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Abstract

The cigarette beetle (CB; Lasioderma serricorne) is a pest
on many stored products including tobacco. Fumigation is
the common control method currently used. However,
the options for controlling this pest are limited, due to
resistance issues and phasing out of currently used che-
mical insecticides. Here, we evaluated RNA interference
(RNAI) as a potential method for controlling the CB. RNA
isolated from different stages was sequenced and as-
sembled into a transcriptome. The CB RNA sequences
showed the highest homology with those in the red flour
beetle, Tribolium castaneum. Orthologs of proteins known
to function in RNAIi pathway were identified in the CB
transcriptome, suggesting that RNAi may work well in
this insect. Also, 3?P-labeled double-stranded RNA
(dsRNA) injected into CB larvae and adults was pro-
cessed to small interference RNAs. We selected 12 genes
that were shown to be the effective RNAi targets in
T. castaneum and other insects and identified orthologs of
them in the CB by searching its transcriptome. Injection
of dsRNA targeting genes coding for GAWKY, Kinesin,
Sec23, SNF7, and 26S proteasome subunit 6B into the CB
larvae caused 100% mortality. Feeding dsRNA targeting
SNF7 and 26S proteasome subunit 6B by sucrose droplet
assay induced more than 90% mortality, which is
1.8 times higher than the mortality induced by dsGFP
control (53%). These data demonstrate an efficient RNAI
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response in CB, suggesting that RNAI could be developed

as an efficient method to control this pest.
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1 | INTRODUCTION

The cigarette beetle (CB; Lasioderma serricorne) is a cosmopolitan stored product pest with considerable economic
importance in tropical to temperate climate regions (USDA, 1962). The CB is a major pest on stored and processed
tobacco (Runner, 1919), but it is ubiquitous due to a wide host range feeding on materials of both plant and animal
origin (Hagstrum, Klejdysz, Subramanyam, & Nawrot, 2013). The CB can complete its life cycle feeding on tobacco
alone, which is mostly attributed to CB becoming an important pest of tobacco. The larval feeding causes most of
the damage (USDA, 1962). Adult feeding is limited, but it cuts holes in wrappers and packaging to enter or escape
packaged commodities (Howe, 1965; Jones, 1913). Excreta, dead beetles, and other waste products cause loss of
quality in stored tobacco (Powell, 1931; USDA, 1962). The damage and economic loss that occur by CB infestation
in the tobacco industry are estimated to be about 0.7-1% of the total warehoused tobacco commodity (Farnham,
Flora, Ingram, & Faustini, 2007; USDA, 1962). Fumigation is the most widely used method to control CB, and other
stored product pests. Phosphine is the most popular fumigation agent, which can control all life stages of insects in
most types of packaging, with minimal residue issues. However, lack of practical alternatives and repetitive
use led storage pests including CB to evolve resistance to phosphine (Jagadeesan, Collins, Daglish, Ebert, &
Schlipalius, 2012; Rajendran & Narasimhan, 1994; Saglam, Edde, & Phillips, 2015; Zettler, 1994). Therefore, there is
an urgent need to develop novel methods to control this pest.

RNA interference (RNAI) is a posttranscriptional gene silencing method that provides an alternative strategy
to control CB. Introduction of double-stranded RNA (dsRNA) into the cell initiates RNAI. In the cytoplasm, dicer
protein works with other partners to process long dsRNA into 19-21bp small interference RNA (siRNA). siRNA is
incorporated into a group of proteins called RNA-induced silencing complex (RISC). Argonautesare the key
proteins in this complex, which executes targeted cleavage of messenger RNA (mRNA) with a complementary
sequence. Largely, RNAI functions in endogenous gene regulation (Reinhart et al., 2000), a defense mechanism
against virus and parasitic RNA (Li & Ding, 2005), and suppression of transposable elements (Buchon &
Vaury, 2006). When dsRNA targeting the endogenous gene is administered by injection or feeding, the
introduced dsRNA triggers RNAI resulting in knockdown of the target gene. If the target gene is essential for
survival, the knockdown of the target gene results in its death. RNAi mechanisms are well conserved
in eukaryotes (Shabalina & Koonin, 2008). Since its discovery in the nematode, Caenorhabditis elegans
(Fire et al., 1998), RNAI response has been detected in plants and animals including insects. RNAi applications in
both human and plant health are being pursued. RNAi works very efficiently in coleopteran insects (beetles).
Many beetles are highly responsive to both injection and feeding dsRNA (Baum et al., 2007; Palli, 2014; Zhu &
Palli, 2020; F. Zhu, Xu, Palli, Ferguson, & Palli, 2011). Commercial product for control of western corn rootworm
is already registered (Head et al., 2017). As many stored product pests including CB are in the insect order
Coleoptera, RNAI is a promising method for their control.

