietz-Pfeilstetter et al. 2021).
My research evaluates the effects of the three SPB-specific dsRNAs (dsSHI,
dsHSP, and dsIAP) on nontarget insects through assessments of lethal, sublethal, and
gene expression effects. My objectives included evaluations of potential effects in: 1)
model nontarget insects representing key functional guilds, and 2) pine-associated insects
that co-occur with SPB. These objectives were evaluated through a series of laboratory
bioassays and gene expression analyses conducted via RT-qPCR.
In chapter 2, I investigate the effects of SPB-specific dsRNAs on model nontarget
insects representing three functional guilds, including an herbivore, Leptinotarsa
5

decemlineata, predator, Coleomegilla maculata, and pollinator, Apis mellifera. Bioassays
evaluated daily survival, and sublethal effects such as larval relative growth rate (RGR),
adult fecundity and adult emergence. A subset of insects was assessed for relative gene
expression. I found no evidence of lethal, sublethal, or gene expression effects on my
model nontarget insects.
In chapter 3, I evaluate effects of these dsRNAs on pine-associated insects that
co-occur in SPB’s geographic and host range, including another pine bark beetle, Ips
calligraphus, a pine defoliator, Neodiprion lecontei, and a decomposer, Reticulitermes
flavipes. Bioassays assessed daily survival, larval RGR, and food consumption, and a
subset of insects was analyzed for relative gene expression. This offers a broader
evaluation of effects of SPB-specific dsRNAs in a practical setting, so that exposures of
my pine associates in the laboratory far exceeded the exposures they would be expected
to encounter in a pine system. I conclude that these SPB-specific dsRNAs caused no
lethal, sublethal, or gene expression effects on the selected pine-associates.
In chapter 4, I synthesize my findings, assess the implications of these nontarget
studies, and discuss next directions in assessing specificity and moving this technology
toward deployment. Collectively my data provide evidence that due to its specificity,
nontarget concerns are minimal should SPB-specific RNAi be deployed in our forests.
This technology could provide an additional tool for integrated management approaches
focusing on SPB.

6

CHAPTER 2
Southern pine beetle-specific RNA interference exhibits no effect on model
nontarget insects

Introduction
Forests provide immeasurable benefits, both economic (Pye et al. 2011) and
ecological (Tchakerian and Coulson 2011), and implementing effective forest
management strategies is essential to maintaining their function. In recent decades
temperate and boreal forests have experienced unprecedented pressure from bark beetle
outbreaks (Coleoptera: Curculionidae, Scolytinae), reducing their economic value and
threatening wildlife habitat, forest biodiversity, and their role in global carbon
sequestration. Insecticides, while effective for bark beetle suppression, are impractical on
a forest-wide scale (Grosman et al. 2009), and traditional bark beetle management has
relied on silvicultural techniques to improve tree health and reduce susceptibility
(Belanger et al. 1993; Nebeker 2004). However, current management approaches are
proving increasingly inadequate against outbreaking bark beetle populations, prompting
investigations into novel mitigation strategies. Gene silencing through manipulation of
the cellular RNA interference (RNAi) pathway is one such innovative approach.
RNAi-induced gene silencing takes advantage of an organism’s endogenous
defensive response to viral double-stranded RNA (dsRNA), triggering degradation of
targeted genes and preventing production of corresponding proteins (Fire et al. 1998;
Cerutti and Casas-Mollano 2006; Huvenne and Smagghe 2010). Introducing dsRNA
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targeting essential genes can cause mortality (Zotti and Smagghe 2015) and because the
dsRNA must match at least a 16-nucleotide region of the target mRNA (Chen et al.
2021), this technology is highly specific (Agrawal et al. 2003; Whyard et al. 2009;
Bachman et al. 2016). Manipulation of the RNAi pathway and its high specificity provide
tremendous potential for insect pest management (Huvenne and Smagghe 2010; Zhang et
al. 2013).
Many insects, especially coleopterans, are highly susceptible to RNAi (Palli 2014;
Smagghe and Swevers 2014), which has already been deployed for pest suppression in
some agricultural (Zhang et al. 2017) and horticultural systems (Hunter et al. 2012).
Genes that serve an integral function in western corn rootworm (Diabrotica virgifera) can
be silenced using RNAi, causing larval mortality (Bolognesi et al. 2012). Development of
effective delivery methods and demonstration of minimal nontarget effects have allowed
this technology to move to the deployment stage (Bachman et al. 2013), and RNAi is
now utilized as an additional tool in integrated management of western corn rootworm
(Fishilevich et al. 2016). Efficacy of the RNAi pathway has been demonstrated in a
number of tree-killing insect pests, including the emerald ash borer (Agrilus planipennis)
(Zhao et al. 2015; Rodrigues et al. 2017b), Asian longhorned beetle (Anoplophora
glabripennis) (Rodrigues et al. 2017a), and southern and mountain pine beetles
(Dendroctonus frontalis and D. ponderosae) (Kyre et al. 2019; Kyre et al. 2020).
The endemic southern pine beetle (SPB) is historically the most destructive forest
insect pest in the southeastern US (Nowak et al. 2008). SPB feed within the vascular
cambium, causing tree mortality (Hain et al. 2011; Dodds et al. 2018). At innocuous
levels, the oligophagous SPB target damaged or dying pines (Pinus spp.), but when
8

populations reach outbreak levels healthy trees are attacked, host preferences broaden,
and widescale conifer mortality occurs leading to economic and ecological losses
(Nebeker et al. 1992; Sullivan 2011). In recent years the increasing severity of outbreaks,
and unprecedented northward expansion of SPB’s geographic range in response to
warming temperatures, have prompted calls for more innovative, proactive management
(Ungerer et al. 1999; Williams and Liebhold 2002; Dodds et al. 2018). The efficacy of
RNAi in SPB (Kyre et al. 2019) opens up possibilities for its incorporation into integrated
pest management programs, but developing viable delivery methods (Pampolini et al.
2020) and demonstrating specificity is essential to moving this technology to the
deployment stage (Lundgren and Duan 2013).
Evaluating pest-specific dsRNAs for potential effects on nontarget organisms is
required for product registration (US Environmental Protection Agency 2014;
Mendelsohn et al. 2020; Romeis and Widmer 2020), and utilizing model organisms
representing important functional guilds for nontarget assessments is an effective
approach (Romeis et al. 2008; Whyard et al. 2009; US Environmental Protection Agency
2013). We evaluated lethal and sublethal effects, and gene expression, of dsRNAs
designed to induce the RNAi pathway to kill SPB on model insects representing three
functional guilds, including a predator, an herbivore, and a pollinator. Our goal is to
verify the specificity of the dsRNAs developed for gene silencing in SPB, to help
advance this technology towards the deployment stage.

Materials and methods
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Nontarget species selection
Nontarget insects were selected based on their significance as common
representatives of important functional guilds (Bachman et al. 2013; Pampolini and
Rieske 2020), and on the availability of published genome sequences to allow for
bioinformatic analyses of potential homologous nucleotide sequences. Our model
predator is the pink spotted lady beetle, Coleomegilla maculata (Coleoptera:
Coccinellidae), our model herbivore the Colorado potato beetle (CPB), Leptinotarsa
decemlineata (Coleoptera: Chrysomelidae), and our model pollinator the European honey
bee, Apis mellifera (Hymenoptera: Apidae).
Synthesis of SPB-specific dsRNAs and control dsRNAs
The efficacy of RNAi in SPB has previously been demonstrated; dsRNAs
targeting three genes (shi, hsp, and iap) were evaluated, two of which were silenced (shi
and hsp) and induced SPB mortality (Kyre et al. 2019) and all three of which were
silenced and mortality induced in the congeneric mountain pine beetle (Kyre et al. 2020).
To assess the potential effects of silencing these three target genes on selected nontarget
insects and any associated lethal and sublethal effects, dsRNA for each gene was
synthesized in vitro according to published protocols for use in feeding bioassays for the
specified nontarget insects (Table 1).
SPB adults were reared from loblolly pine (P. taeda) bark collected from outbreak
areas in the southeastern United States. RNA extracted from SPB adults was used to
synthesize complementary DNA (cDNA) which was then used in a polymerase chain
reaction (PCR) to amplify DNA using the above dsRNA primer sequences. The PCR
thermocycler was set to 94°C for 4 minutes to denature the cDNA, followed by 35 cycles
10

of 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 45 seconds to anneal primers
to target DNA and extend the strand with Taq polymerase, and finishing at 72°C for 10
min to allow DNA polymerase to extend the copied strands of nucleic acids. The
resulting PCR product was purified with a PCR purification kit (Qiagen Inc., Valencia,
CA) and used as the template to synthesize dsRNA using the MEGAscript RNAi Kit
(Ambion Inc., Foster City, CA). The reaction was placed in a dry bath at 37˚C for 14
hours, then provided Turbo DNAse for another 15 minutes at 37˚C. The solution was
then precipitated using sodium acetate at 0.1x per volume of reaction and 100% ethanol
at 2.5x per volume of reaction. The precipitated solution was kept at -20˚C for a
minimum of 2 hours and then centrifuged at 14000 rpm for 30 minutes at 4˚C.
Supernatant was removed and dsRNA pellet was then washed with 75% ethanol and
centrifuged at 14000 rpm for 15 minutes at 4˚C. Supernatant was again removed and
dsRNA pellet was allowed to dry completely before being resuspended in deionized
nuclease-free water. The dsRNA solution was checked for purity using gel
electrophoresis and a spectrophotometer (Nanodrop Technologies, Wilmington, DE). The
dsRNA was then diluted to concentrations specific to each nontarget insect.
Bioassays
Model insects were fed an SPB-specific dsRNA targeting the genes shi, hsp, or
iap, or a negative control (gfp) for three days using protocols adapted from Pampolini and
Rieske (2020). The gfp gene, which encodes for production of green fluorescent protein,
does not exist in the genomes of insects and cannot be silenced and should thus
demonstrate no effect on insects. For a positive control, either a species-specific dsRNA
documented to cause mortality or a chemical control (potassium arsenate) was used
11

(Romeis et al. 2011). Each insect received 10 μg of dsRNA each day for three days and
was evaluated for survival. The predator and herbivore were also assessed for relative
growth, adult emergence, or fecundity. Each assay was replicated three times for each
model nontarget species. After three days of dsRNA exposure, a subsample of three
insects from each treatment was collected for gene expression analysis.
Model predator - pink spotted lady beetle
Spotted lady beetle second instar larvae obtained commercially (Insect Lore,
Shafter, CA) were divided into five treatments, including SPB-specific dsRNAs (dsSHI,
dsHSP, and dsIAP), the negative control (dsGFP), and a dsRNA positive control
(dsVATP) (Yang et al. 2015). Silencing the v-atpase gene causes significant mortality in
related lady beetle species Adalia bipunctata and Coccinella septempunctata at
concentrations of 2 μg/μl (Haller et al. 2019). SPB-specific dsRNA and control
treatments were administered at a concentration of 2 μg/μl, with 5 μl per larva daily for 3
days pipetted onto small balls of autoclaved cotton (~1 mm diameter). There were 24
larvae per treatment, for a total of N = 120 larvae per replicate for 3 replicates. Larvae
were placed in 0.5 ml microcentrifuge tubes with the treated cotton; treatments were
replenished daily for 3 days. Larvae were then transferred to 35 mm x 12 mm petri dishes
and fed commercially obtained Lepidoptera eggs (Ephestia kuehniella; Beneficial
Insectary, Guelph, ON, Canada), replenished as needed. Assays were held at 23˚C, 6065% relative humidity, and 16:8 L:D. Mortality was evaluated daily, and a subset (N = 6
per treatment) were weighed, and their weight gain and relative growth rate (𝑅𝐺𝑅
/

