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A B S T R A C T

Macroautophagy (hereinafter called autophagy) is a highly regulated process used by eukaryotic cells
to digest portions of the cytoplasm that remodels and recycles nutrients and disposes of unwanted
cytoplasmic constituents. Currently 36 autophagy-related genes (ATG) and their homologs have been
characterized in yeast and higher eukaryotes, including insects. In the present study, we identified and
functionally characterized the immune function of an ATG8 homolog in a coleopteran insect, Tenebrio
molitor (TmATG8). The cDNA of TmATG8 comprises of an ORF of 363 bp that encodes a protein of 120
amino acid residues. TmATG8 transcripts are detected in all the developmental stages analyzed. TmAtg8
protein contains a highly conserved C-terminal glycine residue (Gly116) and shows high amino acid
sequence identity (98%) to its Tribolium castaneum homolog, TcAtg8. Loss of function of TmATG8 by RNAi
led to a significant increase in the mortality rates of T. molitor larvae against Listeria monocytogenes. Unlike
dsEGFP-treated control larvae, TmATG8-silenced larvae failed to turn-on autophagy in hemocytes after
injection with L. monocytogenes. These data suggest that TmATG8 play a role in mediating autophagy-based
clearance of Listeria in T. molitor.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Autophagy is a cellular process by which the cell degrades un-
necessary or dysfunctional cellular components by the action of
lysosomes. The autophagy mechanism is conserved from yeast to
higher eukaryotes, and is implicated in various house-keeping func-
tions such as organelle turnover, growth, aging, cell death, and
mobilization of amino acids upon starvation (Levine and Klionsky,
2004; Melendez et al., 2003; Rusten et al., 2004). In addition, inva-
sive intracellular bacteria can be targeted and engulfed into
autophagosomes for their eventual degradation in autolysosomes
through a subtype of autophagy, known as xenophagy (Deretic, 2011;
Knodler and Celli, 2011; Levine, 2005; Yuk et al., 2012). Eukaryotic
cells can deploy xenophagy to restrict the rapid multiplication of in-
ternalized extracellular pathogens such as group A Streptococcus (GAS)
(Nakagawa et al., 2004; Sakurai et al., 2010; Yamaguchi et al., 2009)

or typical intracellular pathogen such as Francisella tularensis (Checroun
et al., 2006) and Listeria monocytogenes (Py et al., 2007; Yano et al.,
2008).

The molecular mechanism of autophagy was discovered through
genetic screens in yeast that led to the identification of autophagy-
related (ATG) genes. To date 36 ATG genes (Motley et al., 2012) have
been identified in yeast, and orthologs of these genes are continuously
being discovered in various organisms across the Eukaryota. A subset
of ATG genes involved in the formation of autophagosome is re-
ferred to as the “core autophagy machinery”, and is conserved in all
subtypes of autophagy (Xie and Klionsky, 2007). The core autophagy
machinery comprise of genes placed into three major functional cat-
egories, namely (i) the Atg9 cycling system which includes Atg9, the
Atg1 kinase complex (Atg1 and Atg13), Atg2, and Atg18; (ii) the
phosphatidylinositol 3-OH kinase (PI(3)K) complex which includes
Vps34, Vps15, Atg6 (Vps30), and Atg14, and (iii) the ubiquitin-like
protein (Ubl) system, which includes Atg8-PE complex, the Atg8 modi-
fying protease (Atg4), the Atg12-Atg5.Atg16 complex, the activating
enzyme (Atg7), and two analogs of ubiquitin-conjugating enzymes
(Atg10 and Atg3) which was reported by Xie and Klionsky (2007).

Atg8 is an ubiquitin-like protein involved in controlling the ex-
pansion of the phagophore during autophagosome formation. The
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amount of Atg8 available determines the size of the autophagosome
that is formed (Xie et al., 2008). The fact that Atg8 remains local-
ized to the autophagosome has made this protein a reliable marker
for the induction and progression of autophagy (Nakatogawa et al.,
2007). ATG8 genes have been characterized in various insect species,
including Galleria mellonella (Khoa and Takeda, 2012), Bombyx mori
(Hu et al., 2010), Aedes aegypti (Bryant and Raikhel, 2011), and
Spodoptera litura (Zhang et al., 2014). However, there is nothing in
the literature reporting the identification and characterization of
Atg8 in the coleopteran insect, Tenebrio molitor (TmATG8). We iden-
tified a TmATG8 homolog through RNASeq approach, cloned, and
subsequently characterized its function using RNA interference (RNAi)
and immunofluorescence targeting. We show that disruption of the
autophagy pathway via RNAi-mediated silencing of TmATG8 makes
T. molitor larvae more susceptible to infections caused by the in-
tracellular pathogen, Listeria monocytogenes.

