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Abstract

Apoptosis has been widely studied from mammals to insects. Inhibitor of apoptosis (IAP) protein
is a negative regulator of apoptosis. Recent studies suggest that /ap genes could be excellent
targets for RNA interference (RNAI)-mediated control of insect pests. However, not much is
known about /gp genes in one of the well-known insect model species, Tribolium castaneum.
The orthologues of five /ap genes were identified in 7. castaneum by searching its genome

at NCBI (https://www.ncbi.nlm.nih.gov/) and UniProt (https://www.uniprot.org/) databases using
Drosophila melanogaster and Aedes aeqypti | AP protein sequences as queries. RNAI assays were
performed in 7. castaneum cell line (TcA) and larvae. The knockdown of /gpZ gene induced a
distinct apoptotic phenotype in TcA cells and induced 91% mortality in 7. castaneum larvae.
Whereas, knockdown of /gp5 resulted in a decrease in cell proliferation in TcA cells and
developmental defects in 7. castaneum larvae which led to 100% mortality. Knockdown of the
other three /ap genes identified did not cause a significant effect on cells or insects. These data
increase our understanding of /gp genes in insects and provide opportunities for developing /gp1
and /ap5 as targets for RNAi-based insect pest control.
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11 INTRODUCTION

Apoptosis, the programmed cell death, is an evolutionarily conserved pathway of cell suicide
and determines the rate of turnover of the cells (Vaux, Haecker, & Strasser, 1994). Living
multicellular organisms look quite constant at the organismal level, but when it comes to

its cellular level, many cells die and are replaced by new cells constantly to maintain an
equilibrium (Elmore, 2007). This dynamic and highly regulated process involves numerous
genes and signaling pathways, creating a balance between activation and inhibition of cell
death. In insects, apoptosis is an essential process in cellular activity and plays an important
role in many processes in development, tissue homeostasis, and innate antiviral response
(Miura, 2011; Parthasarathy, Tan, Bai, & Palli, 2008).

Not all inhibitor of apoptosis (IAP) proteins inhibit the apoptosis pathway, but some
cooperate with caspases through the baculovirus IAP repeat (BIR) domain. /ao genes were
first discovered in baculoviruses known to inhibit the host insect cell's suicide response
(Crook, Clem, & Miller, 1993). Later, /ap genes were identified in many eukaryotic
organisms, including mammals and insects (Hay, Wassarman, & Rubin, 1995; Liston et

al., 1996; Srinivasula & Ashwell, 2008). The IAP family proteins contain highly conserved
protein interaction motifs, including the BIR (Birnbaum, Clem, & Miller, 1994; Crook et
al., 1993). A typical AP protein contains one to three BIR domains. The BIRs function

as protein recognition and protein—protein interaction sites (Srinivasula & Ashwell, 2008).
Therefore, AP family proteins are called BIR-containing proteins (BIRPs or BIRCs),
which include BIRC1 (NAIP), BIRC2 (human IAP2, cellular IAP1, clAP1), BIRC3 (human
IAP1, cellular IAP2, clAP2), BIRC4 (X-linked IAP, XIAP), BIRC5 (survivin), BIRC6 (BIR-
containing ubiquitin-conjugating enzyme, apollon), BIRC7? (livin/melanoma-1AP, ML-1AP,
KIAP), and BIRCS (testis-specific IAP, Ts-1AP, hILP-2; Saleem et al., 2013; Silke & Vaux,
2001; Srinivasula & Ashwell, 2008; Verhagen, Coulson, & Vaux, 2001). In Drosophila, a
known model insect, only four BIRs were found: Deterin, DIAP1, DIAP2, and DBruce
(Apollon; Srinivasula & Ashwell, 2008), suggesting that different organisms would have
different numbers of BIRCs.