; where M = mass; t = time) were calculated (McEwan et al. 2009).
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Following larval development and pupation, emerging adults were sexed (Nichols
and Neel 1974) and grouped together by treatment into 90 mm x 15 mm petri dishes with
Lepidoptera eggs ad libitum and oviposition substrate. Lady beetle eggs were collected
from adult dishes daily, counted, and hatch rate (%) per day was calculated. Fecundity
was expressed by calculating average hatch rate per female. The bioassay was terminated
after 100 days or when all females had died.
Model herbivore - Colorado potato beetle
Eggs were collected from laboratory-reared CPB, reared to second instar, and
weighed prior to use in bioassays evaluating SPB-specific dsRNAs (dsSHI, dsHSP, and
dsIAP). The negative control was dsGFP, and the dsRNA positive control was dsACT,
which causes significant second instar CPB mortality (Zhu et al. 2011). The dsRNAs
were prepared at a concentration of 5 μg/μl with 2 μl administered to each CPB larvae
daily for the initial three days of the bioassay. To prepare feeding assays, leaf discs were
cut from terminal leaves of greenhouse grown potato using a 12 mm diameter punch and
treated with 1 μl of 0.001% Triton (Sigma-Aldrich Co., St. Louis, MO), spread evenly
across each leaf disc (Pampolini and Rieske 2020). Once dry (~10 minutes), 2 μl of
dsRNA solution was administered to each leaf disc and allowed to dry before the leaf
discs were placed in individual petri dishes (50 mm x 15 mm dishes).
Second instar larvae (N = 20 per treatment per replicate for 3 replicates) of
approximately the same initial weight (5.1±0.14 mg) were placed into individual petri
dishes with a treated leaf disc. Treated leaf discs were replenished daily for the first three
days, and then replaced with untreated excised leaves thereafter. Assays were held at
23˚C at 60-65% relative humidity and 16:8 L:D. Mortality was evaluated daily. A subset
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of larvae (N = 6 per treatment) were weighed immediately after molting to the third instar
and again following the molt to the fourth instar; weight gain and RGR were calculated
as described above.
Following the molt to fourth instar, larvae were monitored daily until they
entered the pre-pupal stage and ceased feeding (Wraight and Ramos 2015), at which
point they were moved to individual ~166 ml cups with autoclaved cotton to provide a
substrate in which to pupate. Moisture was maintained by misting the cotton lightly with
distilled water every other day. Adult emergence was assessed daily and the bioassay
concluded when adult emergence ceased (~35 days following initiation of bioassay), and
any remaining larvae or pupae were considered nonviable (~4-7 per treatment per
replicate) and were treated as such in the statistical analyses.
Model pollinator - European honey bee
Newly emerged (< 24 h) adult European honey bees were collected directly from
hive frames for use in assays (Tan et al. 2016). Assay dishes consisted of 100 mm x 20
mm petri dishes with a 1 cm diameter access hole in the side to administer the treatments
and feed the bees, and with several ventilation holes in the lid (Pampolini and Rieske
2020). Treatments were administered from a modified 1.5 ml microcentrifuge tube
containing 3 small holes near the tip, inserted through the hole in the side of the petri dish
(Vélez et al. 2016).
Treatments included the SPB-specific dsRNAs (dsSHI, dsHSP, and dsIAP), the
negative control (dsGFP), and a chemical positive control (0.5% potassium arsenate). For
modified microcentrifuge tubes containing the SPB-specific dsRNAs, 100 μg of dsRNA
was added as 50 μl of treatment at a concentration of 10 μg/μl. Additionally 500 μl of
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50% sucrose solution was added to each tube. For the positive control, 50 μl of 0.5%
potassium arsenate was added to 500 μl of 50% sucrose solution per microcentrifuge
tube.
Each petri dish contained 10 adult bees, with 5 dishes per treatment per replicate
(N = 50 per treatment per replicate and 3 replicates). Dishes were placed in a growth
chamber in complete darkness at 34˚C and approximately 75% humidity. Following three
days of dsRNA exposure, all dishes were maintained on 50% sucrose solution until assay
termination. Mortality was monitored daily until all bees had died (~30 days). Dead
honey bees were removed daily and sucrose solution was replenished as needed
(approximately every 2 days).
Gene expression analyses
Gene expression was analyzed for a subset of insects (n = 5 per treatment) using
RT-qPCR. RNA was extracted following three days of exposure and used to produce
cDNA for each sample. Three replicates of each sample were utilized, and samples were
assessed based on the mean Cq value. Using reference genes, values were normalized and
relative gene expression could be assessed with the 2-ΔΔCt outlined in Livak and
Schmittgen (2001). The genes were analyzed based on reference gene sequences
available and the ability to construct effective RT-qPCR primer sequences for the target
genes evaluated in each model insect (Table 2).
Bioinformatic analyses
To assess potential sequence overlap of the SPB-specific dsRNAs and gene
sequences of our model nontarget insects, bioinformatic analyses were conducted
utilizing published sequences from NCBI (Bachman et al. 2013). For each gene targeted
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by the SPB-specific dsRNAs, orthologs in each of the model nontargets were assessed for
alignments using the nucleotide BLAST (BLASTn) function from NCBI using a
sequence match threshold based on Chen et al. (2021), which requires exact matches of
≥16 nucleotides or only one to two mismatches in a ≥26 nucleotide sequence. Complete
coding sequences (cds) were used when available or were substituted by predicted
sequences based on annotations from genes of closely related species when unavailable.
Number of independent matches meeting the threshold outlined in Chen et al. (2021)
were calculated for each gene for each model nontarget insect.
Statistical analyses
All analyses were performed using R statistical software (RStudio version
1.4.1106). For mortality data, logistic regressions were conducted using generalized
linear models assuming binomial distributions and evaluated with a χ2 test to identify any
significant differences among treatments, replicates, or treatment and replicate
interactions. For significant results, a Tukey’s Least Significant Difference post hoc test
was conducted to identify the predictor that was significant. For larval weight gain of the
model herbivore and predator, evaluated as the relative growth rate (RGR), data were
assessed for homogeneity of variances using Levene’s Test and for normality using the
Shapiro-Wilk Test; if data met the requirements (p < 0.05) for both tests, RGR data were
assessed using a two-tailed analysis of variance (ANOVA) and any significant findings
were further evaluated using Student’s t-tests. Data that did not meet the assumptions
required for an ANOVA were assessed using the nonparametric Kruskal-Wallis Test, and
significant results were further analyzed with a Wilcoxon Rank Sum Test. Adult
fecundity data were assessed using a two-tailed ANOVA after evaluating for
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homogeneity of variances and normality. Adult emergence was evaluated using logistic
regressions with generalized linear models assuming binomial distributions and also
evaluated with a χ2 test to assess any significant difference between treatments or
replicates. Relative gene expression was analyzed for a subset of insects from each
bioassay using the 2-ΔΔCt method and assessed for differences in relative expression with
a two-tailed Student’s t-test to compare means between each gene of interest and the
negative control, dsGFP.

Results
Bioinformatic analysis
The nucleotide BLAST results demonstrate that, of the available sequences, there
is only one match per available nontarget sequence when the SPB genes shi and iap are
evaluated in each of our nontarget species (Table 3). For the SPB gene hsp, matches are
present in all three of the nontargets, and the number of matches ranges from 2 to 10 for
the evaluated sequences.
Model predator - pink spotted lady beetle
Lethal effects - Larval survival
Second instar larvae exposed to SPB-specific dsRNAs exhibited >80% survival
until the prepupal stage (~12 days) for all treatments with no difference between
treatments and the negative control (𝜒

,

= 2.73, P = 0.44). The positive control

demonstrating ingestion of the dsRNAs, dsVATP, exhibited <35% survival to the
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prepupal stage, which was significantly lower than all other treatments (𝜒

,

= 41.63,

P < 0.001) (Figure 1).
Sublethal effects - Larval growth
Second instar lady beetle larvae exposed to all treatments, including dsVATP,
exhibited an average RGR of ~38% of initial weight per day over the course of the third
instar, with time spent in that stage ranging from 3-6 days. For larval weight gain,
expressed as RGR, there is no effect of the SPB-specific dsRNAs on development
(𝐹 ,

= 1.53; P = 0.21) (Figure 2).
Sublethal effects - Adult fecundity
Following adult emergence, beetles were assessed for egg production and hatch

rate for 100 d. Egg hatch per clutch averaged 60% across all treatments, and there was no
effect of the SPB-specific dsRNAs on fecundity (𝐹 ,

= 2.16; P = 0.09); the only

significant reduction in egg hatch occurred for the positive dsRNA control, dsVATP
(𝐹 ,

= 3.88; P = 0.004) (Figure 3).
Gene expression
Gene expression analyses, normalized with reference genes 16s and 18s (Yang et

al. 2015), revealed no significant difference in relative expression of hsp (P = 0.47) in
second instar lady beetle larvae fed on the SPB-specific dsRNA (Figure 4), corroborating
the bioassay results evaluating lethal and sublethal effects. Although the positive control
(dsVATP) was assessed for relative gene expression (P = 0.11), the primers used for this
analysis (Yang et al. 2015) yielded high standard error among both the negative control
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(dsGFP treated larvae) and the dsVATP treated larvae, leading to inconclusive results for
relative expression of the positive control.
Model herbivore - Colorado potato beetle
Lethal effects - Larval survival
For second instar larvae exposed to SPB-specific dsRNAs, survival to pupation
(~14 days) was >80% for all treatments except the positive control, and there was no
difference among treatments and the negative control (𝜒

= 5.07, P = 0.16). The

,

positive dsACT control showed significant decline in survival (𝜒

,

= 106.16, P <

0.001), with <5% of larvae reaching pupation (Figure 5).
Sublethal effects - Larval growth
Data for larval growth of CPB had a non-normal distribution (P = 0.04) and was
therefore analyzed with a nonparametric test. The subset of larvae evaluated from all
treatments exhibited a RGR of ~183% per day over the course of the third instar,
requiring 2-5 days. Among the SPB-specific dsRNAs and the negative control (dsGFP),
there is no difference between treatments (P = 0.59) (Figure 6). None of the subset of
larvae from the positive control treatment (dsACT) survived through the third instar, so
no RGR was calculated for the positive control.
Sublethal effects - Adult emergence
Of the individuals exposed to SPB-specific dsRNAs that survived to pupation,
>55% successfully emerged as adults (Figure 7), and there was no significant difference
between SPB-specific dsRNAs and the negative control (𝜒
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,

= 5.81, P = 0.12). The

positive control, dsACT, had no adult emergence; only three experimental larvae
survived to the prepupal stage and none of those eclosed as adults.
Gene expression
There were no differences in relative expression of shi (P = 0.22), hsp (P = 0.37),
or iap (P = 0.39) in second instar CPB larvae exposed to SPB-specific dsRNAs for 3 days
when normalized with reference genes rp4 and rp18 (Zhu et al. 2011) (Figure 8). As
expected, the positive dsACT control caused significant knockdown of act when
evaluated for relative gene expression (P = 0.01) (Zhu et al. 2011). Although the
bioinformatic analysis showed some potential matches in nucleotide sequence for hsp in
CPB, the results of our gene expression analysis demonstrate no change in expression for
hsp, or for any of the SPB-specific treatments, further supporting the findings of our
bioassays.
Model pollinator - European honey bee
Lethal effects - Honey bee worker survival
Newly emerged adult workers exposed to SPB-specific dsRNAs were evaluated
for 32 d, until all bees had died. There was no difference in survival between the dsRNA
treatments and the negative control (𝜒

,

= 3.75, P = 0.29), whereas the positive

potassium arsenate control caused significant mortality (𝜒

,

= 58.6, P <0.001),

confirming that workers were ingesting the treatments (Figure 9).
Gene expression
Relative gene expression, normalized with reference genes rp49 and act
(Lourenco et al. 2008), demonstrated no differences in relative expression of shi (P =
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0.41), hsp (P = 0.08), or iap (P = 0.38) when compared to the negative dsRNA control
(dsGFP) in adult honey bee workers (Figure 10). Additionally, because honey bees have
been noted to exhibit a generalized immune response to dsRNAs (Flenniken and Andino
2013; Brutscher and Flenniken 2015; Yang et al. 2018), relative expression was also
assessed in relation to the sucrose negative control (Figure 11); this also indicated no
significant difference in relative gene expression for shi (P = 0.14), hsp (P = 0.16), and
iap (P = 0.17). These findings corroborate those of the bioassay, demonstrating no effect
of the SPB-specific dsRNAs on this vital model pollinator.