2. Materials and methods

2.1. Insect collection and maintenance

T. molitor larvae procured from College of Pharmacy, Pusan Na-
tional University, Busan, South Korea were reared in an environmental
chamber at 26 ± 1 °C with 60 ± 5% relative humidity and a 16:8 h
light:dark cycle. The larvae were fed an autoclaved artificial diet com-
posed of 200 g wheat bran (Milworm House, Busan, Korea), 20 g bean
powder (Donggran Food, Daejeon, Korea), 10 g brewer’s yeast (Beer
Yeast Korea Inc., HNH Seoul, Korea), 0.15 g chloramphenicol (Duchefa
Biochemie, Haarleem, The Netherlands), 1.1 g sorbic acid (Sigma
Aldrich, St. Louis, USA), and 1.1 ml propionic acid (Sigma Aldrich,
St. Louis, USA) mixed in 440 ml of distilled water.

2.2. Full-length cDNA cloning and sequencing

A partial cDNA sequence of TmATG8 was obtained from T. molitor
whole larva RNAseq database annotated for the identification and
characterization of immunity-related genes. The full-length cDNA
sequence was obtained by performing 5′ and 3′ rapid amplifica-
tion of cDNA ends (RACE-PCR) using SMARTerTM RACE cDNA
Amplification Kit (Clontech Laboratories, CA, USA) according to the
manufacturer’s instructions. Total RNA was used as a template to
synthesize RACE-ready cDNA. Gene-specific primers (Table S1) for
TmATG8 were designed based on the partial cDNA sequence, and
the first and nested PCR reactions were conducted using the RACE-
ready cDNA under the following conditions: initial denaturation at
94 °C for 3 min followed by 28 cycles of denaturation at 94 °C for
30 s, annealing at 60 °C for 30 s, extension at 72 °C for 1 min, and
a final extension at 72 °C for 10 min. The nested PCR products were
resolved on 1% agarose gel at 100 V for 20 min, extracted and gel-
purified using AccuPrep Gel Purification Kit (Bioneer Company,
Daejeon, Korea). The purified DNA fragments were subsequently
cloned into a TOPO TA cloning vector (Invitrogen Corporation, Carls-
bad, CA) and transformed into competent Escherichia coli DH5α cells.
The transformed DH5α cells were sub-cultured overnight and plas-
mids carrying the target gene products were recovered and
sequenced. The TmATG8 full-length cDNA sequence has been reg-
istered in GenBank under accession number KM676434.

2.3. In silico characterization of TmATG8

The cDNA and deduced amino acid sequence of TmATG8 were
analyzed using InterProScan at European Bioinformatics Institute
(EBI) (http://www.ebi.ac.uk/Tools/pfa/iprscan/) and Basic Local Align-
ment Search Tool (BLAST) algorithm at the National Center for
Biotechnology Information (NCBI) (http://blast.ncbi.nlm.nih.gov/).
Specific protein domains for TmAtg8 were highlighted by the

InterProScan during the analysis. Amino acid sequences of TmAtg8
homologs were obtained by performing a search using tBLASTn on
GenBank (http://www.ncbi.nlm.nih.gov). The accession numbers of
TmAtg8 homologs used in the present study are shown in Table S2.

Multiple sequence alignment and percentage identity analysis
of TmAtg8 with its homologs were performed using ClustalX2 (Larkin
et al., 2007) and MEGA5 (Tamura et al., 2011) programs, respec-
tively. Subsequently the MEGA5 program was used to construct a
phylogenetic tree using maximum likelihood (ML) method based
on the JTT matrix-based model.

2.4. Developmental and tissue-specific expression pattern of
TmATG8

Total RNA was extracted from various developmental stages of
T. molitor, including the late-instar larvae (LIL), pupa days 1–7
(P1-P7) and adult days 1 and 2 (A1 and A2). To analyze the tissue-
specific expression pattern of ATG8 in T. molitor, total RNA was
extracted from various tissues of the larval at each stage, which
included gut, hemocytes, integument, Malphigian tubules, fat body,
and the ovaries and testes of the adult stage using SV Total RNA
Isolation System (Promega Corporation, Madison, WI, USA) accord-
ing to the manufacturer’s instructions. cDNAs corresponding to
each stage of growth and sampled tissue were synthesized using
AccuPowerR RT Pre-Mix kit (Bioneer Company, Daejeon, Korea).
Quantitative PCR (qPCR) reactions were performed in an ExicyclerTM

96 Real-Time Quantitative Thermal Block (Bioneer Company, Daejeon,
Korea) using gene specific primers (Table S1) set to an initial de-
naturation of 95 °C for 20 s, followed by 45 cycles of denaturation
at 95 °C for 5 s, and annealing at 60 °C for 20 s. The 2−ΔΔCt method
(Livak and Schmittgen, 2001) was employed to analyze the expres-
sion levels of TmATG8. The reactions were performed in triplicate
and are presented as the mean ± SE (n = 3) of three biological rep-
licates. T. molitor ribosomal protein L27a (TmL27a) was used as an
internal control to normalize differences in template concentra-
tion between samples.