BIR proteins play major roles in apoptosis and cell-cycle function. BIR proteins (BIRCL, 2,
3,4, 7, and 8) act on inhibiting caspases activation (Saleem et al., 2013). BIRC5 and 6 act on
regulating cytokinin and mitotic spindle formation to inhibit apoptosis (Saleem et al., 2013;
Silke & Vaux, 2001). In cells, overexpression of /ap gene blocks apoptosis; knockdown of
/ap gene expression promotes apoptosis (Hawkins, Ekert, Uren, Holmgreen, & Vaux, 1998;
Hawkins, Uren, Hacker, Medcalf, & Vaux, 1996; Lu, Wang, He, & Xi, 2008). However,

not much is known about the function of BIRC5 in insects. Even in the well-known insect
model, Drosophila melanogaster, BIRC5 was not annotated and the function of BIRCS is not
known in Tribolium castaneum.

RNA interference (RNAI) is a posttranscriptional gene silencing mechanism in which
exogenous double-stranded RNA (dsRNA) triggers the suppression of the gene expression
or messenger RNA (mRNA) translation (Fire et al., 1998) Applications of RNAI include
cancer treatment in the medical field to insect pest control in agriculture (Andersen, Howard,
& Kjems, 2009; Barnard, Nijhof, Fick, Stutzer, & Maritz-Olivier, 2012; Gaur & Rossi,
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2006; Huvenne & Smagghe, 2010; Kim & Rossi, 2008; Morris & Rossi, 2006; Palli, 2014;
Reidhaar-Olson & Rondinone, 2009; K. Y. Zhu & Palli, 2020). Due to its relatively high
sensitivity to RNAI and well-annotated genome sequences, 7. castaneum became an insect
model to study the function of genes (Arakane, Muthukrishnan, Beeman, Kanost, & Kramer,
2005; Knorr et al., 2018; Richards et al., 2008; Tomoyasu et al., 2008; F. Zhu et al., 2010).
Even though 7. castaneum is one of the important insect models and many genes have

been annotated and functionally verified, no studies on the /gp genes in this insect have
been conducted. Therefore, the goal of these studies was to perform a thorough annotation
of T. castaneum igp genes and determine the function of these genes. Five /ap genes

were identified in the 7ribolium genome by searching National Center for Biotechnology
Information (NCBI; https://www.nchi.nlm.nih.gov/) and UniProt (https://www.uniprot.org/)
databases using D. melanogaster and Aedes aegypti | AP protein sequences as queries
(Puglise, Estep, & Becnel, 2016). Then, in vitro and in vivo RNAI assays were performed to
determine if any of these genes are involved in inhibition of apoptosis. The results showed
that two of the five /gp genes tested caused detectable phenotypes in cells and larvae.

MATERIALS AND METHODS

Insect rearing and cell culture

The GA-1 strain of the red flour beetle, 7. castaneum was reared on organic wheat flour
(Heartland mill) mixed with 10% baker's yeast. The insects were maintained in the dark at
30°C and 65 + 5% relative humidity. The BCIRL-TcA-CLG1 (TcA) cells were routinely
maintained at 27°C in EX-CELL 420 (Sigma-Aldrich) medium with 10% heat-inactivated
fetal bovine serum (Seradigm) and antibiotics.

Gene identification

Tribolium iap genes were obtained from homology searches by running BLASTp and
tBLASTN using the NCBI BLAST service (http://www.ncbi.nlm.nih.gov/) and Uniport
BLAST service (http://www.uniprot.org/). The Tribolium caspase genes were selected
from the Flybase database (http://flybase.org/) and homology searches into the 7ribolium
genome database in NCBI. The dsRNA (400-500 bp) and quantitative reverse-transcription
polymerase chain reaction (QRT-PCR; 80-120 bp) primers were designed from these
sequences. The target sites for gRT-PCR did not overlap with dsSRNA amplicon.