The objective of this study is to find target genes for RNAi-mediated control of CB. As there are no publicly
available CB sequence data, we performed RNA sequencing and assembled transcriptome. To select target genes,
we identified CB orthologs of 12 genes that are shown to be effective RNAI targets in Tribolium castaneum (Ulrich
et al, 2015). We synthesized dsRNA for each target gene and evaluated them in CB larvae. Two genes were

selected for sucrose droplet dsRNA feeding assay in neonates. Feeding dsRNA showed significant mortality in
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neonates. Our data suggest that like other coleopteran insects, RNAi works efficiently in CB. When coupled with an

efficient delivery method, RNAIi can be a powerful tool to control this stored product pest.

2 | EXPERIMENTAL PROCEDURES
2.1 | Insect rearing

Cultures of CB were obtained from Dr. Peter Edde, Altria Corporation. The CB were maintained at 30 + 2°C,
40 + 10% relative humidity with a 16:8 hr (L:D) photoperiod, with a diet containing organic wheat flour mixed with
5% dried baker's yeast. Beetles were also maintained on dried tobacco powder for long-term culture.

2.2 | RNA sequencing and analysis

Total RNA was isolated from eggs, mixed larvae, pupae, male and female adults using TRI reagent (Molecular
Research Center Inc., Cincinnati, OH). The complementary DNA (cDNA) libraries were prepared and sequenced
using Illumina HiSeq 3000/4000 at the Duke University Sequencing Facility as described previously (Roy, George, &
Palli, 2018). Following quality control (demultiplexing, trimming, adapter removal), the sequences were assembled
and analyzed in CLC Genomic Workbench (version 9.5.9; Qiagen Bioinformatics, Valencia, CA). RNA-Seq data from
CB were assembled using Trinity Transcriptome Assembler (Grabherr et al, 2011; Haas et al, 2013). The
assembled transcriptome was checked for completeness using BUSCO analysis. Following BUSCO analysis, a local
blast of the entire transcriptome was performed using the nonredundant protein database from NCBI. The local

blast output was then imported to Blast2GO software for statistical analysis of blast hits (Gotz et al., 2008).

2.3 | 32p-labeled dsRNA experiments

32p_|abeled dsRNA was synthesized as described previously (Shukla et al., 2016). For dsRNA processing experi-
ments, 0.14 million CPM (count per million) of 32p_|abeled dsRNA was injected into each last instar larva or adult.
Injected insects were incubated in 25°C for 2 days, and total RNA was extracted. RNA (2,000CPM) was resolved in
8M urea-16% polyacrylamide gels. The gels were dried and exposed overnight to a phosphorimager screen, and the
screen was scanned in a phosphorlmager (Typhoon 9500; GE Healthcare Life Sciences, Pittsburgh, PA). Image)
program was used to determine relative levels of dsRNA and siRNA.

2.4 | dsRNA synthesis

Primers (Table S4) were designed to amplify fragments of target genes, based on the sequences of orthologs
identified in searching assembled CB transcriptome. Total RNA was isolated from CB using the TRI reagent
(Molecular Research Center Inc.). cDNAs were synthesized from the isolated total RNA, using M-MLV Reverse
Transcriptase (Clontech Laboratories). Polymerase chain reaction (PCR) amplifications were conducted in 20 pl
reactions containing 5 uM of each primer, 10 pl of 2x Taq premix (Promega) and 20 ng of cDNA. PCR conditions
were 95°C for 3 min, followed by 35 cycles of 95°C for 30s, 57°C for 30s, and 68°C for 1 min, finishing with an
extension step at 68°C for 5min. PCR products were purified using the QlAquick PCR purification kit (Qiagen). The
purified PCR products were used as templates to synthesize dsRNAs using Megascript T7 RNA synthesis kit (Life
Technologies, Carlsbad, CA).
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2.5 | dsRNA injection bioassay

Two hundred nanograms of dsRNA in 200nl volume was injected into each final instar larva. Injected larvae were
placed individually in each well of 96-well plates, provided with wheat flour mixed with 5% dried baker's yeast.
Injected larvae were incubated in at 30+ 2°C, 40+ 1% relative humidity with a 16:8 hr (L:D) photoperiod, and

mortality was recorded until adult emergence.

