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Abstract

The Current study investigated innate immune responses of the mealworm beetle, Tenebrio

molitor, against microbial infections. We, therefore, dealt with two major themes, the immune

functions of autophagy-reiated genes TmATG3, TmATG5 and TmATG8 on the one hand and,

roles of TmPGRP-LE and TmPGRP-LB in immune responses to microbial infections on the

other hand. In the first pail, the three autophagy-related genes, TmATG3, TmATG5^ and TmATG8

infections by an intracellular pathogen, Listeria monocytogenes. TmATG39 TmATG5 genes were

identified from T. molitor EST and RNAseq databases. The cDNA of TmATG3 and TmATG5

comprise of ORF sizes of 963 and 792 bp encoding proteins with 320 and 263 amino acid

residues, respectively. TmATG3 and TmATG5 transcripts are detected in all developmental

stages analyzed, and primarily in fat body and hemocytes of larvae. TmATG3 and TmATG5

xii

were identified and characterized for their immunological functions in the beetle against



showed high amino acid sequence identity (58-95%) with corresponding homologues from

various insects and were closer to their orthologs in T. castaneum. Loss of function of TmATG3

and TmATG5 by RNAi led to a significant reduction in survival ability of T. molitor larvae

against an intracellular pathogen, L. monocytogenes. Six days post-Listeria challenge, the

survivability in dsTwJTGJ- and dsTmATG5-treated larvae was significantly reduced to 3 and

4%, respectively, when compared with dsEGFP-injected control larvae. The cDNA cfiTmATG8

transcripts are detected in all the developmental stages analyzed. TmAtg8 contains a highly

conserved C-terminal glycine residue (G116) and shows high amino acid sequence identity (98%)

to its T. castaneum homologue, TcAtg8. Loss of function of TmATG8 by RNAi led to a

significant increase in mortality of T. molitor larvae against Listeria monocytogenes. Unlike

dsEGFP-treated control larvae, Tw/lTUS-silenced larvae failed to turn-on autophagy in

hemocytes after L. monocytogenes injection. Taken together, these data suggest that TmATG3,

TmATG5 and TmATG8 play a role in mediating autophagy-based clearance of Listeria in T.

molitor. In the second part, TmPGRP-LE and TmPGRP-LB were identified and characterised for

their immunological functions in T. molitor. A PGRP-LE homologue, from T. molitor was

identified and characterized for its functional role in the survival of the insect against infection

by a DAP-type PGN containing intracellular pathogen, L. monocytogenes. TmPGRP-LE cDNA

is comprised of an open reading frame (ORF) of 990 bp and encodes a protein of 329 residues.

TmPGRP-LE contains one PGRP domain, but lacks critical residues for amidase activity.

Quantitative RT-PCR analysis indicated a broad constitutive expression of the TmPGRP-LE

transcripts at various stages of development spanning from larva to adult. RNAi-mediated

challenge with L. monocytogenes,

resulted in a significant reduction in survival rate of the larvae, suggesting a putative role of

TmPGRP-LE in sensing and control ofL. monocytogenes infection in T. molitor. PGRP-LB, one

xiii

knockdown of the TmPGRP-LE transcript, followed by a

comprises of an ORF of 363 bp encoding a protein of 120 amino acid residues. TmATG8



of several amidase-capable members of the PGRP family has been demonstrated to specifically

recognize DAP-type PGN, thereby preventing over-activation of the IMD pathway upon

infections Gram-negative bacteria. We have identified, cloned and partially characterized the

newly isolated

Gram-negative bacterium Pseudomonas geniculata HT1 infection. TmPGRP-LB has an ORF of

597 bp encoding a protein with 198 amino acid residues and contains the conserved PGRP

domain. TmPGRP-LB is closest to its orthologous TcPGRP-LBl and TcPGRP-LB2 isoforms in

T. castaneum with which it shares the highest (73 %) percentage identity. TmPGRP-LB

transcripts were detected in all developmental stages examined spanning from the late-instar

larva to adult day 1 and 2. TmPGRP-LB transcripts were also detected in all tissues examined

including the gut, hemocytes, fat body, Malphigian tubules, integuments, ovaries and testes.

Infection of Tenebrio larvae with HT1 resulted in increased expression of TmPGRP-LB but not

other IMD pathway-related genes TmPGRP-LC and TmPGRP-LE. TmPGRP-LB loss of function

by RNAi resulted in increased susceptibility of larvae to infections by Gram-negative bacteria

HT1 and Escherichia coli KI2 but not Gram-positive bacteria Staphylococcus aureus RN4220.