2.5. dsRNA synthesis and silencing of TmATG8

TmATG8 cDNA template was amplified by semi-quantitative PCR
using gene-specific primers (product size; 297 bp) flanked with a
T7 promoter sequence on their respective 5′ ends. The primer in-
formation for dsRNA synthesis is shown in Table S1. The PCR reaction
was carried out under the following conditions: initial denatur-
ation at 94 °C for 3 min followed by 28 cycles of denaturation at 94 °C
for 30 s, annealing at 53 °C for 30 s, extension at 72 °C for 1 min,
and a final extension at 72 °C for 10 min. The PCR products were
purified using the AccuPrep PCR Purification Kit (Bioneer Company,
Daejeon, South Korea), and the dsRNA was synthesized with an
AmpliscribeTM T7-FlashTM Transcription Kit (Epicentre Biotechnolo-
gies, Madison, WI, USA) according to the manufacturer’s instructions.
After synthesis, the dsRNA was purified and precipitated using 5M
ammonium acetate and checked for its integrity by running a 1%
agarose gel and quantifying it using an Epoch spectrophotometer
(BioTek Instruments Inc, Winooski, VT, USA). As a control, we syn-
thesized dsRNA for T. molitor that was enhanced with a fluorescent
green protein (dsTmEGFP) and stored at −20 °C until injected into
T. molitor larvae.

The synthesized dsTmATG8 was dissolved in injection buffer
(0.1 mM sodium phosphate, 2.5 mM potassium chloride, pH 7.2)
(Fabrick et al., 2009) to a final concentration of 0.5 μg/μl. Injection
of dsRNA (1 μg/μl) into the 2nd or 3rd visible sternite of late-
instar larvae (n = 50) was performed using disposable needles
mounted onto a micro-applicator (Picospiritzer III Micro Dispense
System, Parker Hannifin, Hollis, NH, USA). Another set of late-
instar larvae (n = 50) were injected with equal amount of dsEGFP
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dissolved in the injection buffer that acted as a negative control. In-
jected larvae were maintained on artificial diet under standard
rearing conditions until total RNA was extracted. TmATG8 knock-
down was evaluated 5 days after the dRNA was injected. Total RNA
isolation and subsequent cDNA synthesis were conducted as de-
scribed earlier. The experiment was repeated at least three times
to confirm the silencing of TmATG8 transcripts.

2.6. Bacterial injection and bioassay studies

Listeria monocytogenes strain ATCC 7644 was grown in brain–
heart infusion (BHI) medium (Difco, Sparks, MD, USA) at 37 °C. For
infection studies, a single colony was picked from a BHI agar plate
using a sterile wire loop and inoculated into 5 ml of fresh BHI broth
in 15 ml round-bottom culture tube. The tube was incubated over-
night under aerobic conditions in an orbital shaker at 200 rpm at
37 °C. The overnight culture was washed thrice in phosphate-
buffer saline (PBS), re-suspended and serially diluted in 0.9% saline
to achieve the desired concentrations as determined by measure-
ments at OD600. Each dilution was plated on BHI agar and incubated
at 37 °C for 16 h prior to colony counting.

For bioassay studies, dsRNA (1 μg/larva) of TmATG8 or EGFP was
injected into the hemocoel of larvae at the 2nd or 3rd visible sternite
as described earlier. Five days after dsRNA injection, knockdown
levels were confirmed by qPCR. The larvae in both the TmATG8 and
EGFP groups (n = 30 each) were challenged with 2 μl (~106 cells/larva)
of diluted L. monocytogenes culture. The challenged larvae were
maintained at 26 °C while the numbers of dead larvae were recorded
on a daily basis for 6 days. The survival rate was compared between
the TmATG8 silenced and the EGFP control groups. The results
represented the average of three biological replicates. Statistical
analysis was conducted using the Wilcoxon–Mann–Whitney test
(Yano et al., 2008; Tindwa et al., 2014) and the cumulative survival
rates were considered significant if P < 0.05.