2.6 | Droplet feeding bioassay

Neonates (newly hatched, first instar larvae) were collected and placed in 60 x 15 mm Petri dish, provided with 0.5%
sugar drop solution containing 2 pg/ul dsRNA. Sugar drop solution containing dsRNA was replenished every 2 days.
Sterilized water was added in between to avoid drying of the droplet. Mortality was recorded for up to 20 days.

2.7 | Quantitative reverse-transcription polymerase chain reaction (RT-qPCR)

One pg of total RNA was used to synthesize cDNA using M-MLV Reverse Transcriptase. The cDNA was used for
determining mRNA levels of the target gene using RT-qPCR. Briefly, 10 ul reaction containing 2 ul of diluted (5x)
cDNA, 0.2 ul of each primer (10 uM; Table S5), 5 ul of the SYBR Green PCR Master Mix, and 2.6 ul of ddH,O was
assembled. StepOnePlus Real-Time PCR system (Life Technologies) was used to run the reactions, using the
following cycling conditions: one cycle at 95°C (20s), followed by 40 cycles of denaturation at 95°C (3s), annealing
and extension at 57°C for 30s. At the end of each RT-qPCR reaction, a melt curve was generated to confirm a single
peak and rule out the possibility of primer dimer and nonspecific product formation. The translation elongation
factor (EF1a) was used as a reference gene, and 2724¢t method was used to calculate the relative mRNA levels of

the target gene in dsRNA-treated samples compared with controls.

2.8 | Statistical analysis

A one-tailed t test was used for statistical analysis to compare the means of a single variable. F test with « value of

.05 was used for determining equal variance among the treatment.

3 | RESULTS
3.1 | RNA sequencing, transcriptome assembly, and analysis

Both total RNA and poly(A) RNA isolated from mixed life stages of CB were sequenced. For each sample
30-40 billion base pairs data were collected, with Q30 of more than 91.46 (Table S1), indicating that the quality of
both samples are sufficient for further analysis. Sequences from total RNA and poly(A) RNA were assembled into
transcriptome. N50 value shows more than half of the contigs are longer than 2,43%9bp (Table S2). The com-
pleteness of the transcriptome analyzed by BUSCO assessment showed 86% complete contigs (Figure S1). When
blasted with Arthropoda database, CB transcripts showed the highest homology with T. castaneum sequence (26%),
followed by six other coleopteran insects (Figure S2). In the fungal database, Clostridium showed the highest match
hits (59%) followed by Eubacterium (22%) and Caedibacter (5%; Figure S3). In the bacterial database, Candida
showed the highest match hits (94%), followed by Kloechera (5%), and Arthroderma (1%; Figure S4). The function of
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CB sequences was annotated by using Gene Ontology (GO) assignments. In each of the three main categories
including biological process, molecular function, and cellular component and of the GO classification, “cellular
process,” “binding,” and “cell” terms are most dominant, respectively (Figure S5). Orthologs of genes coding for
proteins known to be involved in RNAi pathway were identified in the CB transcriptome. Core siRNA pathway
genes including Argonautes, Dicers, and Loquacious and others coding for auxiliary RISC-associated or regulatory
factors and dsRNA transport were identified (Table S3). These data suggest CB contains genes coding for com-
ponents for RNAi pathway and RNAi may work well in this insect.