Discussion
With the advent of new molecular management techniques, research into RNA
interference and the high sequence specificity required to induce this pathway has
allowed development of both effective and selective control of insect pests. Already this
novel molecular approach has offered hope for managing populations of agricultural
pests (Fishilevich et al. 2016) and been demonstrated as efficacious against the southern
pine beetle (Kyre et al. 2019) and several other forest pests (Rodrigues et al. 2017a;
Rodrigues et al. 2018; Kyre et al. 2020). While laboratory assays have demonstrated the
efficacy of oral ingestion of dsRNAs in SPB (Kyre et al. 2019), demonstrating its
specificity and developing feasible methods of delivery are key steps to move this
technology to the deployment stage (Bachman et al. 2013; Lundgren and Duan 2013;
Romeis and Widmer 2020).
Here we definitively demonstrate the specificity of dsRNAs targeting the genes
shi, hsp and iap in southern pine beetle utilizing model insects from different functional
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guilds of ecological importance; this is a recommended approach for evaluating the
specificity of dsRNAs (US Environmental Protection Agency 2013) and offers broad
insights into potential nontarget effects of this emerging technology (Lundgren and Duan
2013). Because coleopterans are additionally noted for their sensitivity to dsRNAs
(Smagghe and Swevers 2014), the two included coleopterans in our evaluations, our
model herbivore, a Chrysomelidae and model predator, a Coccinellidae, offer insights
into effects in this highly sensitive order. Of these, our model herbivore, CPB, is
phylogenetically closer to SPB than our model predator, as the Chrysomeloidea
superfamily is more closely related to the Curculionoidea superfamily to which SPB
belongs (McKenna et al. 2019). Our initial bioinformatic analysis, using a conservative
threshold established by Chen et al. (2021), found minimum overlap of nucleotide
sequences between the nontarget insects and the SPB-specific sequences, with the
greatest overlap in the hsp gene of the more closely related CPB. While bioinformatic
analysis is insightful for generalized evaluations of potential nontarget effects, bioassays
evaluating activity of dsRNA treatments on live insects are imperative to demonstrate
specificity (US Environmental Protection Agency 2013). The increased relatedness of
CPB to SPB may have contributed to a greater overlap of nucleotides in the hsp gene, but
this overlap did not correlate with any lethal, sublethal, or gene expression differences for
CPB.
Similarly, we found no lethal or sublethal effects of the SPB dsRNAs on our
model predator, but the results of our gene expression analysis for the spotted lady beetle
were less definitive. Although the positive control, dsVATP, was assessed for relative
gene expression and showed a substantial reduction in relative mRNA levels, the primers
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we used (Yang et al. 2015) yielded high standard error among both the negative control
(dsGFP treated larvae) and the dsVATP treated larvae, leading to a substantial but nonsignificant (P = 0.11) reduction in relative expression of the positive control.
Although phylogenetically distant, our model pollinator, the European honey bee,
represents an imperiled species of enormous economic and ecological value (van
Engelsdorp et al. 2009). While several studies have documented dsRNA sensitivity in
honey bees, suggestive of a generalized immune response (Nunes et al. 2013; Flenniken
and Andino 2013; Pampolini and Rieske 2020), we found no lethal effects or gene
silencing from our SPB-specific dsRNAs on our model pollinator. Further studies
evaluating immunological responses in honey bees are warranted and should offer
additional insights.
For toxicity studies with non-target arthropods, dsRNA exposures should exceed
the maximum amount projected to be encountered in the environment (EFSA 2014). SPB
experiences significant gene knockdown and mortality following a single exposure to
dsRNA solutions of 2.5 µg (Kyre, unpublished data). The experimental diets we used
incorporated dsRNAs at quantities ~12x higher than that causing mortality in SPB, over
the course of three days of treatment (5μl at 2 µg/µl for 3 days for both the spotted lady
beetle and Colorado potato beetle, and 10 µg for 3 days per honeybee). Regardless of
concentration, we found no lethal or sublethal effects of SPB specific dsRNA ingestion in
our model nontarget insects.
Related studies evaluating specificity of dsRNAs have also found a generalized
lack of nontarget effects on model insects, including those developed for western corn
rootworm (Bachman et al. 2013) and emerald ash borer (Pampolini and Rieske 2020).
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While utilizing model insects may allow laboratory evaluations of dsRNA specificity on
a range of functional guilds from various habitats, these findings also have implications
for practical field applications of RNAi technology. Our model predator, the pink spotted
lady beetle, could co-occur in southern pine ecosystems where SPB is common;
laboratory evaluations of co-occurring species can grant insight into potential effects on
organisms that might interact with dsRNA treatments under field conditions. Importantly,
the lack of negative effects on our model predator suggests that predators in pine
ecosystems are also unlikely to be affected by SPB-specific dsRNAs. As natural enemies
play an integral role in regulating SPB populations at endemic levels, the lack of
nontarget effects suggests that RNAi management strategies will not conflict with the
natural enemy complex already functioning in pine ecosystems. The complementarity of
RNAi technology to existing biological control efforts is an important consideration in
evaluating its feasibility as a pest management strategy in other tree-killing pests
(Pampolini and Rieske 2020). Further studies evaluating co-occurring pine-associates
will add to the body of evidence demonstrating the specificity of SPB-targeted dsRNAs
and its compatibility with pre-existing SPB population regulators.
Our findings in this study will help validate the feasibility of RNAi as an
additional tool for suppression of southern pine beetle in pine ecosystems by ensuring the
safety of this emerging technology for nontarget insects. The efficacy and high specificity
of RNAi to target could provide a management option that reduces the impact on
beneficial or other nontarget organisms and complements the natural enemy complex
already in the environment. The potential for use of RNAi in conjunction with current
pest management techniques could allow a sustainable multi-faceted management

24

approach utilizing silvicultural, biological, and molecular techniques that suppress pest
populations while preserving beneficial species.
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Table 1 Target genes, dsRNA (including the T7 polymerase promoter sequences, in bold)
and RT-qPCR primer sequences.
Gene

Primer

Primer sequence (5' to 3')

shi - shibire

dsRNA-SHI F

TAATACGACTCACTATAGGG
AGTTCGCCGTTGATGAAATC

dsRNA-SHI R

TAATACGACTCACTATAGGG
TCGAGCAGGGCTTTATGTCT

qRNA-SHI F
qRNA-SHI R

TAGATCGGTGTCAGTTCCCC
GCGAGCGCGTTTTCTATTAC

86

dsRNA-HSP F

TAATACGACTCACTATAGGG
ACACGCACACTCGTTCTCAC

351

dsRNA-HSP R

TAATACGACTCACTATAGGG
TACGCGTACTCGCTGAAGAA

qRNA-HSP F
qRNA-HSP R

TGCAGCAACTGGTCAAAGA
TCTTTGGTCATGGGACGTT

139

iap - inhibitor dsRNA-IAP F
of apoptosis

TAATACGACTCACTATAGGG
TTTCGTTTGATGCTCGACTG

379

dsRNA-IAP R

TAATACGACTCACTATAGGG
TCTTCGCCTGTCCTGTCTTT

qRNA-IAP F
qRNA-IAP R

GTCCCGCTCATCCAGATAAA
TTTTGCCTCTTTCGCACTTT

hsp- heat
shock protein

Amplicon size (bp)
370
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Table 2 RT-qPCR primer sequences used in gene expression analysis for model insects.
Model
Predator
(pink
spotted
lady beetle)

Herbivore
(Colorado
potato
beetle)

Gene

Primer Sequence (5' to 3')
F - AGATCTCTTTTCCCATGT
vATPase
R - AGAGCATCTCGGCCAGAC
F - GCCGATGCGGAGAAGTATAAAG
hsp
R - CGGCTTGCTTGAGTTGGAATA
F - TTGAAGGGCCGCAGTATTT
16s
R - AAGAAAGTCGTTCCCTCATCAA
F - AAGACGGACAGAAGCGAAAG
18s
R - GGTTAGAACTAGGGCGGTATCT
F - GCACGAGGTTTTTCTGTCTAGTG
B-act
R - ATGTCATCCCAGTTGGTGATG
F - AACATTTCAGACCCGACGAC
shi
R - AGCCGGAACCTTCTATCGTT
hsp
F - GCTCCTGATGGACGAATTGATA
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Reference
Yang et al.
2015
Yang et al.
2015
Yang et al.
2015
Yang et al.
2015
Zhu et al.
2011
Pampolini and
Rieske 2020

iap
rp4
rp18
Pollinator
(European
honey bee)

shi
hsp
iap
act
rp49

R - CATGTCAGAGGGAGCAACAA
F - CAATGGCAGACCATCGAGAA
R - GCCGTACAGTCCACAAGTATC
F - AAAGAAACGAGCATTGCCCTTCCG
R - TTGTCGCTGACACTGTAGGGTTGA
F - TAGAATCCTCAAAGCAGGTGGCGA
R - AGCTGGACCAAAGTGTTTCACTGC
F - AGGAGGAGGAGGAGGAAACA
R - CTCGTCCGTCCATCATTTCT
F - TGAAGGTGAACGTCCAATGA
R - GTGGTATTCCTCGTGGTGCT
F - CCTGCATTTCCTAGTTCTTCCT
R - GATGTTCCGTTTGGCGTTTC
F- TGCCAACACTGTCCTTTCTG
R - AGAATTGACCCACCAATCCA
F - GAGGCTATATTGGCGTTGGA
R - CTGCGCGTTCTCTTCTTCTT

Pampolini and
Rieske 2020
Chereddy et
al. 2020
Zhu et al.
2011
Zhu et al.
2011
Pampolini and
Rieske 2020
Pampolini and
Rieske 2020
not applicable
Lourenco et
al. 2008
Lourenco et
al. 2008

Table 3 Number of independent coding sequence (cds) matches of SPB-targeted genes to
model nontarget sequences.
SPB gene
Nontarget insect
Data source
Number of matches
shi
C. maculata
not available
--L. decemlineata
cds
1
predicted
1
A. mellifera
hsp
C. maculata
cds (H. axyridis)
2
L. decemlineata
cds
10
A. mellifera
cds
4
iap
C. maculata
partial cds (Coccinellidae)
1
L. decemlineata
predicted
0
A. mellifera
predicted
1
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Fig. 1 Second instar lady beetle survival after ingestion of 10 μg/d for 3 d of SPBspecific dsRNAs (dsSHI, dsHSP, or dsIAP), a negative control (dsGFP), or a positive
control (dsVATP)

Fig. 2 Relative growth rate (RGR) of larval lady beetles fed on SPB-specific dsRNAs
(dsSHI, dsHSP, or dsIAP), negative control (dsGFP), or positive control (dsVATP)
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Fig. 3 Egg hatch for lady beetles fed SPB-specific dsRNAs (dsSHI, dsHSP, or dsIAP),
negative control (dsGFP), or positive control (dsVATP)