2.7. Expression of TmATG8 in E. coli

The full-length ORF of TmATG8 was sub-cloned into a TOPO-TA
cloning vector as described in Section 2.2. The insert was subse-
quently amplified using gene specific primers which contained
EcoR1 and HindIII restriction sites (Table S1) to facilitate direction-
al cloning of the PCR product into expression vector pET28a(+)
(Novagen, Germany). The PCR product was resolved in 1% agarose
gel electrophoresis and purified using a gel purification kit (Bioneer,
Korea). The DNA was then sub-cloned into EcoR1-HindIII digested
pET28a(+) expression vector, transformed into competent DH5α
cells, spread plated onto LB agar plates containing Kanamycin
(50 mg/ml) and X-gal (40 mg/ml), and incubated at 37 °C over-
night. Positive transformant colonies were sub-cultured for 16 h
and plasmids carrying the target gene product were recovered
and sequenced.

After confirming the sequence, plasmids carrying the TmATG8
full ORF were transformed into E. coli BL21 cells, spread plated onto
Kanamycin-containing LB agar plates and incubated overnight at
37 °C. Selected BL21 colonies were sub-cultured in Kanamycin-
containing LB broth, and the expression of the recombinant TmAtg8
(rTmAtg8) protein was induced by the addition of IPTG to a final
concentration of 0.25 mM.

2.8. Sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS–PAGE) and Western blot analysis

T. molitor larvae were surface-sterilized by rinsing them in 70%
ethanol and subsequently anaesthetized on ice for 10–15 min.
Using sterile scissors, the proleg was cut and the outflowing he-
molymph was collected directly into a tube containing modified

hemolymph collection solution (Stoepler et al., 2012), which
consisted of 70% Grace’s insect medium, 10% bovine serum albumin,
and 20% anticoagulant buffer (98 mM NaOH, 186 mM NaCl, 1.7 mM
EDTA, and 41 mM citric acid, pH 4.5). To collect hemocytes, the
hemolymph was centrifuged at 200 g at 4 °C for 5 min. The
sedimented hemocytes were washed twice in the collection solu-
tion and re-suspended into protein extraction solution (Pro-
PrepTM iNtRON Biotechnology, Seongnam, Korea). The hemolymph
proteins were denatured by boiling in 2× Laemmli protein loading
buffer at 100 °C for 5 min, allowed to cool to room temperature,
and loaded onto a 16% SDS–PAGE gel for electrophoresis at 100 V
for 90 min.

The separated proteins were blotted onto an Immobilon-P
(Millipore, Billerica, MA, USA) membrane at 100 V for 70 min at 4 °C.
Then, the membrane was incubated in 1 mM levamisole in Tris-
buffered saline (TBS) (10 mM Tris, 150 mM NaCl, pH 7.5) for 10 min
at 4 °C, and blocked in 5% non-fat dry milk in TBST (TBS supple-
mented with 0.01% Tween 20) for 1 h at room temperature. The
membrane was incubated with anti-TmAtg8 antibody raised in rabbit
against the amino acid sequence -FQYKEEHPFEKRKSC- of TmAtg8
(Yong In Frontier Co Ltd., Seoul, Korea) diluted at 1:3000 in 5% non-
fat dry milk in TBST for 1 h at room temperature. The membrane
was washed three times for 5 min each, and incubated in goat anti-
rabbit IgG (h+l) alkaline phosphatase conjugated antibody (Bethyl
Laboratories, Inc., TX, USA) diluted at 1:5000 in 5% non-fat dry milk
in TBST for 1 h at room temperature. The membrane was washed
three times for 5 min each. The bands were visualized by treating
the membrane with SigmafastTM BCIP/NBT Alkaline Phosphatase Sub-
strate Solution (Sigma Aldrich Co., St. Louis, MO, USA).

2.9. Immunofluorescence staining and confocal microscopic analysis

Hemocytes from Listeria-infected or non-infected larvae (n = 50)
were collected as described earlier. For live cell autophagy detec-
tion, the hemocytes were incubated with an autophagosomal probe,
Cyto-ID Green Detection Reagent (Enzo Life Sciences Inc., NY, USA)
in assay buffer for 30 min at 37 °C. Subsequently, the cells were
washed twice with assay buffer, applied to glass slides, and left to
incubate for 30 min at room temperature to allow for hemocyte ad-
hesion to slides. Slides were stained with TO-PRO-3 iodide for 20 min
to visualize the nuclei. Following three additional washes with assay
buffer, slides were mounted with an aqueous mounting medium
(Dako North America Inc., CA, USA) and covered for immediate ob-
servation under an FV500 laser-scanning confocal microscope
(Olympus). For Cyto ID/Lysotracker red co-staining, Lysotracker red
was added (final concentration of 25 nM) to the cells incubated with
Cyto-ID for 15 min and left to co-stain for additional 15 min at 37 °C
(Oeste et al., 2013). Co-stained cells were processed as described
earlier and visualized immediately afterwards.