3.2 | Processing of 3?P-labeled dsRNA

Initial steps of RNAI include entry of dsRNA into cell cytoplasm and processing of dsRNA into siRNA. Therefore,
processing of dsRNA to siRNA could provide a quick assessment on whether or not RNAI functions well in a test
organism. 3?P-labeled dsRNA was injected into larvae and adults, 2 days after injection, the total RNA was isolated
and analyzed by gel electrophoresis. As shown in Figure 1, both larvae and adults efficiently processed dsRNA to
siRNA. The siRNA band intensity produced by CB larvae and adults is comparable to the intensity of siRNA band
produced by Colorado potato beetle cells (Lepd-SL1), which is known for having highly effective RNAI response
(Yoon, Shukla, Gong, Mogilicherla, & Palli, 2016). These data suggest that RNAI could work efficiently in this insect.

3.3 | Screening of candidate genes by dsRNA injection

dsRNA targeting 12 candidate genes was injected into final instar larvae and the mortality was recorded. Injection
of dsRNA targeting GAWKY, Kinesin, Sec23, SNF7, and 26S proteasome subunit 6B induced 100% mortality (Figure 2).
Except for PPA2, knockdown of rest of the 11 genes induced more than 80% mortality. About 36% mortality was
observed in control insects injected with dsGFP (Figure 2). The control mortality is similar when dsRNA targeting
the luciferase gene or distilled water alone was injected (data not shown). Most of the treatment showed LT50
ranging from 12 to 15 days. dsKinesin and dsSNF7 showed the lowest LT50 (8.56 and 8.44 days, respectively),
which indicates their mortality effect started earlier in the insects injected with these dsRNAs than the other
dsRNAs tested (Table S6). After dslAP injection, 60% and 40% of total mortality was observed during pupal and
larval stage, respectively (Figure 32). In dsHsp70-injected larvae, 25% and 75% of total mortality were observed
during pupal and larval stage, respectively (Figure 3b,c). For the rest of the dsRNAs tested, more than 90% total

() L A (+)

«dsRNA

FIGURE 1 Both larvae and adults of cigarette beetle are able to process ‘

dsRNA into siRNA. 32P-labeled dsRNA (0.14 million CPM) was injected in

last instar larvae or adults. Two days after injection, total RNA was

extracted using the whole body. Extracted RNA (2,000 CPM) was resolved % . & siRNA
on 8 M urea-16% polyacrylamide gel. siRNA produced by the Colorado v

potato beetle cell line (Lepd-SL1) was used as a positive control. dsRNA,
double-stranded RNA; siRNA, small interference RNA
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FIGURE 2 Double-stranded RNA (dsRNA) induced mortality after injection. Two hundred nanograms of dsRNA in
200 nl was injected into fourth instar (final instar) larvae. Injected larvae were reared at 30 + 2°C, and mortality was
recorded until adult emergence. Mean+standard error (S.E.; n = 10-15) of three replicates are shown. One-tailed

Student's t test was used to determine the significance of mortality rate in each treatment compared with control
(dsRNA targeting green fluorescence protein) in respective time points after injection. F test with a value of .05 was
used for determining equal variance among the treatment. The significance of mean is shown above each bar (*<.05)

mortality was observed during the larval stage (data not shown). Knockdown efficiency of dsRNA tested varied
between 40% and 90% (Figure 4).

3.4 | Droplet feeding bioassay

Based on their effectiveness in injection bioassay, we selected dsSNF7 and ds26S proteasome subunit 6B for
droplet feeding assay in neonate larvae. We first confirmed that neonates ingest 0.5% sucrose solution by feeding
these larvae with the sucrose solution traced with purple food color dye. After feeding on sucrose droplet for 24 hr,
the alimentary canal from neonates showed purple color suggesting that these larvae ingested sucrose solution
(Figure 5). The neonate larvae stayed alive by feeding on sucrose up to 20 days, but they did not grow and molt to
the next stage. Feeding of dsRNA targeting SNF7 and 26S proteasome subunit 6B induced 95% and 93% mortality,
respectively (Figure 6), which is a 1.83 and 1.78 times increase in mortality compared with that in dsGFP-fed
control larvae (53%). LT50 for SNF7 and 26S proteasome subunit 6B was 13.34 and 13.52, respectively (Table S7).

