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Abstract

Insect apolipophorin-III is an exchangeable protein that is abundantly found in the
hemolymph, and serves an important role in lipid transport, development, and
innate immunity. In this study, we examined the role of apolipophorin-III
(TmapoLp-III) during the adult eclosion stages of Tenebrio molitor by RNA
interference (RNAi) analysis. After silencing of the mRNA transcripts at both
larval and pupal stages, adult phenotypic defects were noticed. Defects included
the incomplete shedding of pupal skin, shorter extension of the elytra, and
improper folding of the hind wings. Most of the adults were malformed and died
possibly due to dehydration. We also showed the involvement of TmapoLp-III in
conferring resistance to T. molitor larvae against Listeria monocytogenes infection.
Mortality was found to be lower in non-silenced intoxicated larvae while the
TmapoLp-III silenced larvae showed a significant susceptibility after 7 days post-
injection with a dose of 106 cfu/larvae.
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Introduction

Apolipophorin-III (apoLp-III) is an abundant hemolymph
protein that is mainly involved in lipid transport during flight
in insect species (Weers & Ryan 2006). This is an exchange-
able protein that can exist in lipid-free and lipid-bound forms
in the hemolymph, in contrast to the constantly present
apolipophorin-I (apoLp-I) and apolipophorin-II (apoLp-II).
The molecular interaction and reversible lipophorin-binding
activity of apoLp-III is attributed to low intrinsic stability of
the amphipathic α-helices in a lipid-free state, and the
binding of lipids leads to stability of the protein (Weers &
Ryan 2003). Apart from its role in lipid transfer, apoLp-III
has been known as an excellent candidate for immune studies
in several insect species including Galleria mellonella
(Zdybicka-Barabas et al. 2013), Thitarodes pui (Sun et al.
2012), Apis mellifera (Lourenco et al. 2009), Hyphantria

cunea (Kim et al. 2004), Locusta migratoria (Mullen
et al. 2004), Plutella xylostella (Son & Kim 2011), and
Heliothis virescens (Chung & Ourth 2002). The exchange-
able conformation status of apoLp-III is responsible for acti-
vation of humoral and cell-mediated immune functions in
insects. Humoral immune functions include as a pattern
(lipoteichoic acids [LTA], lipopolyssacharide [LPS], beta 1,3
glucan, and others) recognition protein (Whitten et al. 2004),
induction of antibacterial activity (Zdybicka-Barabas &
Cytrynska 2011), and activation of the prophenoloxidase
(PPO) cascade (Contreras et al. 2013). ApoLp-III also
induces phagocytosis and encapsulation as components of
cell-mediated immunity (Kim et al. 2004). Additionally,
lipid-bound apoLp-III regulates antioxidant enzymes in
Hyphantria cunea (Seo et al. 2008) and is expressed in the
late developmental stage of Manduca sexta during pro-
grammed cell death.
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However, the multidimensional functions of apoLp-III in
insect species have been largely studied as an extracellularly
populated hemolymph protein. Gupta et al. (2010) for the
first time reported expression of apoLp-III in the midgut
cells of Anopheles gambiae mosquitoes (AgApoLp-III) in
response to Plasmodium invasion. The silencing of
AgApoLp-III by RNAi was found to be sufficient for the
melanization of the parasite in mosquito (Gupta et al. 2010).
To investigate whether the function of AgApoLp-III in
antiplasmodial defense in the cell cytoplasm of mosquito is
not an isolated event, we characterized the apoLp-III from
the yellow mealworm beetle, Tenebrio molitor (TmapoLp-
III). We found that TmapoLp-III mRNA transcripts are
strongly induced in response to an intracellular pathogen,
Listeria monocytogenes, and that it is developmentally
expressed in the late stage of healthy T. molitor pupa (Noh
et al. 2014; Patnaik et al. 2014). In this study, we investi-
gated the significance of high transcriptional levels of
TmapoLp-III in the late pupal stage by silencing of mRNA
expression levels, manifested in the form of the adult phe-
notypes. We also discussed the effect of TmapoLp-III knock-
down on the dose-dependent survival of T. molitor larvae
after inoculation with L. monocytogenes.