Fig. 4 Relative expression of the genes a) hsp and b) the positive control (vATPase)
relative to the negative control (dsGFP treatment) in second instar lady beetle larvae fed
10 μg/d of dsRNA treatments for 3 days; expression assessed with vATPase primers
showed high standard error
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Fig. 5 Second instar CPB survival after ingestion of 10 μg/day for 3 days of SPB-specific
dsRNAs (dsSHI, dsHSP, and dsIAP), negative control (dsGFP), or positive control
(dsACT)

Fig. 6 Relative growth rate (RGR) of larval Colorado potato beetles fed SPB-specific
dsRNAs (dsSHI, dsHSP, or dsIAP) or negative control (dsGFP). The positive dsACT
control was excluded from this analysis
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Fig. 7 Adult emergence of CPB that were fed SPB-specific dsRNAs (dsSHI, dsHSP, or
dsIAP) or negative control (dsGFP) as second instar larvae and reared to adulthood on
untreated potato leaves

Fig. 8 Relative mRNA levels of a) shi, b) hsp, and c) iap genes showed no significant
difference in second instar CPB larvae fed SPB-specific dsRNAs for 3 days, with gene
silencing only demonstrated with the d) act gene for larvae that received the positive
dsRNA control (dsACT)
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Fig. 9 Honey bee worker survival after ingestion of SPB-specific dsRNAs (dsSHI,
dsHSP, and dsIAP), negative control (dsGFP), or positive potassium arsenate control
(PA)

Fig. 10 Relative mRNA levels of a) shi, b) hsp, and c) iap genes showed no significant
difference from the negative dsRNA control in honey bee workers fed SPB-specific
dsRNAs
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Fig. 11 Relative mRNA levels of a) shi, b) hsp, and c) iap genes showed no significant
difference from the negative sucrose control in honey bee workers fed SPB-specific
dsRNAs
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CHAPTER 3
Southern pine beetle-specific gene silencing demonstrates no effect on pineassociated nontarget insects

Introduction
A variety of escalating environmental stresses coupled with biological invasions
of pests and pathogens (Ziska et al. 2011; Walsh et al. 2016) has left North American
forests vulnerable to devastating losses (Ramsfield et al. 2016). Changes to temperature
and precipitation patterns have contributed to forests’ increasing susceptibility to invasive
damage agents (Lesk et al. 2017) and expanding the ranges in which certain pests may
thrive (Williams and Liebhold 2002). North American forests are currently under attack
by a suite of both nonnative insects, such as the emerald ash borer, Agrilus planipennis,
Asian gypsy moth, Lymantria dispar, and hemlock woolly adelgid, Adelges tsugae, as
well as native pests that have experienced widespread outbreaks or range expansions,
such as spruce budworms, Choristoneura spp., and southern and mountain pine beetles,
Dendroctonus frontalis and D. ponderosae. Forest pests pose an ongoing concern as land
managers attempt to mitigate the damage caused by these insects while conserving the
vital ecological (Tchakerian and Coulson 2011; Dhar et al. 2016) and economic (Pye et
al. 2011; Bacher et al. 2017) roles that forests play. Forests generate carbon sequestration
benefits (Bentz et al. 2010), serve as diverse habitats to support wildlife biodiversity
(Palik et al. 1997), and perform other vital hydrological and ecological functions
(Coleman et al. 2008). Revenue from timber (Pye et al. 2011) and recreation (Leuscher
and Young 1978) additionally support the economies of neighboring communities
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(Holmes 1991). In pine and mixed forests of the southern United States, the endemic
southern pine beetle (SPB) (Dendroctonus frontalis) has historically been the most
destructive forest insect pest (Schowalter et al. 1981; Nowak et al. 2008), causing
economic and ecological losses across the region for decades (Nebeker et al. 1992;
Sullivan 2011).
SPB typically feed on several species of pine (Pinus spp.), targeting damaged or
dying trees at endemic levels (Payne 1980), but can utilize healthy pines or even other
coniferous hosts when populations reach outbreak stages (Cudmore et al. 2010; Dodds et
al. 2018). By feeding on the vascular cambium, SPB impede the flow of water and
nutrients through the stem and cause rapid tree mortality (Hain et al. 2011; Nebeker et al.
1992), which can lead to extensive pine losses. However traditional management
strategies have been unable to respond effectively to the increasingly severe outbreaks
and the expansion of SPB’s geographic range northward into the naïve forests of the
northeastern U.S. (Ungerer et al. 1999; Dodds et al. 2018). Innovative management
techniques that can work in conjunction with current strategies are needed (Nebeker
2004), and the development of a novel molecular technique called RNA interference
(RNAi) shows promise as an effective and specific pest suppression tool (Dietrich et al.
2017).
Gene silencing induced by RNAi exploits an organism’s endogenous cellular
defense pathway in response to double-stranded RNA (dsRNA), which through a series
of enzymatic reactions, triggers the degradation of messenger RNA (mRNA) with
nucleotide sequences complementary to the exogenous dsRNA (Fire et al. 1998; Cerutti
and Casas-Mollano 2006; Huvenne and Smagghe 2010). By interfering with the
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expression of particular genes, we can manipulate the production of corresponding
proteins (Price and Gatehouse 2008), and induce mortality in insect pests (Whyard et al.
2009; Zotti and Smagghe 2015). Additionally the introduced dsRNA must match at least
a 16-nucleotide region of the target mRNA to trigger this pathway (Chen et al. 2021),
with this high level of match rarely occurring outside of congeneric species (Poreddy et
al. 2017), allowing this technology to be both effective and highly specific (Agrawal et
al. 2003; Bachman et al. 2016).
Investigations into the use of RNAi in pest suppression have demonstrated
efficacy in many insects (Zhang et al. 2013), coleopterans being highly susceptible (Palli
2014; Smagghe and Swevers 2014). To best assess its practical use, evaluations of
delivery methods (Zhang et al. 2017; Pampolini et al. 2020), specificity of the dsRNAs to
target (Bachman et al. 2013; Romeis and Widmer 2020), and environmental fate of
dsRNAs (Mendelsohn et al. 2020) are also necessary. RNAi has already yielded products
for deployment against some agricultural and horticultural pests (Bolognesi et al. 2012;
Fishilevich et al. 2016; Hunter et al. 2012), and effectiveness of the RNAi pathway has
been demonstrated in laboratory studies for several forest pests, including the Asian
longhorned beetle (Anoplophora glabripennis) (Rodrigues et al. 2017a), emerald ash
borer (Agrilus planipennis) (Zhao et al. 2015; Rodrigues et al. 2017b), and mountain pine
beetle (D. ponderosae) (Kyre et al. 2020). Notably, dsRNAs have been demonstrated to
induce gene silencing and cause mortality in SPB via the RNAi pathway (Kyre et al.
2019), showing potential as an emerging SPB management tool. Before utilization in
forest ecosystems however, demonstration of specificity is necessary.
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Previous studies have demonstrated the effectiveness of RNAi utilizing orally
ingested dsRNAs targeting three genes (shi, hsp, and iap) against southern and mountain
pine beetles, two genes (shi and hsp) causing gene silencing and inducing mortality in
SPB (Kyre et al. 2019) and all three causing silencing and mortality in the congeneric
MPB (Kyre et al. 2020). To assess potential bioactivity of the SPB-specific dsRNAs on
nontarget insects, however, requires evaluations of gene silencing and any related lethal
and sublethal effects on selected nontarget insects.
Specificity of SPB-targeted dsRNAs has been demonstrated through laboratory
evaluations of model nontarget insects representing key functional guilds (Hollowell and
Rieske in review) as is recommended to broadly assess the potential toxicity of dsRNAs
on unrelated beneficial or nontarget insects (Romeis et al. 2008; Whyard et al. 2009; US
Environmental Protection Agency 2013). This environmental risk assessment of potential
nontarget effects is required by the US Environmental Protection Agency before
biopesticides can progress towards deployment (US Environmental Protection Agency
2014). The lack of nontarget effects on selected model insects shows promise, and
expanding nontarget research to investigate insects co-occurring with SPB in pine
ecosystems that could potentially be exposed to SPB-specific dsRNAs is crucial. We
evaluated lethal, sublethal, and gene expression effects of SPB-specific dsRNAs on pineassociated insects which co-occur with SPB, including a pine engraver, Ips calligraphus,
pine defoliator, Neodiprion lecontei, and decomposer, Reticulitermes flavipes. Our
objective is to evaluate any nontarget effects of the dsRNAs designed to induce the RNAi
pathway in SPB on insects that would potentially encounter dsRNA treatments were they
to be deployed in pine ecosystems. This demonstration of specificity in selected pine-
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associated insects will help confirm the safety of this technology for prospective use in
managing southern pine beetle.