Our results suggest that TmPGRP-LB plays a role in control of Gram-negative infections in T.

molitor. Overall, we have demonstrated that both autophagy and peptidoglycan recognition

proteins of the IMD pathway are deployed to counter bacterial infections in T. molitor.

xiv

immunological functions of a PGRP-LB homologue from T. molitor against a



Chapter 1. General introduction and review of literature

1.1 Introduction

Disease occurs when pathogenic microorganisms invade cells of the host as they seek

counter the effects of microbial invasion. The ability of an organism to recognize and defend

itself against harmful effects of the non-self is called immunity (Retief and Cilliers, 1998). The

immune system in most organisms is organized in at least three lines of defence. The first line of

defence is made up of a combination of physical barriers, chemical secretions and mucus linings

all of which synergistically prevent the tissues from direct exposure to pathogens as well as

retarding the pathogens’ entry into the body. The physical barriers include the skin in mammals,

the cuticle in insects and the waxy cuticle on plant leaves. Entries into the body which include,

the eyes, ears, nose and genital openings in mammals, stomata in plants and gut and spiracles in

insects are covered with mucus secretions actively trapping pathogens to deny them entry into

the body. Additionally, all these entry routes are lined up with resident microflora, a variety of

beneficial microorganisms which protect the host from harmful pathogens. The resident

microflora colonise these linings to an extent that the area available for pathogens to attach and

become established is minimized. The first line of defence is described to be non-specific as it

non-selectively destroys and/or blocks any pathogen from entry into the body (Janeway et al.,

2001).

The first line of defence described above may get overwhelmed or evaded and the

pathogens get past it into the body interior. When this happens, the body deploys the second and

if need be the third lines of defence to fight off the intruders. The second line of defence is, like

the first, relatively non-specific and together they constitute what is known as the innate immune

1

resources for their growth and survival. This compels the host organism to deploy measures that



system. The Innate immune system is a fast, generic and maximal response against the presence

of non-self entities in the system. Through the second line of defence, the innate immune system

substances including interferons, complement cells and antimicrobial peptides in addition to

attracting phagocytes to the site of infection (Millichap, 2008). Should the pathogen be able to

evade or overwhelm the first two defence lines, the body deploys a third defence line, the

adaptive immunity. Unlike innate immunity, the adaptive immunity is made up of a collection of

cells with

(http://textbookofbacteriology.net/adaptive 3.html).

Adaptive immunity works by the antigen-antibody interaction principle. An antigen is a

foreign body such

wall components that provokes an adaptive immune response of the host. Once the adaptive

immune system is activated (often times through presentation of the antigen by some parts of the

innate immunity), it selects from its reserve of pre-existing cells, one with a receptor that fits the

antigen best. The selected cell then proliferates and starts to synthesize and secret antibodies

which would bind to the antigen that provoked the response. This proliferation and mass

production of the antibody would go on until the antigen is overcome. Many of such antibody­

producing cells will eventually die off but a few will remain to keep the ‘memory’ of this

specific antigen and its best immunological response. This memory will allow the body to

respond in a fast and more robust manner next time the body encounters the same kind of

infection (Kindt et al., 2007).

Both the innate and adaptive immune systems are divided into the humoral and cellular

immune response components. Humoral immunity is the aspect of immune defence which is

2

as pathogenic bacteria, virus, ftingi or their derivatives like flagellum or cell

an ability to adapt and specialise for defence against specific pathogens

recognises the presence of a non-self and initiates the production of a variety of inhibitory

http://textbookofbacteriology.net/adaptive_3.html


mediated by macromolecules found in extracellular fluids and they include secreted antibodies.

complement cells and antimicrobial peptides. Cell-mediated immunity, on the other hand, is that

aspect of immunity mediated by activation of phagocytic cells, antigen-specific cytotoxic cells

and release of various types of cytokines in response to the presence of an antigen (Millichap,

2008; http://en.wikipedia.org/wiki/Cell-mediated immunity).

1.2

19<h century when Agostino Bassi was amongst the first researchers to verify the germ theory of

muscardine disease in commercial silkworm Bombyx mori (Rolff and Reynolds, 2009). Since

then research in insect infection and immunity has grown for a number of reasons including:

Firstly, the fact that an estimated 18% of world’s annual crop production and up to 20% of

world’s stored food grains are destroyed by insects pests (Oerke and Dehne, 2004; Bergvinson

and Garcia-Lara, 2004). Understanding how insect immunity works and their interactions with

pathogens and/or parasites is pivotal in designing ways to manipulate and control them.

Secondly, a wide variety of insects are vectors of plant and animal diseases. The whitefly

Bemisia tabaci, for example, is both a vector of more than 110 viral species and a pest of an ever

increasing number of host plants including cotton, soybean, cassava, potatoes, tomatoes and

cucumber. Particularly, the tomato yellow leaf curl virus (TYLCV) and the cucurbit yellow

stunting disorder virus (CYSDV) are two of the most serious viruses vectored by this insect

(http://www.fera.defra.gov.uk/plants/publications/documents/factsheets/bemisia.pdf). Similarly,

malaria- a disease that made about 207 million people sick and killed over 0.62 million people

from its effects in 2012 worldwide (WHO 2013), is vectored by mosquitoes. These are just two

3

Rationale for studying Insect immunity
Interest and research into insect infection and immunity can be traced to as far back as the

disease by showing that a fungus, Beauveria bassiana, was the causative agent of the white

http://en.wikipedia.org/wiki/Cell-mediated_immunity
http://www.fera.defra.gov.uk/plants/publications/documents/factsheets/bemisia.pdf


understanding of the interactions between these and many other insect vectors and the

pathogens/parasites on the one hand, and between the vectors and their host plants and/or

animals on the other hand is paramount to effective control of diseases associated with them.