Materials and methods

Insects, bacteria and media

The larvae of yellow mealworm, T. molitor, were kept in the
laboratory and reared under standard conditions of 26 ± 1°C,
60 ± 5% relative humidity and a photoperiod of 16 h light:
8 h dark (LD 16:8). The developmental stages were synchro-
nized at each molt, and uniform-sized, healthy last-instar
larvae and 2-day-old pupae were used for experiments
unless otherwise stated. The Listeria monocytogenes
ATCC 7644 strain used in this study belongs to serotype
1/2c. The bacterial cultures were grown in brain heart infu-
sion (BHI) medium (Difco, Sparks, MD, USA) at 37°C. For

injection experiments, Listeria culture with a density of
109 cfu/mL of BHI broth was used. Bacterial inoculums
were washed and serially diluted using 0.9% saline to
achieve desired concentrations. Each dilution was plated on
BHI agar and incubated at 37°C for 16 h to calculate the
inoculums injected.

RNAi and qRT-PCR analyses

A 221-bp fragment from the TmapoLp-III gene (Accession
No. HG316496) and a 490-bp fragment from enhanced green
fluorescent protein (EGFP) were amplified by polymerase
chain reaction (PCR). Primers were designed using
SnapDragon dsRNA design software (http://www.flyrnai
.org/cgi-bin/RNAi_find_primers.pl) to minimize off-target
effects. T7 RNA polymerase promoter sequences were intro-
duced into 5′-ends of the designed primers (Table 1). Each T7
promoter-tagged cDNA was purified by AccuPrep PCR puri-
fication kit (Bioneer, Daejeon, Korea) and used as a template
for dsRNA synthesis with an Ampliscribe T7-flash transcrip-
tion kit (Epicentre Biotechnologies, Madison, WI, USA). The
EGFP gene sequence was used as a negative control dsRNA.
One microgram of each dsRNA was injected into the last-
instar larvae or day 2 pupae (for phenotypic observations
only) with a Picospiritzer III micro-dispense system. To
confirm effective knockdown of TmapoLp-III mRNA, quan-
titative real-time PCR (qRT-PCR) analysis was used with
primers listed in Table 1. The qRT-PCR reactions were
carried out in a 20 μL reaction volume containing 2.5 μL of
the cDNA sample (1:10 dilution), 12.5 μL of SYBR-green
mix, 0.5 μL of each primer (10 μmol/mL), and 4.5 μL of
PCR-grade water. Thermal cycling conditions used were
95°C for 20 s, followed by 45 cycles of 95°C for 5 s and 60°C
for 20 s. Samples were normalized to the RpL27a mRNA
levels in all experimental sets. The reactions were performed
in triplicate and represent the mean ± SE (n = 3) of three
biological replicates. The 2−ΔΔCT method was used to analyze
expression levels (Livak & Schmittgen 2001).

Table 1 Primers used in the present study

Primers Sequence (5′–3′)†

TmapoLp-III (dsRNA_Fwd) TAATACGACTCACTATAGGGAGAATGGCCAAAATCGTGCTC
TmapoLp-III (dsRNA_Rev) TAATACGACTCACTATAGGGAGAATCAAGGAACTGCCCGACT
TmEGFP (dsRNA_Fwd) TAATACGACTCACTATAGGGAGA CTGACCCTGAAGTTCATCTG
TmEGFP (dsRNA_Rev) TAATACGACTCACTATAGGGAGA TGGGTGCTCAGGTAGTGGTT
TmapoLp-III (qRT-PCR_Fwd) ACTGCCCGACTCAAAGAAGA
TmapoLp-III (qRT-PCR_Rev) CAGGTCCAGGAGAAGCTGAG
TmL27a-Fwd TCATCCTGAAGGCAAAGCTCCAGT
TmL27a-Rev AGGTTGGTTAGGCAGGCAGGCACCTTTA

†T7 promoter sequence has been underlined.