Materials and Methods

Pine-associated insect selection
Pine-associated nontarget insects were selected based on their prevalence in pine
ecosystems and overlap in geographic distribution with SPB (Drooz 1985), and on their
ability to be laboratory-reared and utilized in bioassays (Romeis and Widmer 2020).
Additionally, a co-occurring bark beetle which is closely related phylogenetically with
SPB was included to assess effects within the subfamily Scolytinae. Our pine-associated
bark beetle is the six-spined ips, Ips calligraphus (Coleoptera: Curculionidae), our pine
defoliator the red-headed pine sawfly, Neodiprion lecontei (Hymenoptera: Diprionidae),
and our decomposer the eastern subterranean termite, Reticulitermes flavipes (Blattodea:
Rhinotermitidae).
Synthesis of dsRNA treatments
SPB-specific dsRNAs for each gene (shi, hsp, and iap) were synthesized in vitro
according to published protocols (Table 4). Loblolly pine (Pinus taeda) bark obtained
from Rapides Parish, LA, USA, was used to rear SPB adults. Complementary DNA
(cDNA) was synthesized from RNA extracted from the SPB adults and was then used in
a polymerase chain reaction (PCR) to amplify DNA using the dsRNA primer sequences
noted in Table 4. The PCR thermocycler was set to 94°C for 4 minutes to denature the
cDNA, followed by 35 cycles of 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for
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45 seconds to anneal primers to target DNA and extend the strand with Taq polymerase,
and finishing at 72°C for 10 min to allow DNA polymerase to extend the copied strands
of nucleic acids. PCR product was purified with a PCR purification kit (Qiagen Inc.,
Valencia, CA, USA) and then used as the template to synthesize dsRNA using the
MEGAscript RNAi Kit (Ambion Inc., Foster City, CA, USA). The reaction was
incubated for 14 hours at 37˚C, then provided Turbo DNAse for another 15 minutes at
37˚C. The solution was then precipitated using sodium acetate (0.1x per volume of
reaction) and 100% ethanol (2.5x per volume of reaction). The precipitated solution was
kept at -20˚C for a minimum of 2 hours and then centrifuged at 14000 rpm for 30 minutes
at 4˚C. Supernatant was removed and dsRNA pellet then washed with 75% ethanol and
centrifuged at 14000 rpm for 15 minutes at 4˚C. Following washing, the supernatant was
again removed and dsRNA pellet allowed to dry completely before being resuspended in
deionized nuclease-free water. The dsRNA solution was checked for purity using gel
electrophoresis and spectrophotometer (Nanodrop Technologies, Wilmington, DE). The
dsRNA was then diluted to concentrations specific to each bioassay design.
Bioassays
Nontarget insects were fed solutions containing a SPB-specific dsRNA targeting
the genes shi, hsp, or iap, a negative dsRNA control (gfp), or a chemical positive control
based on protocols adapted from previously published studies. The gfp gene is commonly
used as a negative control in RNA interference analyses in insects as it codes for the
production of green fluorescent protein and does not occur in insects’ genomes; therefore
it cannot be silenced and should cause no lethal or sublethal effects. A chemical positive
control of potassium arsenate was used (Romeis et al. 2011) to demonstrate that insects
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were consuming the treatments. Insects received 10 μg of dsRNA treatment initially then
were transferred to an untreated diet and evaluated for survival daily for the remainder of
the assay. Sublethal effects were additionally evaluated for sawflies by assessing larval
weight gain and termites by food consumption. A subsample of insects (N = 3 per
replicate) from each treatment for Ips and termites was collected for relative gene
expression analysis following 24 hours after dsRNA exposure for Ips and 72 hours for
termites. Assays were replicated three times for each pine-associated nontarget species.
Six-spined ips (Ips calligraphus)
Adult beetles were reared from infested loblolly pine logs (~15 cm diameter)
collected from Alachua Co. FL, USA. Logs were sectioned into ~60 cm lengths and
placed in rearing bins (70 cm height, 56 cm diameter) that included an opening at the top
with an attached clear plastic container into which beetles that emerged from the
sectioned logs congregated for daily collections. Upon emergence, beetles were placed in
petri dishes (90 mm x 15 mm) containing moistened Kimwipes (Kimberly-Clark,
Roswell, GA, USA) and kept in humidity chambers at 23˚C in complete darkness until
use in bioassays. Healthy adult beetles (N = 14 per treatment per replicate) were assigned
treatments randomly, which included SPB-specific dsRNAs (dsSHI, dsHSP, and dsIAP),
a negative control (dsGFP), and a positive control of potassium arsenate (0.5%
concentration); all treatments included 0.5% blue dye to allow for visualization of
treatment uptake during the feeding process. Each beetle received 4 μl of treatment at a
concentration of 2.5 μg/μl for a total of 10 μg dsRNA per beetle.
Treatments were administered individually by pipetting the 4 μl into the end of a
0.2 mL microcentrifuge tube, using soft forceps to place the adult beetle head first into
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the tube until the head was completely submerged up to the pronotum in the droplet of
treatment (Wallace and Rieske in review). To ensure that beetles remained in contact
with the solution, a tightly rolled Kimwipe was placed immediately behind the beetle
within the tube. Beetles were left with head submerged in treatment in a humidity
chamber and checked periodically. After 3 h, beetles were removed from the tubes and
placed by treatment into petri dishes (50 mm x 15 mm) that contained Kimwipes
moistened with ~5 sprays of deionized water and sealed with Parafilm. After 24 h
following dsRNA exposure, a subset of beetles (N = 3 per treatment per replicate) was
collected for gene expression analysis. Moisture was maintained by spraying Kimwipes
with deionized water and re-sealing with Parafilm daily, and dishes were kept oriented
vertically in 14:10 L:D photoperiod at 23˚C for the duration of the assay. Survival was
evaluated daily until all beetles in all treatments had died (~13 d).
Red-headed pine sawfly (Neodiprion lecontei)
Field collected early instar red-headed pine sawfly larvae were obtained from
infested loblolly pine from Alachua Co. FL, USA and reared in clear plastic containers
(~2 L in volume) at 23˚C and approximately 70% humidity (Harper et al. 2016). Larvae
were provided Virginia pine (P. virginiana) needles ad libitum and reared until the third
instar, which was determined by head capsule width (Wilson 1991). Third instars were
collected for use in assays (N = 12 per treatment per replicate) and starved for 12 hours
prior to dsRNA treatment. Treatments were prepared at a concentration of 2 μg/μl of
dsRNA (SPB-specific dsSHI, dsHSP, or dsIAP, or negative control dsGFP) with 0.5%
blue dye and 5% sucrose solution and administered as 5 μl dsRNA solution per larva. A
sucrose negative control was also prepared as 5% sucrose and 0.5% blue dye and
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administered as 5 μl of solution per larva. Finally, a positive control of 1% potassium
arsenate with 0.5% blue dye was also prepared and administered as 5 μl of solution per
larva in that treatment.
Treatments were administered in a droplet assay (adapted from Pampolini and
Rieske 2020) in which a 5 μl droplet of treatment was pipetted onto a 6.5 cm2 of Parafilm
placed in a petri dish (90 mm x 15 mm) and an individual larva was placed in the petri
dish and moved toward the droplet using a fine-tipped paintbrush. Once larvae were
maneuvered until their mouthparts were in contact with the aqueous treatment droplet,
larvae remained at the droplet until it was entirely consumed (~1-4 minutes). Any larvae
that strayed from the droplet before finishing were redirected back to the droplet with the
paintbrush until the treatment was consumed. The blue dye in the treatments provided
visual confirmation of the ingestion of the treatments as blue coloration could be seen
faintly in the alimentary canal of these soft-bodied larvae. Following treatment, larvae
were placed in individual plastic cups (11.7 cm height, 9.2 cm diameter) with folded
paper towel lining the bottom and Virginia pine needles as food. Larvae were maintained
in a growth chamber at 23˚C and ~70% humidity with a 18:6 L:D cycle and monitored
for survival daily. A subset of larvae (N = 4 per treatment per replicate) were weighed
daily to assess larval growth until pupation through calculating relative growth rate
(𝑅𝐺𝑅

/

; where M = mass; t = time) (McEwan et al., 2009).

Pine foliage was replenished as needed and containers were cleaned and paper
towels replaced every other day. Upon pupation, containers were monitored daily to
assess larvae that successfully pupated and emerged as adults.
Eastern subterranean termite (Reticulitermes flavipes)
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Eastern subterranean termite workers collected from Wolfe Co., KY, USA were
maintained in petri dishes (90 mm x 15 mm) with moistened filter paper then starved for
24 hours prior to use in feeding assays. To prepare assays, autoclaved filter paper discs
(35 mm diameter) were oven-dried for 2 h and weighed individually to record initial dry
weight. Filter paper discs were placed in the bottom of petri dishes (35 mm x 12 mm) and
treated with SPB-specific dsRNAs (dsSHI, dsHSP, and dsIAP), a negative control
(dsGFP), and a positive control of potassium arsenate at 0.1% concentration (Pampolini
and Rieske 2020). Treatments consisted of 20 μl of dsRNA at a concentration of 5 μg/μl
pipetted evenly across the filter paper discs, followed by 50 μl of nuclease-free H2O with
0.5% blue dye (Zhou et al. 2008).
Starved workers were divided into treatment groups using individuals of similar
size and condition and placed in petri dishes containing dsRNA-treated or control filter
paper and sealed with Parafilm. There were 18 termites from a common colony per dish
and 7 dishes per treatment, for a total of N = 126 workers per treatment per replicate.
Assays were maintained in total darkness at ~23˚C. Mortality was evaluated daily and
dead individuals were removed. After 3 days of dsRNA exposure, a subset of termites (N
= 5 per treatment per replicate) was collected for later gene expression analysis. Water
with 0.5% blue dye was added and dishes re-sealed approximately every 3 days to
maintain humidity. After 28 days assays were terminated. Treated filter paper discs from
each assay were removed, oven-dried for 2 hours and weighed; filter paper weight loss
was used to calculate filter paper disc consumption (%).
Gene expression analyses
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Gene expression analysis was conducted for I. calligraphus and R. flavipes based
on previous gene expression work accomplished with these species (Wallace and Rieske
in review; Zhou et al. 2008; Tarver et al. 2010). A subset of insects (N = 9 per treatment)
were analyzed for relative gene expression using RT-qPCR. RNA was extracted
following 24 h (for Ips) or 72 h (for termites) of SPB-specific dsRNA exposure and was
then used to produce cDNA for each sample. Three replicates of each sample were used,
and samples were assessed based on the mean Cq value. These values were normalized
using published reference genes, allowing relative gene expression to be assessed with
the 2-ΔΔCt method outlined in Livak and Schmittgen (2001). The genes were analyzed
based on published sequences demonstrated to provide effective RT-qPCR primer
sequences for the insect evaluated (Table 5).
Bioinformatic analyses
Published sequences on NCBI were utilized to assess potential nucleotide overlap
between the SPB-specific dsRNAs and available gene sequences of two of the pineassociated insects, N. lecontei and R. flavipes, as no sequence information was available
for I. calligraphus. For each gene targeted by the SPB-specific dsRNAs, orthologs in the
sawfly and termite were evaluated for potential alignments using the nucleotide BLAST
(BLASTn) function from NCBI, using SPB complete coding sequences (cds) for each
gene as the query in the alignment tool. Alignments were assessed for number of
independent sequence matches. A conservative nucleotide match threshold (Chen et al.
2021), requiring an exact match of ≥16 nucleotides or 1-2 mismatches in a ≥26
nucleotide sequence, was used. Number of independent matches exceeding the thresholds
proposed in Chen et al. (2021) was calculated for each gene for the termite and sawfly,
44

with matches characterized as an exact match of ≥16 nucleotides noted as “Exact match”
and those having a slight mismatch in a ≥26 nucleotide sequence noted as “Near exact
match”. Complete coding sequences (cds) were only available for our termite
bioinformatic analysis, so predicted sequences based on annotations from genes of
closely related species were substituted for use in our analysis of the red-headed pine
sawfly. Where no alignments could be generated between the SPB gene sequence and the
nontarget insects’ sequence, data were reported as “not available” in the results.

Statistical analyses
Statistical analyses were performed using the R statistical software (RStudio
version 1.4.1106). Survival data of Ips were analyzed as a linear regression and assessed
for homogeneity of variances using Levene’s Test and for normality using the ShapiroWilk Test. Data meeting the requirements (p > 0.05) for these tests were assessed using a
two-tailed analysis of variance (ANOVA) and any significant predictors were further
evaluated with Student’s t-tests. Data not meeting the assumptions required for an
ANOVA were assessed using the nonparametric Kruskal-Wallis Test, and significant
results further analyzed with a Wilcoxon Rank Sum Test. For survival data of sawflies
and termites, logistic regressions were performed using generalized linear models
assuming binomial distributions and evaluated with χ2 tests to identify significant
differences among treatments, replicates, or interactions between treatments and
replicates. Tukey’s Least Significant Difference post hoc test was then used to identify
the significant predictor. Sawfly larval weight gain, calculated as the relative growth rate
(RGR), and termite food consumption were assessed for homogeneity of variances and
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for normality before using a two-tailed ANOVA. Relative gene expression analyzed for a
subset of insects from each bioassay was calculated using the 2-ΔΔCt method (Livak and
Schmittgen, 2001) and evaluated for differences in relative expression with a two-tailed
Student’s t-test comparing means between each gene of interest and the negative control,
dsGFP.
Results
Bioinformatic results
Results from NCBI’s nucleotide BLAST function demonstrate that, for N.
lecontei, no matches occurred for the SPB gene iap and minimal independent matches
occurred for the SPB genes shi and hsp when evaluated with the conservative threshold
outlined by Chen et al. (2021). Of the available sequence for R. flavipes, there are no
matches with the SPB-specific genes targeted; no potential alignments were available
with SPB-specific genes shi and hsp and R. flavipes, so no matches could be assessed for
these two genes. No data was available on NCBI for I. calligraphus, so no matches could
be evaluated (Table 6).
Six-spined ips (I. calligraphus)
Lethal effects – Adult survival
Adult beetles exposed to SPB-specific dsRNAs were evaluated for survival until
all beetles from all treatments had died (13 d). Statistical analyses revealed no difference
in survival between the dsRNA treatments and the negative control (𝜒