FIGURE 3 Phenotype after double-stranded RNA injection. (a) In dslAP injection, 60% and 40% of the total
mortality was observed in pupal and larval stages, respectively. (b, c) In dsHsp70 injection, 25% and 75% of total
mortality were observed in pupal and larval stages, respectively
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FIGURE 4 Knockdown efficiency of injected double-stranded RNA. Two hundred nanograms of dsRNA in
200 nl volume was injected into each fourth instar (final instar) larvae. Injected larvae were reared at 30 + 2°C for
2 or 4 days. Total RNA was extracted from the whole body samples. Extracted total RNA was used in quantitative
reverse-transcription polymerase chain reaction. Data were analyzed with 2-22& method, using EF1a as the
reference gene. Mean+standard error (S.E.) of three replicates are shown. Statistical analysis was performed by
one-tailed Student's t test. F test with a value of .05 was used for determining equal variance among the treatment.
The significance of means and p value for Hsp70 are shown above bars (*< .05, **<.01)

4 | DISCUSSION

Although, CB is an important and difficult to control storage pest, no information on its sequences is publicly available
except for its mitochondrial genome sequence (Yang et al., 2017). To fill this knowledge gap, we sequenced CB RNA
and assembled it into transcriptome. Transcriptome sequences are useful for high-throughput screening of RNAI
target genes (H. Li, Jiang, Zhang, Xing, & Li, 2013; Wang, Zhang, Li, & Miao, 2011). Moreover, transcriptome can be a
useful genetic resource for future research aimed at developing advanced methods to control CB.

In T. castaneum, 5,000 genes were screened to find lethal RNAI target genes (Ulrich et al., 2015). We selected
12 genes that are shown to be effective in T. castaneum. We identified orthologs of these 12 genes and tested
dsRNA targeting these genes in CB. Out of 12 genes, 11 genes were highly effective in inducing mortality over 80%
(Figure 2). These results suggest that the function of these selected genes and their essential roles for survival are
conserved between T. castaneum and CB. T. castaneum information was also used for the identification of RNAi
targets in Diabrotica virgifera. Out of 50 selected genes, 21 induced mortality and 36 showed growth inhibition in

D. v. virgifera diet-based RNAI bioassays (Knorr et al., 2018). A similar approach was used in other studies, and they

Sucrose

gL -

FIGURE 5 Confirmation of neonate
larvae ingestion on 0.5% sucrose solution.
(a) Neonate ingesting in sucrose solution.
(b) Neonate fed on 0.5% sucrose solution
alone (left), and neonate fed on 0.5%
sucrose solution with 0.5% purple dye
(right)
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FIGURE 6 Mortality induced by fed double-stranded RNA (dsRNA). Neonates (newborn, first instar larvae) were
placed in 60 x 15mm Petri dishes, with 0.5% sugar drop solution containing 2 pug/ul dsRNA. Sugar drop solution
containing dsRNA was resupplemented every 2 days. Sterilized water was added in between to avoid drying of the
solution. Mortality was recorded up to 20 days. Mean + standard error (S.E.; n = 7-11) of three replicates are shown.
One-tailed Student's t test was used to determine the significance of mortality rate in each treatment compared with
control (dsRNA targeting green fluorescence protein) in respective feeding periods. F test with a value of .05 was
used for determining equal variance among the treatment. The significance of mean is shown above each bar (*<.05)

were able to identify efficient RNAI target genes (Castellanos, Smagghe, Sharma, Oliveira, & Christiaens, 2019;
Dhandapani, Gurusamy, Duan, & Palli, 2020; Rodrigues, Duan, Palli, & Rieske, 2018).

Our study also expanded the target gene variety used as lethal RNAIi target genes in Coleoptera and
Hemiptera. These include actin (Castellanos et al., 2019; Liu, Yang, Zhang, Ding, & Wang, 2019; Mogilicherla,
Howell, & Palli, 2018; Rodrigues et al., 2018; Rosa, Kamita, & Falk, 2012; F. Zhu et al., 2011), IAP (Galdeano, Breton,
Lopes, Falk, & Machado, 2017; Liu et al., 2019; Mogilicherla et al., 2018; Rodrigues, Rieske, Jian, Mogilicherla, &
Palli, 2017; Walker & Allen, 2011), SNF7 (Mogilicherla et al., 2018; Ramaseshadri et al., 2013), and vATPase (Baum
et al., 2007; Castellanos et al., 2019; Mogilicherla et al., 2018; F. Zhu et al., 2011). Similar to our study,
high-throughput screening of lethal RNAI target genes was performed in other coleopteran insects, Agrilus
planipennis (Rodrigues et al., 2018), Anoplophora glabripennis (Dhandapani et al., 2020) and in two hemipteran
insects, Halyomorpha halys (Mogilicherla et al., 2018), and Euschistus heros (Castellanos et al., 2019). The widely used
target genes, actin, IAP, and SNF7 are effective in all four species including CB. However, Dynamin and Hsp70 are
only effective in two coleopteran species, whereas in hemipteran insect H. halys, they are not effective.