To visualize Listeria inside the Tenebrio hemocytes, hemocytes
were collected from infected larvae as described earlier, washed
twice in PBS and applied to glass slides. Following incubation at
room temperature for 30 min, the slides were rinsed twice with
PBS and fixed for 20 min with ice-cold 4% paraformaldehyde in
PBS. After fixation, slides were washed three times with PBS,
permeabilized using 0.2% Triton-X100 in PBS for 15 min, washed
three times, and blocked with 1% BSA in PBS for 1 h at room tem-
perature. Subsequently, the slides were incubated with anti-
Listeria monocytogenes polyclonal antibody (Ab35132; Abcam,
Cambridge, UK), diluted at 1:300 in 1% BSA in PBS for 1.5 h at room
temperature. Slides were washed three times in PBS and incu-
bated with fluorescein rhodamine-conjugated goat anti-rabbit IgG
antibody Alexa Flour 546, diluted at 1:300 in 1% BSA in PBS for 1 h
at room temperature. After washing 3 times in PBS, slides were
stained with TO-PRO-3 iodide (Invitrogen) for 30 min, processed,
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and observed under an FV500 laser-scanning confocal microscope
(Olympus) as described earlier.

3. Results

3.1. cDNA characterization and phylogenetic analysis of TmATG8

The full-length TmATG8 cDNA (accession number: KM676434) was
obtained from the partial sequence screened from the T. molitor
RNAseq database. The full length cDNA of TmATG8 contains an open
reading frame (ORF) of 363 bp that encodes a protein of 120 amino
acid residues (Fig. 1). The 5′- and 3′-untranslated regions (UTR) of
TmATG8 were of 141 and 369 bp, respectively. The poly (A) signal
(AATAA) was found 9 bp upstream of the poly (A) tail. Signal peptide
was not predicted for TmAtg8 protein. An analysis of the deduced
amino acid sequence of TmAtg8 reveals a characteristic microtubule-
associated proteins 1a/1b light chain 3-related domain (Fig. 1).

Multiple alignments of TmAtg8 with its orthologs indicate a high
degree of conservation of Atg8 amino acid sequence within insects
(Fig. 2A). Furthermore, TmAtg8 is phylogenetically closest to Atg8
of another coleopteran beetle, Tribolium castaneum (TcAtg8), which
is shown in Fig. 2B. As shown in Fig. 2C, TmAtg8 shares highest
sequence identity (98%) with TcAtg8, followed by Homo sapiens
(94%), Mus musculus (94%), Riptortus pedestris (94%), Helicoverpa
armigera (94%), and Bombyx mori (94%). The distance matrix shows
that TmAtg8 is placed at a distance of 0 from TcAtg8 compared to
distances of 0.05 and 0.11 from Drosophila melanogaster and Apis
melifera, respectively (Fig. 2C).

3.2. Developmental and tissue-specific expression patterns of
TmATG8 mRNAs

The expression levels of TmATG8 transcripts were analyzed by
quantitative real-time PCR (Fig. 3). The transcripts of TmATG8 were
detected in all developmental stages and tissues examined. Lower
TmATG8 transcript levels were observed in both the hemocytes and
ovaries of adult insect (Fig. 3Ai), but only in the hemocytes of larvae
(Fig. 3Aii). Although TmATG8 transcripts were found in all the de-
velopmental stages tested, higher transcript levels were observed
in the early and late pupal stages (Fig. 3B).

3.3. Characterization of TmAtg8 polyclonal antibody

Under normal non-autophagic conditions, Atg8 exists in an uncon-
jugated form (Atg8-I), but upon starvation or microbial infection, most
of Atg8 is lipidated by conjugation with phosphatidylethanolamine
(PE) to form Atg8-PE conjugate (Atg8-II), and subsequently re-
cruited to the developing phagophore (Nair et al., 2011). To detect
the Atg8-I and Atg8-II forms in T. molitor, we designed and gener-
ated a peptide-based anti-TmAtg8 polyclonal antibody. The specificity
of the anti-TmAtg8 antibody was validated by its ability to detect re-
combinant TmAtg8 protein (rTmAtg8) as well as endogenous TmAtg8
in protein extracts from whole insects (Fig. 4). Furthermore, anti-
TmAtg8 was able to track the second band (TmAtg8-II) that was likely
due to infection-induced autophagy in hemocytes after 12 h and 24 h.
Infection of T. molitor late-instar larvae with 106 CFU of either E.coli
or L. monocytogenes appeared to induce autophagy in hemocytes with

Fig. 1. The full-length nucleotide and deduced amino acid sequence of TmATG8. The nucleotides are numbered from the first base of the translation start codon (ATG). The
polyadenylation signal sequence (AATAA) is underlined in the 3′-UTR region. The microtubule-associated proteins 1a/1b light chain B-related domain has been shaded gray.
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little or no autophagy observed in the fat body (Fig. 5A). Autophagic
signals based on the intensity of the second band (TmAtg8-II) ap-
peared to be more pronounced in larvae infected with L. monocytogenes
than those infected with E. coli. To show that the lower band is the
II-form of TmAtg8, we silenced TmATG5 transcripts in hemocytes of
T. molitor larva and monitored its influence on lipidation of TmAtg8
in listeria-infected larvae. As shown, TmATG5 gene silencing re-
sulted in disappearance of the second band (TmAtg8-II) as detected
by western blotting using anti-TmAtg8 (Fig. 5B).