,

0.45), and only the positive chemical control caused significant mortality (𝜒

= 2.65, P =
,

=

39.71, P <0.001), demonstrating that beetles were ingesting the treatments (Figure 12).
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Gene expression
Relative gene expression, normalized with reference genes 16s rRNA and 28s
rRNA (Wallace and Rieske in review), demonstrated no significant difference in relative
expression of shi (P = 0.08) when compared to the negative dsRNA control (dsGFP) in
adult Ips beetles exposed to SPB-specific dsRNAs (Figure 13). This corroborated results
of the bioassay, suggesting that, although closely related phylogenetically to the target,
this co-occuring bark beetle experiences no effects from SPB-specific dsRNAs.
Red-headed pine sawfly (N. lecontei)
Lethal effects – Larval survival
For third instar sawfly larvae exposed to SPB-specific dsRNAs, survival to
pupation (~9 d) was >75% for SPB-specific treatments and both the dsRNA and sucrose
negative controls, and no difference was found among these treatments (𝜒

,

= 4.43, P

= 0.35). The positive chemical control showed significant reduction in survival (𝜒

,

= 34.81, P < 0.001), with no larvae reaching pupation (Figure 14).
Sublethal effects – Larval growth
Larval growth of sawflies, as evaluated by relative growth rate on a subset of
insects from all treatments, exhibited a RGR of ~6% per day during their fourth instar,
which lasted 4-7 days. There is no difference in RGR among the SPB-specific dsRNAs
and the negative control (dsGFP) (P = 0.73) (Figure 15), and because no larvae from the
positive control treatment survived through the fourth instar, no RGR was calculated for
this treatment.
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Eastern subterranean termite (R. flavipes)
Lethal effects – Termite worker survival
Termite workers exposed to the SPB-specific dsRNAs were assessed for 28 days,
with >80% survival for all treatments excluding the positive control (Figure 16). SPBspecific dsRNA treatments were not significantly different from the negative control
(𝜒

,

= 3.21, P = 0.36), but the potassium arsenate positive control caused rapid and

significant mortality (𝜒

,

, P < 0.001), with no workers surviving to termination of

the assay (28 d).
Sublethal effects – Consumption
Termite workers exposed to SPB-specific dsRNAs or the negative control
consumed ~17% of the treated filter paper discs by weight over the course of the 28 day
assay, with no difference between dsGFP and the SPB-specific dsRNAs (𝐹 ,

= 2.12; P

= 0.11). However, consumption of the potassium arsenate positive control was
significantly lower than the negative control and SPB-specific dsRNAs (𝐹 ,

= 12.05; P

< 0.001), with only ~0.5% of treated filter paper consumed over the assay (Figure 17).
Gene expression
There was no significant difference in relative expression of hsp (P = 0.44) and
iap (P = 0.35) in termite workers exposed to SPB-specific dsRNAs for 3 days (Figure
18), when normalized with reference genes β-act and NADH-dh (Zhou et al. 2008). As
our bioinformatic analysis found no sequences similar to the SPB-specific sequences
when evaluated against our model decomposer, the lack of gene silencing corroborates
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this finding and further demonstrates no effects of the SPB-specific dsRNAs on the
eastern subterranean termite.
Discussion
While forests are often resilient to small-scale disturbances or occasional extreme
environmental events (Ibáñez et al. 2019), the increasing number of forest pests and
pathogens that are causing devastating large-scale losses to forest structure and function
highlights the need for additional forest management tools. Coniferous forests of the
southeastern United States generate not only timber revenue and recreational value (Pye
et al. 2011), but impact wildlife biodiversity, hydrological functioning, and act as a
crucial carbon sink (Tchakerian and Coulson 2011). Outbreaks of the southern pine
beetle however cause widespread pine losses over increasingly larger geographic scales,
creating significant disturbances that disrupt the economic and ecological function of
these forests. Innovative approaches for SPB management that complement current
management strategies are essential for preserving southern forests in a changing climate
(Dobor et al. 2018). RNA interference offers a management tool that is both highly
effective and, due to the high sequence specificity needed to activate this pathway, highly
selective against the target pest. Previous research has already demonstrated the efficacy
of orally-ingested dsRNAs in SPB in laboratory bioassays (Kyre et al. 2019), and
confirmed its specificity through a lack of nontarget effects on model nontarget insects
(Hollowell and Rieske in review) representing key functional guilds, as recommended by
the US Environmental Protection Agency (2013). Model nontarget research offers a
broad risk assessment analysis investigating the potential effects of this emerging
technology (Lundgren and Duan 2013), and expanding this evaluation of effects to
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insects that could encounter these treatments in pine ecosystems offers an additional
pragmatic analysis to the body of research assessing environmental risk.
Here I demonstrate the specificity of dsRNAs targeting the southern pine beetle
genes shi, hsp and iap using pine-associated insects that occur within the geographic
range of SPB. The insects selected represent species in three different orders that cooccur with SPB in southern pine forests, and serve in distinctly different functional guilds
(bark feeder, defoliator, decomposer). Notably, due to the minimum 16 nucleotide match
between dsRNAs and target mRNA necessary to trigger RNAi (Chen et al. 2021), the
most likely occurrence of nontarget effects would be in insects closely related
phylogenetically to the target; to construct the most robust analysis of pine associates, I
included I. calligraphus as it is a representative of the same subfamily as SPB
(Coleoptera: Curculionidae: Scolytinae), but not a congeneric, as some studies have
found effects in congenerics of the target (Poreddy et al. 2017; Kyre et al. 2020). While
no bioinformatic analysis could be conducted for I. calligraphus due to a lack of
published genome information, survival and gene expression data demonstrate no effects
on this closely related pine associate.
My bioinformatic analyses for the red-headed pine sawfly and eastern
subterranean termite, utilizing the conservative threshold established by Chen et al.
(2021), found minimal nucleotide sequence overlap between the nontarget insects and the
SPB-specific sequences. Bioinformatic analyses offer a generalized insight into potential
nucleotide matches that might denote nontarget effects; however they are limited in the
ability to definitively identify nontarget concerns, necessitating the use of bioassays to
demonstrate specificity in the laboratory (US Environmental Protection Agency 2013). In
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our analyses, the hsp gene in the red-headed pine sawfly exhibited the greatest sequence
match of those evaluated, but no lethal or sublethal effects were exhibited across any of
the SPB-specific dsRNA treatments. Likewise no lethal, sublethal, or gene expression
effects were observed in the eastern subterranean termite, which was corroborated by the
lack of sequence matches in the bioinformatic analysis.
While SPB-specific dsRNAs demonstrated gene knockdown and mortality in SPB
following a single exposure of 2.5 μg (unpublished data), toxicity analyses with nontarget
arthropods require dsRNA exposures that exceed the projected maximum encountered in
the environment (EFSA 2014). In my bioassays, insects were exposed to SPB-specific
dsRNAs at quantities 4 to 12 times higher than the quantity shown effective against SPB
(4 μl at 2.5 µg/µl and 5μl at 2 µg/µl for a single exposure for both the six-spined ips and
red-headed pine sawfly, respectively, and 10 μg/cm2 for three days for eastern
subterranean termites). I found no lethal, sublethal, or gene expression effects of SPBspecific dsRNAs in our pine-associated insects despite the high dosage exposure,
suggesting that quantities of these dsRNAs deployed in the environment would pose no
risk to these pine-associated insects.
My study builds on my previous evaluations of model insects by focusing on
insects that co-occur with the target pest. These pine-associated insects occupy different
functional niches within a pine ecosystem, allowing a representative risk assessment
analysis for each of these niches. The six-spined ips is most closely related
phylogenetically to SPB, occupies a similar ecological role, and consequently has the
greatest risk of nontarget effects of the pine-associated insects I evaluated. Because Ips
function primarily as secondary pests of pines in the U.S., colonizing trees that are
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already in decline or recently killed (Kopper et al. 2004), they are also likely to colonize
pines that have already undergone SPB attack. If SPB-specific dsRNAs were to be
deployed against SPB populations in these situations, Ips as secondary or co-occurring
colonizers would likely also be exposed to residual dsRNAs in the treated pines.
However, the lack of nontarget effects demonstrated here shows promise for practical
deployment of this technology, to help suppress populations of SPB while preserving the
ecological function of Ips which under endemic population levels function to cycle
nutrients from declining and dead tree material.
In a similar way, the red-headed pine sawfly as a pine defoliator could interact
with SPB-specific treatments that might be present on or in pine foliage if treatments are
administered as a foliar-spray or systemic treatment, and yet no nontarget effects were
observed in our laboratory studies of the sawfly. In addition, within the field-collected
sawflies used for these assays there was a substantial amount of parasitoid (Diptera:
Tachinidae) and hyperparasitoid (Hymenoptera: Perilampidae) emergence, though not in
high enough numbers to evaluate statistically. It is interesting to note that even after host
exposure to dsRNA treatments, the parasitoids and hyperparasitoids were able to
complete development, suggesting a lack of nontarget effects at the third and fourth
trophic levels. Clearly this remains an area for future investigations.
Finally, as a decomposer, the eastern subterranean termite could encounter
residual dsRNA treatments in downed pine debris or standing dead pines, and the lack of
nontarget effects found in my study offers confidence that this technology can be
effective against SPB while simultaneously conserving the vital function that termites
perform in tree decomposition.
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My findings demonstrate the specificity of SPB-targeted dsRNAs in selected pine
associates, supporting the efficacy of this technology while confirming its safety and
preserving the ecological roles that these pine associates fulfill (Cronin et al. 2000;
Billings and Upton 2010). The use of RNAi in other nontarget studies with emerald ash
borer and SPB has suggested no effects on biological control agents for emerald ash
borer-specific dsRNAs (Pampolini and Rieske 2020) and natural enemies for SPBspecific dsRNAs (Hollowell and Rieske in review), corroborating the compatibility of
this technology with existing management strategies and with the ecological functions
that nontarget insects serve within the natural environment.
Future research evaluating dose response in the target pest could allow fine-tuning
of the treatments necessary to elicit the desired gene knockdown and mortality to
maximize efficiency of deployment under field conditions. Environmental fate of the
dsRNAs under natural conditions must also be determined to better understand the
timescale at which treatments would need to be administered and assess the amount of
dsRNA exposure nontarget insects may encounter over that period of time. Research into
potential delivery strategies of this technology will be necessary to evaluate the feasibility
of deployment on a forest-wide scale and reduce costs. This technology could potentially
be used proactively to suppress SPB populations prior to outbreaks to reduce the
ecological and economic drawbacks of utilizing a reactive management strategy
(Christiaens et al. 2020; Fletcher et al. 2020; Kyre et al. 2020).
My findings demonstrate the safety of RNAi as a potential tool for SPB
suppression in southern pine ecosystems. This technology is effective and my results
further validate its feasibility for deployment through a lack of effects on co-occurring
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pine associates. The specificity of this technology could provide a large-scale
management option that conserves the ecological function of pine forests and their
associates while effectively suppressing pest populations. This technology can work
synchronously with current suppression techniques to help shift the dynamics of
management in a sustainable way.
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Table 4 SPB-specific target genes, dsRNA (including the T7 polymerase promoter
sequence, bolded) and RT-qPCR primer sequences.
Gene

Primer

Primer Sequence (5' to 3')

shi - shibire

dsRNA-SHI F

TAATACGACTCACTAT
AGGGAGTTCGCCGTTG
ATGAAATC
TAATACGACTCACTAT
AGGGTCGAGCAGGGCT
TTATGTCT
TAGATCGGTGTCAGTTC
CCC
GCGAGCGCGTTTTCTAT
TAC
TAATACGACTCACTAT
AGGGACACGCACACTC
GTTCTCAC
TAATACGACTCACTAT
AGGGTACGCGTACTCG
CTGAAGAA
TGCAGCAACTGGTCAAA
GA
TCTTTGGTCATGGGACG
TT
TAATACGACTCACTAT
AGGGTTTCGTTTGATGC
TCGACTG
TAATACGACTCACTAT
AGGGTCTTCGCCTGTCC
TGTCTTT
GTCCCGCTCATCCAGAT
AAA
TTTTGCCTCTTTCGCACT
TT

dsRNA-SHI R
qRNA-SHI F
qRNA-SHI R
hsp- heat
shock protein

dsRNA-HSP F
dsRNA-HSP R
qRNA-HSP F
qRNA-HSP R

iap - inhibitor dsRNA-IAP F
of apoptosis
dsRNA-IAP R
qRNA-IAP F
qRNA-IAP R
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Amplicon Size (bp)
370