RNAi analysis of T. molitor apoLp-III

117Entomological Research 45 (2015) 116–121
© 2015 The Entomological Society of Korea and Wiley Publishing Asia Pty Ltd

http://www.flyrnai.org/cgi-bin/RNAi_find_primers.pl
http://www.flyrnai.org/cgi-bin/RNAi_find_primers.pl
https://www.researchgate.net/publication/245383455_Analysis_of_Relative_Gene_Expression_Data_Using_Real-Time_Quantitative_PCR_and_the_2-Ct_Method?el=1_x_8&enrichId=rgreq-d2db247b-9a3f-40cb-a1fe-e1daa719c0ed&enrichSource=Y292ZXJQYWdlOzI3MzM4OTk5NTtBUzoyMTU4MjEwODQzMDMzNjBAMTQyODQ2NzE2NDA4NA==
https://www.researchgate.net/publication/47756118_Apolipophorin-III_Mediates_Antiplasmodial_Epithelial_Responses_in_Anopheles_gambiae_(G3)_Mosquitoes?el=1_x_8&enrichId=rgreq-d2db247b-9a3f-40cb-a1fe-e1daa719c0ed&enrichSource=Y292ZXJQYWdlOzI3MzM4OTk5NTtBUzoyMTU4MjEwODQzMDMzNjBAMTQyODQ2NzE2NDA4NA==
https://www.researchgate.net/publication/47756118_Apolipophorin-III_Mediates_Antiplasmodial_Epithelial_Responses_in_Anopheles_gambiae_(G3)_Mosquitoes?el=1_x_8&enrichId=rgreq-d2db247b-9a3f-40cb-a1fe-e1daa719c0ed&enrichSource=Y292ZXJQYWdlOzI3MzM4OTk5NTtBUzoyMTU4MjEwODQzMDMzNjBAMTQyODQ2NzE2NDA4NA==


Survival assay and phenotype observations

For survival rate experiments, inoculums of the bacteria
(103, 104, 105, and 106 cells/μL) were challenged to the penul-
timate instar larvae after 2 days of dsRNA injection, using
disposable needles mounted on a micro-applicator. Two con-
trols were performed with EGFP dsRNA and no RNAi treat-
ment for infections. Each group contained 50 individuals in
each set and three independent biological replications were
studied for survival rate. Survival percentage was compared
between the TmapoLp-III silenced and EGFP control group
for all inoculums tested. Statistical analysis was conducted
by Wilcoxon–Mann–Whitney test and the cumulative sur-
vival rates were considered significant (P < 0.05).

For phenotype observation, each group contained 30 indi-
vidual larvae in three replicates and the experiment was
performed at least three independent times for analyses. For
larval injection of dsRNA, larval–pupal metamorphosis,
abnormal phenotype and survival rate were observed, and
for pupal injection the pupal–adult transitions including
adult phenotype were recorded. The data were analyzed by
one-way analysis of variance (Tukey’s test) using SAS
v9.1.3 software (SAS Institute, Cary, NC, USA).

Results

Effects of TmapoLp-III gene silencing on

pupal-adult molting

To investigate the specificity of TmapoLp-III gene silencing
in T. molitor, dsRNA for EGFP was applied as control. The
injection of apoLp-III dsRNA into penultimate instar larvae
and day 2 pupae of T. molitor showed silencing of the tran-
script levels to approximately 87% (Fig. 1Aa) and 89%
(Fig. 1Ab) after 2 days. After confirming the silencing of the
transcripts in the insect, we were interested to study the
observed phenotypic changes in the adult. When the
TmapoLp-III transcript was silenced, we observed severe
developmental abnormalities mainly at the pupal–adult
stages. A silencing of the transcript at the larval stage did not
result in any phenotypic defect during the larval–pupal tran-
sition and all the pupae were found to be normal, although
the same pupae showed convincing lethal phenotypes during
the adult stage. We observed very similar abnormalities in
the adult after silencing the TmapoLp-III mRNA level after
dsRNA injection in the pupae of T. molitor. To attain a
significant confidence level, we studied the abnormal phe-
notypes in at least three independent experiments. A photo-
graphic illustration of the adult phenotype in dsapoLp-III
and dsEGFP control group is shown in Figure 1B. At the
adult stage, incomplete apolysis was observed and animals
failed to shed their old cuticles, which remained attached to
their body, especially towards the posterior tip. Another