In vivo and in vitro RNAi assay

Methods for in vitro dsSRNA synthesis have been described in our recent paper (Yoon,
Shukla, Gong, Mogilicherla, & Palli, 2016). For in vitro RNAI assay, 25,000 TCA cells/well
were seeded in 96 well plates. The equal amount (1 pg/pl) of dsSRNA was added to cell

and pictures were taken on 6th day after dSRNA treatment. The same amount of luciferase
dsRNA was used as a negative control. For in vivo RNAI assay, 200 ng of dsSRNA was
injected into the dorsal side of the abdomen using a Drummond Nanoject I11 fitted with
3.5” glass capillary tube, pulled by a needle puller (Model P-1000, Sutter Instruments).
Newly molted last instar larvae were injected. After injection, the insects were reared

under standard conditions. Mortality was recorded after 14 days. Those insects showing
distinct phenotypes after ds/APL treatment were treated with phosphate-buffered saline
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(PBS) + 0.1% trypan blue solution to identify the excreted substance. The phenotype of the
quiescent stage larvae and adults injected with dsTclAP5 were photographed using a digital
microscope system (UNITRON Z850 Stereo Microscope, CB-ZM deep focus extension
module, QuickPHOTO industrial 3.1 program, Canon EOS Rebel T5i camera).

2.41 Knockdown efficiency studies

Methods for total RNA extraction, PCR, and quantitative real-time PCR (qRT- PCR) were
described in our previous paper (Yoon, Shukla et al., 2016). Abour 200 ng of ds/AP was
injected into early last instar larva. The larvae were collected on 2nd day after dSRNA
injection, and RNA was extracted. Knockdown efficiency was determined by quantifying
TclAP5 mRNA levels in dsTclAPS treatment and d'sL UC (control) treated insects using
gRT-PCR and gene-specific primers (Table 1). Ribosomal Protein 49 (RP49) was used as an
internal control.

2.51 Expression profile of iap1 and iap5 genes

Samples were collected at 24 hr intervals during penultimate larva, final instar larva, and
pupal stages. Total RNA was extracted from pools of two larvae/pupae for each time
interval. RP49 was used as an internal control for measuring the relative mRNA levels.

2.6 Statistics

For testing the knockdown efficiency and mRNA level of /gp genes, Student's ftest was
used to compare the gene expression difference between the control and treatment groups.
A p-value < .05 between groups was considered as significantly different. The analysis of
variance method was used to analyze the significance of differences between the samples
among the developmental stages (JMP 11.0 software, SAS, Cary, NC).

31 RESULTS

3.11 Annotation of iap genes and their domain structures

We identified orthologues of five /ap genes from NCBI with the following annotations:
inhibitor of apoptosis 1 (LOC663941), inhibitor of apoptosis 2 (LOC663905), viral
IAP-associated factor homolog (LOC656000), baculovirus AP repeat-containing protein
5.2 (LOC100141706), and baculovirus IAP repeat-containing protein 6 (LOC662712;
Table 2). Uniport database contained duplicated or limited annotations (Table 2). For
example, apoptosis 2 inhibitor-like protein (6WAP2) contained the information of IAP1
(LOC663941), but Inhibitor of apoptosis 1 protein (G8G3Y5) has limited or almost no
information.

The 1AP proteins identified contained one to three BIR domains, except the VIAP, which
contained a viral inhibitor of apoptosis-associated factor (VIAF) domain (Figure 1). Other
than BIR domains, IAP1, and IAP2 contain RING domains different from other IAPs. IAP5
and IAP6 contained only one BIR domain. The IAP6 contains ubiquitin-conjugated enzyme
sites at the 3" end of the sequence that includes the E3 interaction residue (Figure 1).
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Knockdown of iap genes in TcA cells

The TcA cells were exposed to 1 pl of 1 pg/ul concentration in vitro synthesized dsRNA
targeting each /ap gene. Within 2 days after the addition of dsTclAP1, the cells started
showing apoptosis phenotype. Pictures taken on the sixth day after the addition of dSRNA
are shown in Figure 2 under the inverted microscope (Olympus IX71). The dsSRNAs
targeting the other four /ap genes did not show apoptosis phenotype. However, the number
of cells in wells containing dsTclAP5 was lower when compared with the cells exposed

to dsRNA targeting the luciferase gene (dsLUC) as a control. These data suggest that only
TclAP1 protein inhibits apoptosis and TclAP5 may affect cell proliferation. The other three
IAPs tested did not show any visible effect on TcA cells. This experiment was repeated at
least three times with three technical replications.