3.4. TmATG8 silencing leads to increased susceptibility of Tenebrio
larvae to Listeria monocytogenes infection

To functionally characterize TmATG8, we knocked down the tran-
script levels using RNAi and monitored its influence on the ability
of T. molitor larvae to resist being infected by an intracellular patho-
gen, Listeria monocytogenes. The nearly 70% down-regulation of the
TmATG8 transcripts (Fig. 6Ai) were corroborated by Western blot
results showing that the target protein band had been reduced to

undetectable levels in the dsTmATG8-injected larvae compared to
the control dsEGFP-injected larvae (Fig. 6Aii).

Injection of dsTmATG8 and/or dsEGFP did not affect survival of
T. molitor larvae prior to microbial challenge. However, under TmATG8
knockdown conditions, inoculation of L. monocytogenes at a
concentration of 106 CFU/larva resulted in a significant (P < 0.05)
reduction in the survival of TmATG8-depleted larvae compared to
dsEGFP- or 0.9% saline-injected control larvae (Fig. 6Bi). No difference
in mortality rate was observed between the controls and the TmATG8-
depleted larvae in the first 3 days post-Listeria challenge, but it was
pronounced in the TmATG8-depleted larvae from day 4 onwards. The
0.9% saline and dsEGFP-injected insects showed similar survival
abilities against the pathogen (Fig. 6Bii).

3.5. TmATG8 gene silencing causes a failure in turning on an
autophagic response to invading Listeria in hemocytes

In order to confirm that autophagy is required to counteract
L. monocytogenes infection, we tracked the bacterial infection of

Fig. 2. Primary sequence analysis of TmAtg8. (A) Multiple sequence alignment of TmAtg8 with its orthologs from other insects including Tribolium castaneum (TcAtg8), Homo
sapien (HsAtg8), Mus musculus (MmAtg8), Riptortus pedestris (RpAtg8), Helicoverpa armigera (HaAtg8), Bombyx mori (BmAtg8), Danio rerio (DrAtg8), Anopheles gambiae (AgAtg8),
Aedes aegypti (AaAtg8), Drosophila melanogaster (DmAtg8) and Apis mellifera (AmAtg8). The conserved C-terminal glycine (Gly116) residue that gets exposed after Atg4-mediated
cleavage of terminal arginine residue is shown (green arrow). Phe77 and Phe79 which form part of Atg4 recognition site (red arrow) and Tyr 49/Leu50 important for E1 and
E2-like enzyme activity on Atg8 (blue arrows) are shown. Identical and chemically equivalent amino acid residues are labeled by black or gray underlay, respectively. (B)
Molecular phylogenetic analyses of TmAtg8 with its orthologs by maximum likelihood method. (C) Identity and distance matrix showing evolutionary divergence between
Atg8 sequences. The GenBank accession numbers for the analyzed Atg8 sequences have been enlisted in Table S2. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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hemocytes and the status of the autophagy signal in the presence or
absence of TmAtg8 using a combination of RNAi and immunostaining
techniques. Results show that L. monocytogenes can invade hemo-
cytes within 1 h of their inoculation into the hemocoel of Tenebrio

larvae by microinjection (Fig. 7Ai). However, the autophagy signal was
not detected in hemocytes until about 6 h post-infection (Fig. 7Aii).
The intensity of the autophagosome-specific probe, Cyto-ID green dye
and the endo-lysosomal probe, LysoTracker Red DND-99, increased