striking phenotype was the short to very short extension of
the elytra to approximately one-third of the normal size in
some adults. The elytra had a rough upper surface and
showed a wider split in TmapoLp-III silenced animals. The
hind wings did not fold or unfold properly. The malformed
adults were less active in the dsapoLp-III injected group than
in the control group, and died at about 4–5 days of eclosion
from the pupal case, possibly due to dehydration. A time
course on the survival rate of the insect shows a significantly
higher percentage of mortality (70%) in adults lacking the
TmapoLp-III transcript (Fig. 1C). The gross abnormalities in
the adult phenotype show that TmapoLp-III is required for
the pupal–adult molt.

Effects of TmapoLp-III gene silencing on

larval mortality

We also studied the susceptibility of T. molitor larvae to a
Listeria strain in apoLp-III silenced condition to understand
its high immune activation in a challenged condition. We
observed significant mortality in T. molitor larvae after 7
days of inoculation of Listeria spp. at a dose of 106 cfu/larva.
At doses below 106 cfu/larva, the difference in mortality was
less apparent, and the deaths observed were parallel with the
dsEGFP injected controls. The percentage survivability in
larvae injected with 103 cells of Listeria (Fig. 2A) was not
striking as with the case of a dosage of 104 cells (Fig. 2B)
and 105 cells (Fig. 2C) after TmapoLp-III silencing. The
difference in mortality of T. molitor larvae at a dose of 106

cells of Listeria was only significant 7 days post-injection
(Fig. 2D). The results represent the findings from three
sets of biological replications for 10 animals per set and
treatment.

Discussion

In a previous study, Noh et al. (2014) characterized the gene
structure and cDNA of apolipophorin-III from T. molitor
(TmapoLp-III). By using qRT-PCR, we found that the
mRNA transcription levels of TmapoLp-III were more
highly expressed during the pupal–adult transition stage
than in other developmental stages. Additionally, TmapoLp-
III showed a significant 96.2-fold upregulation in L.
monocytogenes treated larvae at 72 h compared to the unchal-
lenged controls (Noh et al. 2014). To further validate the
role of apoLp-III during pupal–adult metamorphosis of
T. molitor, and to study the intracellular function against
Listeria spp., we designed dsapoLp-III molecules and
silenced the transcript. Silencing of the TmapoLp-III tran-
script shows gross abnormalities in the adult phenotype early
after eclosion, and eventual death due to dehydration. This is
the first report on the effects of apoLp-III manifested in adult
phenotypic changes in any insect. The RNAi approach has
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been found reliable for the study of the developmental phe-
notypes in another beetle Tribolium castaneum (Zhu et al.
2008) and the lepidopteran Spodoptera exigua (Zhang et al.
2012) after knockdown of chitinase genes. Although the
requirement of the apoLp-III gene in the developmental
phenotype of lepidopteran and dipteran insects are still under
study, we speculate a potential application of the gene in pest
control strategies. An RNAi screen targeting the dsRNA of
genes significant towards larval mortality and/or stunting of

western corn rootworm has been a successful advancement in
this direction (Baum et al. 2007)

In addition, we examined the susceptibility of T. molitor
larvae to a Listeria strain in the TmapoLp-III silenced
condition. Observations indicate that TmapoLp-III plays an
important role in conferring resistance to host larvae
against Listeria spp. Recently RNAi-based studies have
shown the significance of apoLp-III in immune activation
of insects, including A. gambiae, H. cunea, P. xylostella,