In vivo RNAIi experiments

We injected 200 ng of dsRNA targeting each of the five /ap genes into early last instar larvae
and recorded mortality on 13th day after injection. The dsTclAP1 injected larvae died during
the quiescent stage (Figure 3). Knockdown of /4pZ made the larvae excrete brown substance
from their anus. To determine if the brown substance contains discarded midgut tissue,

we stained the substance with 0.1% trypan blue dissolved in PBS solution. The substance
slowly liquefied in the solution and contained cellular material stained blue suggesting that
the cells sluffed off from the alimentary canal are in the brown substance excreted (Figure
3). In the case of igp5 knockdown, 75% of larvae died during the prepupal stage exhibiting
the hunchback shape with the dorsal split phenotype; most of these insects stuck in the
exuvia and did not complete pupal ecdysis (Figure 3). Some of them survived through the
larval stage, but got stuck in the pupal stage and/or became defective adults. Knockdown of
the rest of the /gp genes did not induce any mortality (Table 3). To determine knockdown
efficiency of dsTclAPs, the /a0 MRNA levels were determined in the larvae injected with
dsRNA targeting /ap genes or the luciferase dSRNA used as a control. dsRNA targeting all
five iap genes showed a significant knockdown of its target gene (Figure 4).

Expression profiles of iap1 and iap5 genes

Since we observed the notable phenotypes in larvae after knockdown /ol and /aob genes,
we thought that examining their gene expression patterns during the larval stage may help
to understand the function of these proteins. Staged insects were collected at 24 hr intervals
from the penultimate larval stage to the pupal stage. As shown in Figure 5, lower levels of
iapI mRNA were detected until the beginning of the pupal stage suggesting that apoptosis is
actively occurring during the larval stage. The /ap5 mRNA levels gradually increased from
the last instar larval stage to 24 hr after ecdysis to the pupal stage (Figure 5).

The target specificity of dsRNAs in knocking down iap genes

We tested to determine whether knockdown of one of the /ap genes affects the expression of
other /gp genes. The larvae were treated with dsSRNA targeting each /ap gene, 2 days after
the injection of dsRNA, total RNA was isolated and used to quantify mRNA levels of all japo
genes. As expected, dsRNA targeting each /ap gene induced knockdown of its target gene
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(Figure 6). No significant change in mRNA levels of the other four /ap genes was detected in
larvae injected with dsSRNA targeting each one of the five jap genes (Figure 6).

41 DISCUSSION

T. castaneum has been a valuable model for RNAI research due to its ease of injection,
strong and systemic RNAI response, ease of rearing in large numbers, and availability of a
wealth of genetic and genome resources. Moreover, with the increasing use of jap genes in
various experiments such as the RNAi of RNAI assay, as a mortality marker, an RNAi-based
pest control target, and in resistance studies (Cao, Gatehouse, & Fitches, 2018; Dhandapani,
Gurusamy, Howell, & Palli, 2019; lgaki, Yamamoto-Goto, Tokushige, Kanda, & Miura,
2002; Mogilicherla, Howell, & Palli, 2018; Powell et al., 2017; Rodrigues, Dhandapani,
Duan, & Palli, 2017; Walker & Allen, 2011; Yoon, Mogilicherla et al., 2018; Yoon, Shukla,
et al., 2016), it is important to identify /ap genes and their functions in insects.

During insect development, cells divide, die, and differentiate to accommodate changes
needed to progress from larva to pupa to adult. The mRNA levels of /igpZ are low during

the larval stage and increased during the early pupal stage (Figure 5a). This expression
pattern agrees with a recent report on /ap expression in 7. castaneum (Cao et al., 2018). In
general, lack of IAP1 protein leads to apoptosis, therefore, there may be cells in the larvae
undergoing apoptosis. Larval midgut remodeling involves the death of larval cells and the
differentiation of stem cells into pupal/adult midgut (Wu, Parthasarathy, Bai, & Palli, 2006).
The 7gpI knockdown in 7. castaneum larvae resulted in their death and excretion of the
alimentary canal cells (Figure 3a). The excretion may be due to the increase in apoptosis of
midgut cells induced by a reduction in levels of IAP1 in the midgut cells.