86

351

139

379

109

Table 5 RT-qPCR primer sequences used for gene expression analysis of pine-associated
insects.
NTO
Gene
Primer Sequence (5' to 3')
Reference
Ips
F - GTCACATTGCTGACCGTTTG
Wallace and
shi
Rieske, in review
R - AGCAGTTGCTTTTGGAGCTT
F - CAAACCTTTCATTCCAGCTTTC
Wallace and
16s rRNA
Rieske,
in review
R - AAAATACTGCGGCCGTTAAA
F - TCGACCTCTGGTGACTGTTG
Wallace and
28s rRNA
Rieske, in review
R - ACTTTCAGGACCCGTCTTGA
Termite
F - AGAACCAAGTGGCCATGAAC
Tarver et al.,
hsp
2010
R - CCAATGCTTCATGTCTGCC
F - CGTACATGTGTGAGCAGGTG
Tarver et al.,
iap
2010
R - ATCACCATCAGGTGGCAGAG
F - AGAGGGAAATCGTGCGTGAC
B-act
Zhou et al., 2008
R - CAATAGTGATGACCTGGCCGT
F - GCTGGGGGTGTTATTCATTCCTA
NADH-dh
Zhou et al., 2008
R - GGCATACCACAAAGAGCAAAA

Table 6 Number of independent coding sequence (cds) matches of SPB-targeted genes to
pine-associate nontarget sequences
Nontarget insect
Ips

Sawfly

Termite

SPB gene Data source
shi
not available
hsp
not available
iap
not available
shi
predicted
hsp
predicted
iap
predicted
shi
not available
hsp
cds (Rhinoterm.)
iap
not available
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Exact matches
------0
7
0
--0
---

Near exact matches
------3
0
0
--0
---
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dsSHI
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dsHSP
dsIAP
0.5% PA

25

0
0

3

6

9

12

Days after exposure to dsRNA
Fig. 12 Beetle survival after ingestion of 10 μg of SPB-specific dsRNAs (dsSHI, dsHSP,
or dsIAP), a negative control (dsGFP), or positive control (potassium arsenate, PA, at
0.5% concentration)

Relative mRNA levels

1.2

0.9

0.6

0.3

0
dsGFP

dsSHI

Treatments
Fig. 13 Relative mRNA levels of the shi gene showed no significant difference in adult
Ips exposed to SPB-specific dsRNAs
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100

% Survival

75
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dsSHI

50

dsHSP
dsIAP

25

5% sucr
1% PA

0
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2

4

6

8

Days after exposure to dsRNA
Fig. 14 Third instar sawfly larval survival after ingestion of 5 μl of 2 μg/μl of SPBspecific dsRNAs (dsSHI, dsHSP, and dsIAP), negative dsRNA control (dsGFP), or 5 μl
of sucrose negative control or chemical positive control (1% potassium arsenate)

Relative Growth Rate (RGR)

0.08

0.06

0.04

0.02

0
dsGFP

dsSHI

dsHSP

dsIAP

Treatments
Fig. 15 Relative growth rate (RGR) of red-headed pine sawfly larvae fed SPB-specific
dsRNAs (dsSHI, dsHSP, or dsIAP) or negative control (dsGFP). The positive control
(1% potassium arsenate) was excluded from this analysis
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Days after exposure to dsRNA

Fig. 16 Worker termite survival after ingestion of 10 μg/cm2 of SPB-specific dsRNAs
(dsSHI, dsHSP, or dsIAP), a negative control (dsGFP), or positive control (potassium
arsenate, PA, at 0.1% concentration).
25

% Consumption
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5

*
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dsGFP

dsSHI

dsHSP

dsIAP
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Treatments
Fig. 17 Consumption of filter paper evaluated as percentage of initial oven-dried weight
for treatments of SPB-specific dsRNAs (dsSHI, dsHSP, or dsIAP), negative control
(dsGFP), or positive control (potassium arsenate).
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28

Relative mRNA levels
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0.4
0.2
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dsHSP
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Relative mRNA levels
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0
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dsIAP
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Fig. 18 Relative mRNA levels of the hsp and iap genes showed no significant difference
in worker termites fed SPB-specific dsRNAs for 3 days

60

CHAPTER 4
Synthesis and Implications
While outbreaks and recent geographic range expansion of the southern pine
beetle have heightened concerns over its economic and ecological devastation, traditional
management strategies have often been inadequate. Demonstration of the efficacy of the
RNAi pathway in SPB has offered new prospects for SPB suppression (Kyre et al. 2019).
However, before deploying this technology, investigations into delivery and nontarget
effects are essential. Through the research presented in Chapters 2 and 3, I demonstrated
a lack of lethal, sublethal, or gene expression effects on selected model and pineassociated nontarget insects. My models represent three different functional guilds of
economic or ecological importance, and offer a broad examination of potential effects.
Demonstration of the lack of effects in model insects is required prior to
commercialization (US Environmental Protection Agency 2013; 2014). In addition, a
pragmatic approach investigating pine-associated nontarget insects also demonstrates a
lack of effects in insects that co-occur with SPB. All three were selected based on their
potential exposure to dsRNA treatments were dsRNAs to be deployed to manage SPB. Of
these three pine-associates, a co-occurring member of the bark beetle guild, I.
calligraphus, is a member of the same subfamily as SPB (Coleoptera: Curculionidae:
Scolytinae). Despite this close relatedness and high probability of encountering SPBspecific dsRNAs, I. calligraphus demonstrated no lethal or gene expression effects.
My findings are foundational to demonstrate the specificity of the dsRNAs
developed to target SPB. The lack of nontarget effects indicates that use of RNAi for SPB
suppression may be effective against the target while still preserving the ecological
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functioning of other insects. Innovative management strategies are essential as concerns
over the changing climate emphasize the need to protect our conifer forests from SPB and
similar insect outbreaks, preserving the carbon sequestration function while
simultaneously protecting biodiversity and other benefits these forests provide.
RNAi technology also allows for adaptive selection of target genes; while shi,
hsp, and iap represent essential genes that, when targeted, induce mortality in SPB, genes
imperative for other aspects of SPB’s biology, like olfactory receptors for aggregation
and mating, could also be targeted to suppress SPB outbreaks. While essential genes may
be more highly-conserved across species and would thus have a higher probability of
nontarget effects, targeting genes more specific to the pest’s biology could further reduce
the possibility of nontarget effects. The ability to target genes responsible for various
aspects of the pest’s biology could facilitate highly specific gene knockdown that can be
tailored for particular management objectives.
Beyond the nontarget evaluations presented here, additional assessments for
closely related species may further demonstrate the specificity of these dsRNAs.
Currently a lack of genetic information for SPB’s congenerics and other genera within
the subfamily limits the ability to conduct complete bioinformatic analyses. Generation of
transcriptomic or genomic information for closely related species could provide data for
in silico analyses which could then inform future bioassays or gene expression studies to
create a more stringent analysis of specificity in closely related insects. Logistically, it is
virtually impossible to exhaustively demonstrate specificity across all possible nontarget
insects, either because of constraints in collecting or rearing adequate numbers of insects
for assays or difficulty in administering dsRNA treatments. However, further
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investigations into RNAi specificity will ensure that deployment complements current
management strategies to preserve the existing ecological functions of associated insects
within pine ecosystems. As this technology continues to develop towards deployment to
help suppress SPB, we are working towards ensuring the health of pine forests for future
generations.
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APPENDIX
Bioassay methods
Model predator – Coleomegilla maculata
Spotted lady beetle larvae were obtained commercially (Insect Lore, Shafter, CA)
for the first two replicates and reared to second instar on commercially obtained
Lepidoptera eggs (Ephestia kuehniella; Beneficial Insectary, Guelph, ON, Canada). Due
to shipping constraints, the third replicate of larvae had to be obtained by rearing
untreated adult beetles on Lepidoptera eggs and collecting egg masses to hatch and use
for the final replicate. The majority of larvae molted to second instar on approximately
the same day from shipments of larvae, and lab-reared larvae emerged from egg masses
synchronously for use in the third replicate, allowing newly emerged second instars to be
divided at random into the five treatments, including SPB-specific dsRNAs (dsSHI,
dsHSP, and dsIAP), the negative control (dsGFP), and a dsRNA positive control
(dsVATP) (Yang et al. 2015). While sequences for dsVATP were obtained from Yang et
al. (2015), evaluation of the dsRNA’s effect on C. maculata was not assessed in that
particular study. However, silencing the v-atpase gene was shown to cause significant
mortality in related lady beetle species Adalia bipunctata and Coccinella septempunctata
at concentrations of 2 μg/μl (Haller et al. 2019).
SPB-specific dsRNA and control treatments were administered at concentrations
of 2 μg/μl, with 5 μl pipetted onto small balls of autoclaved cotton (~1 mm diameter) per
larva. Larvae were placed in 0.5 ml microcentrifuge tubes with the treated cotton;
treatments were replenished daily for 3 days. Twenty-four second instar larvae were used
per treatment, for a total of N = 120 larvae per replicate for 3 replicates. Following
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dsRNA exposure, larvae were then transferred to 35 mm x 12 mm petri dishes and fed
untreated Lepidoptera eggs ad libitum. Petri dishes also contained autoclaved cotton balls
(~10 mm diameter) which were misted every third day to maintain moisture in dishes.
Assays were held at ~23˚C, 60-65% relative humidity, and 16:8 L:D. Larval mortality
was evaluated daily until pupation, and a subset (N = 6 per treatment) were weighed
following molt to third instar and again following molt to fourth instar to calculate weight
/

gain and relative growth rate (𝑅𝐺𝑅

; where M = mass; t = time) (McEwan

et al. 2009). If moisture in petri dishes caused any fungal growth on cotton balls or
Lepidoptera eggs, larvae were moved to new dishes with a fresh cotton ball and food.
Following pupation, emerging adults were sexed (Nichols and Neel 1974) and
grouped together by treatment into 90 mm x 15 mm petri dishes with Lepidoptera eggs
ad libitum, an autoclaved cotton ball to maintain moisture, and two strips of green
construction paper folded to provide oviposition substrate. Lady beetle eggs were
collected from adult dishes daily, counted, and hatch rate (%) per day was calculated.
Fecundity was expressed by calculating average hatch rate per female. The bioassay was
terminated after 100 days or when all females had died.
Model herbivore – Leptinotarsa decemlineata
Adult CPB provided from a laboratory colony, and supplemented with fieldcollected CPB from Jefferson Co. KY, USA, were reared in fine mesh insect tents
(BugDorm Ltd., Taiwan) to establish a laboratory colony. CPB were reared on untreated,
potato plants grown from organic seed potatoes in the greenhouse. Potato plants were
maintained in 16:8 L:D conditions in the greenhouse and monitored for pests weekly. On
plants where evidence of whitefly infestations or symptoms of edema were observed,
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plants were removed from the greenhouse and destroyed to prevent damaged potato
plants from being used in rearing the CPB colony. Healthy plants periodically had the
terminal bud clipped to encourage bushy growth and prevent plants from flowering. The
CPB colony was maintained for the duration of assays on greenhouse reared potato plants
to provide eggs for rearing second instar larvae for treatment.
Second instar larvae reared from this laboratory colony were weighed prior to use
in bioassays. Treatments included the SPB-specific dsRNAs (dsSHI, dsHSP, and dsIAP),
negative control dsGFP, and the dsRNA positive control dsACT, which causes
significant second instar CPB mortality (Zhu et al. 2011). The dsRNAs were prepared at
a concentration of 5 μg/μl with 2 μl administered to each CPB larva daily for three days.
To prepare feeding assays, leaf discs were cut from terminal leaves of greenhouse grown
potatos using a 12 mm diameter punch and treated with 1 μl of 0.001% Triton (SigmaAldrich Co., St. Louis, MO), spread evenly across each leaf disc with a fine-tipped
paintbrush to increase permeability of the leaf for subsequent dsRNA treatment
(Pampolini and Rieske 2020). Once Triton dried (~10 minutes), 2 μl of dsRNA solution
was administered to each leaf disc and allowed to dry before the leaf discs were placed in
individual petri dishes (50 mm x 15 mm dishes).
Second instar larvae (N = 20 per treatment per replicate for 3 replicates) of
approximately the same initial weight (5.1±0.14 mg) were placed into individual petri
dishes with a treated leaf disc. Treated leaf discs were replenished daily for the first three
days, and then replaced with untreated excised leaves thereafter. Assays were held at
23˚C at 60-65% relative humidity and 16:8 L:D. Mortality was evaluated daily until
pupation. A subset of larvae (N = 6 per treatment) was weighed immediately after