Figure 1 Effects of TmapoLp-III gene silencing on the adult phenotype and survival rate of T. molitor. (A) Transcriptional silencing of
TmapoLp-III by sequence-specific dsRNA injection. (Aa) The mRNA levels of TmapoLp-III after injection of dsRNA to day 1 pupae. (Ab) The RNAi
efficiency of TmapoLp-III in last instar larvae; dsEGFP injected larvae represented the negative control. The results of qRT-PCR were normalized
to the expression of ribosomal protein L27a (T. molitor) gene, with maximum level of knockdown observed after 2 days of dsRNA injection.
Numbers above bars represent the silencing rate; *P < 0.05 (Tukey’s test) in the transcript levels between the control and test insects measured
at same time. Data represents mean ± SE of three biological replicate experiments. (B) Adult phenotype observed after the silencing of
TmapoLp-III in the pupae and last instar larvae of T. molitor. Last-instar larvae and 2-day-old pupae of T. molitor were microinjected with dsEGFP
and dsapoLp-III and the phenotype analyses were recorded for the pupal–adult stage. The phenotype observed for the larval–pupal stage was
normal for both the treatment groups. The remnants of old pupal cuticle were still present in the adult with pale pigmentation. The dsapoLp-III
injected insects showed striking adult phenotypes with deformed and stunted elytra that appeared to be disjointed and did not cover the entire
abdomen. In this scenario, the adults were unbalanced and weak, and died at 4–5 days of emergence, possibly due to dehydration. Adults of
dsEGFP-injected control are shown alongside for comparison. (C) Survival rates measured after dsRNA injection into the last instar larvae of
T. molitor until day 4–5 of adult emergence. The data reports the results of three independent replicate experiments. *P < 0.05; **P < 0.01 (SAS,
ANOVA).
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and T. castaneum (Gupta et al. 2010; Son & Kim 2011;
Contreras et al. 2013). The dose-dependent survival of Gal-
leria larvae after inoculation of L. monocytogenes and
L. innocua has been reported (Mukherjee et al. 2010). The
observation of a lower mortality percentage (∼20%) after
Listeria infection as seen with dsEGFP controls may be a
case of robustness of the host in bypassing the septic infec-
tion by a moderately pathogenic Listeria species. The viru-
lence of the microbe gets accentuated with the silencing of
TmapoLp-III mRNA levels and could be a case of immu-
nosuppression due to lack of antioxidant potential as
reported elsewhere (Kim et al. 2004). Currently we are
tracking the intracellular presence of Listeria in Tenebrio
hemocytes using anti-Listeria ActA monoclonal antibody

by immunofluorescence microscopy (results not shown).
The role of TmapoLp-III in midgut immunity will provide
a compelling evidence for its possible role as recognition
protein in immune surveillance against the intracellular
pathogen as part of the apoptotic response triggered by
parasite invasion. We suspect a similar function as evi-
denced in the role of AgapoLp-III in the cell cytoplasm of
A. gambiae enhancing antiplasmodial defense (Gupta et al.
2010).

In conclusion, apoLp-III in T. molitor functions in the
development of the insect by maintaining effective regula-
tion of metamorphosis especially at the pupal–adult transi-
tion and also protects the larvae against L. monocytogenes
infection.

Figure 2 Effects of TmapoLp-III gene silencing on the survivability of T. molitor larvae after inoculation with different doses of
L. monocytogenes strain ATCC 7644. Bacteria were grown in brain heart infusion medium at 37°C to log phase. Necessary dose dilutions of the
bacteria were used for inoculation after silencing of TmapoLp-III in the larvae. The time course of survival of the larvae when inoculated with
103 cfu/larvae (A), 104 cfu/larvae (B), 105 cfu/larvae (C) and 106 cfu/larvae (D) to both dsEGFP and dsapoLp-III injected sets. The results represent
the average of two independent determinations for 50 animals per treatment. *P < 0.05 (Wilcoxon–Mann–Whitney test) significant change in
larval survivability was observed between the injected control and TmapoLp-III silenced larvae at 7 days post-inoculation of 106 cfu/larvae of
L. monocytogenes.
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