The function of IAP5 (baculovirus inhibitor of apoptosis repeat-containing 5, BIRC5), also
known as survivin, has been extensively studied in mammals by both biochemical and
genetic approaches in the fields of cell-death pathway, mechanisms of cell-cycle progression
and microtubule stability (Altieri, 2003; Saleem et al., 2013). Interestingly, we observed
the same effects in our in vitro and in vivo assays using an insect model. However, the
specific functions of TclAPS in insects remain obscure. IAP5 in A. aegypti mosquitoes

is transcriptionally active during programmed autophagy and upregulated after the blood
meal (Eng, van Zuylen, & Severson, 2016). Its function in the postembryonic development
of the midgut in a lepidopteran insect, Helicoverpa armigera was reported previously (He,
Hou, Wang, & Zhao, 2012). The IAP5 in Cydia pomonella granulosis virus stimulates the
antiapoptotic activity of CplAP3 (Vilaplana & O'Reilly, 2003). Taken together these data
point to a critical role for TclAPS5 in cell-death machinery and cell proliferation.

In this study, we identified five /gp genes in Tribolium genome. RNAI studies showed that
TclAP1 and TclAPS5 play vital roles in apoptosis and cell proliferation, respectively. The in
vivo RNAI studies showed that knockdown of /gpz resulted in mortality during the quiescent
stage, and knockdown of /gp5 showed developmental abnormalities, which led to death. This
paper not only broadens our knowledge of 1APs but also identified /aoZ and /ap5 as potential
insecticidal targets for RNAi-based insect control.
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FIGURE 1.
Domain structure of 7ribolium |APs. The baculovirus 1AP repeat (BIR) and the ring

(RING) domains and viral inhibitor of apoptosis-associated factors (VIAF) are marked. IAP,
inhibitors of apoptosis protein
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FIGURE 2.
RNA interference in TcA cells. About 25,000 TcA cells/well were seeded in each well of

96-well plates. An equal amount (1 pg) of dsSRNA targeting each /gp gene was added to each
well, and pictures were taken on the 6th day after treatment with dsSRNA. dsRNA targeting
the luciferase gene was used as a control. The arrows point to apoptotic bodies. dsSRNA,
double-stranded RNA
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FIGURE 3.
Phenotypes induced by dsRNA targeting /aoZ and /ap5 genes. (a) About 200 ng dsTclAP1

injected larvae on the 7th day after treatment were photographed under a microscope. The
white arrows point to the brown substance excreted by the larvae. The picture on the right
shows the same larva soaked in PBS + 0.1% trypan blue solution to visualize the extruded
alimentary canal. (b) Phenotypes of larvae injected with dsRNA targeting /ap5 gene. The
picture on the left shows the larvae died during the prepupal stage. The picture on the right
shows dead pupae and adults developed from larvae injected with dsRNA targeting /ap5
gene. dsRNA, double-stranded RNA; PBS, phosphate-buffered saline
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Confirmation of Knockdown of each gene by RT-gPCR. About 200 ng dsRNA targeting
each /ap gene was injected into larvae and the larvae were collected on 2nd day after
injection. Total RNA was isolated and used to determine relative iap mRNA levels by
RT-gPCR. The dsLUC injected larvae were used as control. The gene coding for Ribosomal
Protein 49 (RP49) was used as a reference. Statistical significance was analyzed with a
Student's ¢test (*p < .05). dsSRNA, double-stranded RNA; mRNA, messenger RNA; qRT-
PCR, quantitative reverse-transcription polymerase chain reaction
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FIGURE 5.