Fig. 3. Spatial and developmental expression of ATG8 mRNA transcripts in T. molitor. (A-i) Relative expression of TmATG8 in late-instar and (A-ii) 2-day old adult tissues. IT,
integument; FB, fat body; MT, Malphigian tubules; HEM, hemocytes; OVA, ovary; TES, testis. (B) TmATG8 transcript abundance in the developmental stages of T. molitor. LIL,
late-instar larva; PP, pre-pupa; P1–P7, pupa days 1–7; A1–A2, adult days 1 and 2. Vertical bars represent standard errors (n = 3). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Characterization of peptide-based anti-TmAtg8 antibody. Detection of recombinant (rTmAtg8) and endogenous TmAtg8 proteins by Western blotting. His-tag mono-
clonal antibody was used to specifically detect the rTmAtg8. Anti-TmAtg8 antibody detected both rTmAtg8 (red arrow) and two forms of the native (TmAtg8-I and TmAtg8-
II) protein (purple arrows). Pre-immune blood was used as a negative control. C, un-induced bacterial lysate; I, IPTG-induced bacterial lysate; N, whole-body protein extracts
from T. molitor late-instar larvae. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the longer it was exposed to the pathogen. Furthermore, most signals
of the two probes co-localized as indicated by the merged image. These
results suggest that the host requires a duration of at least 6 h to form
the autophagosome (xenophagosome) after infection.

Silencing of TmATG8 transcripts resulted in inhibition of au-
tophagy in hemocytes following Listeria infection. While a strong
autophagic signal was detectable in control hemocytes (hemocytes
from dsEGFP-injected larvae), no signal was detectable in the TmATG8
RNAi group (Fig. 7B).

4. Discussion

Atg8 is an accepted marker of autophagy and is utilized to probe
autophagic processes in eukaryotes. In order to delineate the au-
tophagic process in the coleopteran insect, T. molitor, we screened
and identified homologs of ATG genes from the annotated RNASeq
database. A partial sequence from the T. molitor RNASeq database
was screened and identified to be ATG8 (TmATG8). We further cloned
and functionally characterized TmATG8 in the context of
L. monocytogenes-triggered autophagy in T. molitor.

The identification of microtubule-associated proteins 1a/1b light
chain 3-related domain provides the first conclusive evidence on
the characterization of TmATG8 at the amino acid sequence level.
In mammals, Atg8 proteins fall under two subfamilies namely,

microtubule-associated protein-1-light chain 3 (LC3), and Gamma-
aminobutyric acid receptor-associated protein (GABARAP)/Golgi-
associated ATPase enhancer of 16 kDa (GATE-16) subfamilies (He
et al., 2003; Shpilka et al., 2011; Weidberg et al., 2010; Xin et al.,
2001). The TmAtg8 characterized in this study belongs to the
GABARAP subfamily of proteins. In addition to TmAtg8, in silico
analysis of T. molitor genome data generated by the Next Genera-
tion Sequencing revealed a second member of the ATG8 family in
T. molitor, the microtubule-associated proteins 1A/1B light chain
3C-like protein (TmLC3) albeit with low amino acid identity (34%)
to TmAtg8 (Fig. S1). It will be intriguing to conduct RNAi-based
functional studies on this putative TmLC3 gene in order to deter-
mine its exact roles on autophagy and immunity of T. molitor.
Both LC3 and the GABARAP proteins have also been reported in
insects including two GABARAP proteins in D. melanogaster
(http://flybase.org/), and a GABARAP and an LC3 gene in Apis mellifera
(Weinstock et al., 2006). The divergence in Atg8 subfamilies found
in various insects is due to the fact that the ATG8 genes have been
duplicated and lost during evolution, leading to the extinction
and expansion of some subfamilies in specific lineages (Shpilka
et al., 2011).

Multiple sequence alignment of TmAtg8 with other Atg8 ho-
mologs from various organisms shows the highly conserved
C-terminal glycine residue. As reported earlier, the conserved

Fig. 5. Time-course induction of TmAtg8 protein (TmAtg8-I and TmAtg8-II) detected by anti-TmAtg8 antibody. (A) Western blot detection of TmAtg8-I and TmAtg8-II proteins
in fat body and hemocytes of T. molitor larvae after challenge with E. coli and L. monocytogenes. β-Actin monoclonal antibody was used as a loading control. Un, uninjected
control; 12 h, sample after 12 h of bacteria injection; 24 h, sample after 24 h of bacteria injection. (B) Confirmation of the TmAtg8 lipidation in hemocytes leading to
time-dependent formation of TmAtg8-II after infection of T. molitor larvae with L. monocytogenes. Knockdown of TmATG5 led to the disappearance of the second band (TmAtg8-II)
in dsTmATG5-treated but not in dsEGFP-treated larval hemocytes.
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C-terminal glycine residue gets exposed following the removal of
a terminal arginine residue due to the proteolytic activity of Atg4
(Nakatogawa et al., 2007). With the exposed glycine residue, TmAtg8
conjugates to PE by the coordinated enzymatic activities of Atg7 and
Atg3 (as E1- and E2-ubiquitin-like enzymes, respectively) (Amar et al.,
2006; Ichimura et al., 2000; Nakatogawa et al., 2007).