66

molting to the third instar and again following the molt to the fourth instar; weight gain
and RGR were calculated as described for the ladybeetle assay.
Following the molt to fourth instar, larvae consumed larger amounts of potato
leaves, requiring additional monitoring to replenish leaves twice daily. Dishes were also
cleaned every other day during the fourth instar as larvae were producing more waste and
required additional attention. Larvae were monitored daily until they entered the prepupal stage and ceased feeding (Wraight and Ramos 2015), at which point they were
moved to individual ~166 ml cups with autoclaved cotton layered within the cup to
provide a substrate in which to pupate. Moisture was maintained by misting the cotton
lightly with distilled water every other day and cups were maintained in complete
darkness throughout pupation. Adult emergence was assessed daily and the bioassay
concluded when adult emergence ceased (~35 days following initiation of bioassay), and
any remaining larvae or pupae were considered nonviable (~4-7 per treatment per
replicate) and were treated as such in the statistical analyses.
Model pollinator – Apis mellifera
Newly emerged (< 24 h) adult European honey bees were collected directly from
hive frames (Fayette Co. KY, USA) for use in assays (Tan et al. 2016) using a soft brush
or manually transferring bees to dishes. In transport to the lab, bees were provided with
untreated 50% sucrose solution in dishes and once reaching the lab, bees were transferred
to assay dishes and then given dsRNA treatment solutions. Assay dishes consisted of 100
mm x 20 mm petri dishes with a 1 cm diameter access hole in the side to administer the
treatments and feed the bees, and with several ventilation holes in the lid (Pampolini and
Rieske 2020). Treatments were administered from a modified 1.5 ml microcentrifuge
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tube containing 3 small holes near the tip, inserted through the hole in the side of the petri
dish (Vélez et al. 2016).
Treatments included the SPB-specific dsRNAs (dsSHI, dsHSP, and dsIAP), the
negative control (dsGFP), and a chemical positive control (0.5% potassium arsenate). For
modified microcentrifuge tubes containing the SPB-specific dsRNAs, 100 μg of dsRNA
was added as 50 μl of treatment at a concentration of 10 μg/μl. Additionally 500 μl of
50% sucrose solution was added to each tube. For the positive control, 50 μl of 0.5%
potassium arsenate was added to 500 μl of 50% sucrose solution per microcentrifuge
tube.
Each petri dish contained 10 adult bees, with 5 dishes per treatment per replicate
(N = 50 per treatment per replicate and 3 replicates). Dishes were placed in a growth
chamber in complete darkness at 34˚C and approximately 75% humidity. Following three
days of dsRNA exposure, all dishes were maintained on 50% sucrose solution until assay
termination. Mortality was monitored daily until all bees in all treatments had died (~30
days). Dead honey bees were removed daily and sucrose solution was replenished as
needed (approximately every 2 days).
Six-spined ips - Ips calligraphus
Infested loblolly pine logs (~15 cm diameter) collected from Alachua Co. FL,
USA were sectioned into ~60 cm lengths and placed in rearing bins (70 cm height, 56 cm
diameter) maintained in ~23˚C. Rearing bins included an opening at the top with an
attached clear plastic container containing a moistened Kimwipe into which beetles that
emerged from the sectioned logs congregated for daily collections. Upon emergence,
beetles were placed in petri dishes (90 mm x 15 mm) containing moistened Kimwipes
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(Kimberly-Clark, Roswell, GA, USA) and kept in humidity chambers at 23˚C in
complete darkness until use in bioassays. Adult beetles were assessed for general fitness
by flipping beetles onto their back then evaluating their ability to right themselves. Only
healthy beetles were used in assays (N = 14 per treatment per replicate) and were
assigned treatments randomly. Treatments included SPB-specific dsRNAs (dsSHI,
dsHSP, and dsIAP), a negative control (dsGFP), and a positive control of potassium
arsenate (0.5% concentration); all treatments included 0.5% blue dye to allow for
visualization of treatment uptake during the feeding process. Each beetle received 4 μl of
treatment at a concentration of 2.5 μg/μl for a total of 10 μg dsRNA per beetle.
Treatments were administered individually by pipetting the 4 μl into the tip of a
0.2 mL microcentrifuge tube, using soft forceps to place the adult beetle head first into
the tube until the head was completely submerged up to the pronotum in the droplet of
treatment (Wallace and Rieske in review). To ensure that beetles remained in contact
with the solution, a tightly rolled Kimwipe was placed immediately behind the beetle
within the tube so that beetles could not back out of the droplet. Beetles were left with
head submerged in treatment in a humidity chamber and checked periodically.
After 3 h, beetles were removed from the tubes and placed by treatment into petri
dishes (50 mm x 15 mm) that contained Kimwipes moistened with ~5 sprays of deionized
water and sealed with Parafilm. After 24 h following dsRNA exposure, a subset of
beetles (N = 3 per treatment per replicate) was collected for gene expression analysis.
Moisture was maintained by spraying Kimwipes with deionized water and re-sealing with
Parafilm daily, and dishes were kept oriented vertically in 14:10 L:D photoperiod at 23˚C
for the duration of the assay. Any evidence of fungal growth on Kimwipes prompted
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moving the beetles to a new dish with fresh moistened Kimwipes to prevent fungal
pathogens from affecting the assay. Survival was evaluated daily until all beetles in all
treatments had died (~13 d).
Red-headed pine sawfly - Neodiprion lecontei
Infested loblolly pine branches from Alachua Co. FL, USA were transported to
the laboratory and placed in clear plastic containers (~2 L in volume) at 23˚C and
approximately 70% humidity (Harper et al. 2016). Containers included paper towels
covering the bottom of the contained and were topped by a fine mesh to maintain airflow.
Early instar red-headed pine sawfly larvae were reared on Virginia pine (P. virginiana)
needles ad libitum and until the third instar, which was determined by head capsule width
(Wilson 1991). Third instars were collected for use in assays (N = 12 per treatment per
replicate) and starved for 12 hours prior to dsRNA treatment. Treatments were prepared
at a concentration of 2 μg/μl of dsRNA (SPB-specific dsSHI, dsHSP, or dsIAP, or
negative control dsGFP) with 0.5% blue dye and 5% sucrose solution and administered as
5 μl dsRNA solution per larva. A sucrose negative control was also prepared as 5%
sucrose and 0.5% blue dye and administered as 5 μl of solution per larva. Finally, a
positive control of 1% potassium arsenate with 0.5% blue dye was also prepared and
administered as 5 μl of solution per larva in that treatment.
Treatments were administered in a droplet assay (adapted from Pampolini and
Rieske 2020) in which a 5 μl droplet of treatment was pipetted onto a 6.5 cm2 of Parafilm
placed in a petri dish (90 mm x 15 mm) and an individual larva was placed in the petri
dish and moved toward the droplet using a fine-tipped paintbrush. To prevent sawflies
from performing their defensive response of rearing back their heads and regurgitating
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stored pine sap, the paintbrush was only used to guide larvae and not move them directly
toward the droplet. Once larvae were maneuvered until their mouthparts were in contact
with the aqueous treatment droplet, larvae remained at the droplet until it was entirely
consumed (~1-4 minutes). Any larvae that strayed from the droplet before finishing were
redirected back to the droplet with the paintbrush until the treatment was consumed. The
blue dye in the treatments provided visual confirmation of the ingestion of the treatments
as blue coloration could be seen faintly in the alimentary canal of these soft-bodied
larvae. Following treatment, larvae were placed in individual plastic cups (11.7 cm
height, 9.2 cm diameter) with folded paper towel lining the bottom and Virginia pine
needles as food. Cups were covered by coffee filters attached by rubber bands to seal the
opening, and filters were misted every other day to maintain moisture.
Larvae were maintained in a growth chamber at 23˚C and ~70% humidity with a
18:6 L:D cycle and monitored for survival daily until pupation. A subset of larvae (N = 4
per treatment per replicate) were weighed daily to assess larval growth between the
fourth and fifth instars to calculate relative growth rate (𝑅𝐺𝑅

/

; where M =

mass; t = time) (McEwan et al., 2009). Pine foliage was replenished as needed and
containers were cleaned and paper towels replaced every other day. Upon pupation,
containers were monitored daily to assess larvae that successfully pupated and emerged
as adults.
Eastern subterranean termite - Reticulitermes flavipes
Eastern subterranean termite workers collected from Wolfe Co., KY, USA were
maintained in petri dishes (90 mm x 15 mm) with moistened filter paper in complete
darkness until use in the assays. Workers were starved for 24 hours prior to treatment. To
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prepare assays, autoclaved filter paper discs (35 mm diameter) were oven-dried for 2 h
and weighed individually to record initial dry weight. Filter paper discs were placed in
the bottom of petri dishes (35 mm x 12 mm) and treated with SPB-specific dsRNAs
(dsSHI, dsHSP, and dsIAP), a negative control (dsGFP), or a positive control of
potassium arsenate at 0.1% concentration (Pampolini and Rieske 2020). This
concentration of potassium arsenate was shown to cause mortality in termites while not
preventing them from feeding; higher concentrations seemed to deter the workers from
even feeding on the filter papers. Treatments consisted of 20 μl of dsRNA at a
concentration of 5 μg/μl pipetted evenly across the filter paper discs, followed by 50 μl of
nuclease-free H2O with 0.5% blue dye (Zhou et al. 2008).
Starved workers were divided into treatment groups using individuals of similar
size and condition and placed in petri dishes containing dsRNA-treated or control filter
paper and sealed with Parafilm. There were 18 termites from a common colony per dish
and 7 dishes per treatment, for a total of N = 126 workers per treatment per replicate.
Assays were maintained in total darkness at ~23˚C. Mortality was evaluated daily and
dead individuals were removed. After 3 days of dsRNA exposure, a subset of termites (N
= 5 per treatment per replicate) was collected for later gene expression analysis. Water
with 0.5% blue dye was added and dishes re-sealed approximately every 3 days to
maintain humidity. After 28 days assays were terminated. Treated filter paper discs from
each assay were removed, any visible frass brushed from the surface with a fine-tipped
paintbrush, and oven-dried for 2 hours and weighed; filter paper weight loss was used to
calculate filter paper disc consumption (%) controlled for number of termites per dish.
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