The iapl and iap5 MRNA levels during penultimate and last instar larval and pupal stages.
Samples were collected at 24 hr intervals during penultimate larval, final instar larval,

and pupal stages. The RP49 mRNA levels were used as an internal control for measuring
the relative mRNA levels. Mean + SE (n = 3) are shown. The letters indicate significant
differences between the samples among the developmental stages by ANOVA (JMP 11.0
software, SAS, Cary, NC). ANOVA, analysis of variance; mRNA, messenger RNA; RP49,
Ribosomal Protein 49; SE, standard error
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The target specificity of dsSRNAs in knocking down /igp genes. About 200 ng of each dsRNA
was injected into larvae and the larvae were collected on 2nd day after injection. The total
RNA was isolated and used to measure relative mRNA levels. The ANOVA method was
used to analyze the significance of differences between the samples (JMP 11.0 software,
SAS, Cary, NC). Mean + SE (n= 3) are shown. ANOVA, analysis of variance; dsRNAs,
dsRNA, double-stranded RNAs; mRNA, messenger RNA. *p < .001
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TABLE 1

List of the primers used in this study
Primers Forward (5°-3") Reverse (5'-3")
TCIAPL_dsR  CAAAGCGGGCTTCTACTTCT ~ TTCGTCCTTCCAGTCCCTAA
TCIAP2_dsR  ACTACGGCGACCAAGTAATG ~ GACTCCCAGACAGTGCAAAT
TCVIAP_dsR  CCAATGAGGACACTGAATGGA CAGGAACTTAACAGCTGGGTAT
TCIAP5_dsR  GTTGAACCGTTGGTTGTGTTT  GGATTTCTCGGGCTTGTTCT
TCIAP6_dsR  GGCCTTCAAACAGACCTACA  CAAACGACTAAATGGACACACG
TCIAPL_GRT  TGTCGGCGAGTAATGTAACC ~ AAATCTGTCGCAAATTCTGCAT
TCIAP2_gRT ~ CATCGGCTTGAATGTCGAAAG TCGCTGTGCTGGAGATTG
TCVIAP_GRT  GTGGGTCCAGTCGAACTTAG ~ TCGGCTTTGGGTCTTCTTT
TCIAP5_qRT  AAGAGTTGTGGATAGAGCATT  ACATGCACACCTTATTCTAACT
TCIAP6_GRT ~ CTACGATGCCACACCTTTGA  CCAAACAAGCTAAGAGCAAGTG

Note: T7 promoter sequences were added at the 5" end of dsSRNA (dsR) primers.

Abbreviation: dsRNA, double-stranded RNA.
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TABLE 2

List of 7ribolium castaneum iap genes and their annotated information
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Name

TclAP1

TclAP2

TcVIAP

TclAP5

TclAP6

TC
number

TC001192

TC001189

TC003566

TC002709

TC009848

NCBI
Inhibitor of apoptosis 1

LOC663941

Inhibitor of apoptosis 2

LOC663905

Viral I1AP-associated factor homolog

L OC656000

Baculovirus IAP repeat-containing protein 5.2
LOC100141706

Baculovirus IAP repeat-containing protein 6

LOC662712

UniProt
Apoptosis 2 inhibitor-like protein

D6WAP2
Apoptosis 2 inhibitor-like protein
D6WAN9

Viral 1AP-associated factor homolog-like protein

DE6WHT2

Apoptosis 2 inhibitor-like protein
DewDU5

Uncharacterized protein

D6WQO0

Inhibitor of
apoptosis 1
protein

G8G3Y5

Abbreviations: AP, inhibitor of apoptosis; NCBI, National Center for Biotechnology Information.
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TABLE 3

RNA interference in vivo

dsRNA  Mortality (%) Comments

LUC 5 A negative control

TclAP1 91 All of them died during the quiescent stage

TclAP2 0

TcVIAP 26

TclAP5 100 24% Died as pupa and adults

76% Died during the larval stage
TclAP6 15

Abbreviation: dsRNA, double-stranded RNA.

The early last instar 7ribolium castaneum larvae were injected with 200 ng dsRNA targeting each /ap gene and the Luciferase gene as a negative
control. The mortality was recorded on the 13th day after injection (V= 20).
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