The observation that TmATG8 mRNA transcripts are expressed
in all the insect tissues including the fat body, hemocytes, gut,
Malphigian tubules, integument, ovaries, and testes suggests that
autophagy is a routine cell remodeling process that occurs in various
tissues, and thus is important during growth and development, nu-
trient recycling upon starvation, and clearance of invading pathogens
(Berry and Baehrecke, 2007; Denton et al., 2009; Khoa and Takeda,
2012; Nezis et al., 2009; Scott et al., 2004; Tian et al., 2013). Our
study also shows the ubiquitous presence of ATG8 transcripts in all
developmental stages of T. molitor, suggesting marked autophagy
during growth of the insect.

To understand the role of autophagic processes in eliminating
an intracellular pathogen, L. monocytogenes, we expressed the

TmATG8 gene in E. coli system and purified rTmAtg8. We also
generated a peptide-based polyclonal antibody against the TmAtg8
protein. The antibody was able to specifically recognize rTmAtg8
and the endogenous TmAtg8 from the whole-body protein extracts
of late-instar T. molitor larvae. The disappearance of TmAtg8-II
protein band in TmATG5 knockdown larval hemocyte protein
samples confirmed the specificity of the anti-TmAtg8 antibody.
When Atg5 interacts with Atg12 and Atg16, the resulting complex
(Atg12-Atg5-Atg16 complex) is known to act as an E3-like enzyme
which facilitates the lipidation of Atg8 to form the Atg8-PE conjugate
(Fujita et al., 2008; Noda et al., 2013). Neither Atg12 alone or
Atg5-Atg16 conjugate have the E3-like enzyme activity, and thus,
knockdown of Atg5 by RNAi would deplete the host organism of
this ability to form the Atg12-Atg5-Atg16 complex and its
stimulatory activity on the conversion of Atg8-I to Atg8-II (Fujioka
et al., 2008; Hanada et al., 2007).

In the current study, the induction of the autophagy marker
TmAtg8-II was not detected in the fat body of T. molitor larvae fol-
lowing microbial infection. The non-detection of autophagic signals

Fig. 6. RNA interference (RNAi)-based functional study of TmAtg8 in Tenebrio molitor larvae. (A) RNAi efficiency of TmAtg8 in comparison with EGFP gene after 5 days post
dsRNA injection analyzed by qRT-PCR (A-i) and Western blotting (A-ii). The results have been normalized to the levels of TmL27a transcript. The data represent mean ± SE
of three independent biological replicates. (B) Survival of T. molitor larvae after inoculation of L. monocytogenes. (B-i) Larval survival curves over time following infection
with L. monocytogenes. (B-ii) Pictorial representation of the treated larvae under investigation. *P < 0.05; ns, non-significant. Results shown are the average of three inde-
pendent biological replicates with standard errors.

95H. Tindwa et al./Developmental and Comparative Immunology 51 (2015) 88–98



A

B

Fig. 7. Time-course of autophagy staining in the hemocytes. (A-i) Time-course detection of L. monocytogenes in T. molitor hemocytes. (A-ii) Co-staining of Listeria-infected
Tenebrio hemocytes with Cyto-ID green detection reagent (autophagosome probe) and Lysotracker red DND99 (lysosomal dye). (B) Tracking Listeria-induced autophagy using
Cyto-ID green detection reagent in hemocytes isolated from TmAtg8-silenced larvae. Scale bar indicates 20 μm.
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in the fat body is intriguing and may warrant detailed studies re-
garding the preferential establishment of Listeria infection in other
organs or tissues in T. molitor.

Using RNAi, we silenced the mRNA transcripts of TmATG8 and
its protein levels, and subsequently challenged the T. molitor larvae
with L. monocytogenes. The reduced survival ability of TmATG8–
depleted larvae against L. monocytogenes infection suggests that
autophagy plays a major role in mediating resistance against
infection. Furthermore, an increase in the larvae’s autophagic
signals over time after exposure to L. monocytogenes infection
provides compelling evidence that T. molitor partly depends on
autophagy to clear infections by L. monocytogenes in hemocytes.
The inability of TmATG8-depleted larvae to turn on the autophagy
machinery against invading Listeria indicates that TmATG8 is indis-
pensable during an autophagic response against L. monocytogenes.
This is in agreement with reports on the arrest of autophagic
activity in the fat body of Aedes aegypti after silencing ATG8
transcripts either alone or in combination with ATG1 (Bryant and
Raikhel, 2011).

5. Conclusions

In this report, we identified and characterized the requirement
of ATG8 in autophagic clearance of L. monocytogenes in T. molitor.
We also established the pathogenicity of L. monocytogenes in
T. molitor. We are now focusing on the functional roles of TmATG8
in starvation-induced and developmentally triggered autophagy in
T. molitor.
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