Although, dsKinesin showed the lowest knockdown efficiency (36%), mortality was still high (100%). dsPPA2
showed high knockdown efficiency (86%), but the mortality induced was low (50%). This phenomenon was also
observed in another study (H. Li et al., 2013). The authors suggested that this may be due to redundancy in the
function of gene products. If a gene product has no redundancy, which means there are no other proteins with similar
functions, even lower levels of knockdown could induce mortality. There could be other reasons including RNA and
protein stability that could influence mortality induced by dsRNA. Further work is needed to address this discrepancy.

Care should be taken when interpreting dsRNA feeding assay in this study. dsRNA targeting SNF7 and
26S proteasome subunit 6B were force-fed to CB neonates by sucrose droplet feeding assay. They caused significant
mortality (95% and 93%, respectively) compared with control (53%) (Figure 6). Compared with dsRNA injection
method, feeding dsRNA method tends to induce lower and variable RNAI efficiency as reported in other insects
(Mogilicherla et al., 2018; Prentice et al., 2017). The stability of dsRNA in the midgut environment and uptake of
dsRNA by midgut epithelial cell may also affect the efficiency of fed dsRNA. Although dsRNA is quite stable in
midgut lumen contents from coleopteran insects compared with lepidopteran insects, considerable variation in
dsRNA stability still exists among different species of coleopteran insects (Singh, Singh, Mogilicherla, Shukla, &
Palli, 2017). Knockdown of nuclease activity in the gut of Colorado potato beetle, Leptinotarsa decemlineata en-
hanced RNA: efficiency (Spit et al., 2017).
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RNAI has great potential in stored product pest management. Several stored product pests are coleopteran
insects, which are known to have a systemic RNAi response (Palli, 2014). The major issue of RNAi application in
stored product pest management will be the delivery of dsRNA. Possible dsRNA delivery methods include formulating
dsRNA with grain protectants, products applied to surroundings (surfaces or cracks and crevices in
empty bins, equipment and structures where food material accumulates), and attractants (Perkin, Adrianos, &
Oppert, 2016). Transgenic approach can also open opportunities for RNAi applications. Transgenic bacterial symbiont
expressing dsRNA targeting fecundity gene in Rhodnius prolixus successfully colonized in the gut and caused sig-
nificant reduction in host reproduction (Whitten et al., 2016). Bacterial symbionts are identified in some stored
product pests (Van Wyk, Hodson, & Christensen, 1959; Vazquez-Arista et al., 1997). Also, CB is known to have
symbiotic yeast, Symbiotaphrina kochii (Noda & Kodama, 1996), which can be utilized as a carrier of dsRNA targeting
the host. The expression of dsRNA in the transgenic plant could be another option. Transgenic corn expressing dsRNA
targeting the SNF7 gene in western corn rootworm (Head et al., 2017) is being used to control this pest.

In summary, we assembled transcriptome of CB to find effective target genes for RNAi-mediated control of CB.
CB transcriptome data contains orthologs of genes coding for proteins known to function in RNAIi pathway. We also
confirmed the conversion of dsRNA into siRNA in CB larvae and adults, which is important initial step of RNAi. Out
of 12 candidate target genes tested, injected dsRNA targeting 11 genes induced significant knockdown and
mortality. Feeding of dsRNA targeting two genes (SNF7 and 26S proteasome subunit 6B) induced significant mor-
tality in neonate larvae. Our results suggest that CB has an efficient RNAi response, and combined with an efficient

delivery method, RNAIi can be developed as a method to control this pest.
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