Thirdly, the economic, biological and ecological value of insects

cannot be overemphasized. There has been, however, a recorded decline of pollinator insect

populations worldwide. For example, declines on populations of both solitary and social bees

(Biesmeijer et al., 2006) is a cause for concern and that research into probable causes of

compromised immunity of such insects to their natural parasites and pathogens may be a way to

go-

And lastly, insects can be tractable models of vertebrate function such that studies in

insect immune systems can potentially lead to discoveries in mechanisms of immune function

that can be widely applied in higher eukaryotes including man. A good example in this case is

the discovery by Lemaitre et al., (1996) that Toll receptors originally discovered for their role in

Melanogaster. This was swiftly followed by the discovery of an immune role of Toll-like

receptors (TLRs) in vertebrates (Medzhitov et al., 1997).

1.3 Immune defence system in insects

Insect immunity is heavily dependent on innate immune responses because the adaptive

immune system in insects is either rudimental or absent altogether. While the mechanisms

innate immune response are conseived in vertebrates and invertebrates

(Hoffman et al., 1999), adaptive immune response mechanisms have, by far and large, been only

documented in vertebrates (Agaisse, 2007). Evidence is growing, however, on the existence of

4

involved to stage an

as plant pollinators

of an exceptionally huge list of insect vectored diseases of both plants and animals. Again, an

embryonic development, play an important role in immune signaling in Drosophila



learned/adaptive immune response aspects before dealing with the much studied and well-

understood innate immune responses in insects.

Immune priming responses is a growing area of research and evidence in Drosophila

melanogaster shows that priming adults flies by injecting a sub-lethal dose of Streptococcus

pneumoniae into the hemolymph effectively protects the flies from a lethal second challenge by

the same pathogen (Pham et al., 2007). Interestingly, the primed immune response exhibited a

specificity aspect, a property of adaptive/leamed immunity. It was shown that priming with 5.

pneumoniae only protects the fly from subsequent lethal infection with S. pneumonia but not

against infection with other pathogenic microbes such as Salmonella typhimurium (Brandt et al

2004), Listeria monocytogenes and Mycobacterium marinum (Dionne et al., 2003). The authors

showed that priming the flies with other pathogenic microbes like S. typhimurium does not give

protection against a challenge by S. pneumonia and that the mechanism underlying this

protective effect requires phagocytes and the Toll pathway. In another study, Faulhaber and

Karp (1992) showed that immunizing the American cockroach, Periplaneta Americana . with

killed pseudomonas aeruginosa prompted the roach to generate a diphasic response when

subsequently injected with live bacteria such that it displayed an acute non-specific phase

initially, which is then superseded by a long term and relatively specific second response. The

authors argued that immunization with any other bacteria such as Serratia marcescens,

Enterobacter cloacae. Streptococcus lactis or Micrococcus lysodeikticus could provide

protection against live P. aeruginosa challenge in the first 3 days (acute non-specific response)

but only immunization by P. aeruginosa was able to provide long term (>14 days) protection

against live P. aeruginosa challenge. These two examples demonstrate that the concept of

5

adaptive immune aspects in insects. We will review hereafter, available evidence of



learned immunity in invertebrates may have been grossly overlooked and that this area warrants

more research.

An immunological response in an insect body can be either local or systemic. The local immune

responses are staged by the epithelial linings of the physical barriers described above well before

the systemic response is activated. In Drosophila, for example, Epithelia in the alimentary canal,

trachea or those beneath the cuticle act as both physical barriers and local defence units by

producing antimicrobial peptides and reactive oxygen species against pathogens (Lemaitre and

Hoffmann, 2007). Local immune defence in Drosophila and other insects can be staged in a

number of ways, the most studied of which are briefly presented here.

Local AMP synthesis and expression1.3.1

Local AMP expression has been reported in a number of insects including Drosophila

and Bombyx mori. Such expressions can be constitutive as is the case with Drosomycin and

Cecropin in the Drosphila's female spermatheca and male ejaculatory duct, respectively (Tzou

et al., 200), or inducible as is the case with Drosomycin and Diptericin in the gut and trachea of

D.

Constitutive local AMP expression is regulated by factors distinct from the NF-kB pathways

such as the homeobox-containing protein Caudal and mating in virgin D. melanogaster females

(Labrose et al., 2005). Induced local AMP expression, however, is regulated through the IMD

pathway (discussed in detail later in the chapter) mediated through recognition of the pathogen

by PGRP-LC (Zaidman-Remy et al., 2006). No involvement of the Toll pathway is known in

local expression of AMPs in insects.

6

melanogaster following local infection by Erwinia carotovora (Basset et al., 2000).



1.3.2 Production of Reactive Oxygen Species (ROS)

The production of reactive oxygen species (ROS) is a common defence strategy against

infections both in mammals and insects. Natural infections by bacteria, for example, are known

to induce ROS production in D. melanogaster gut and that dual oxidase 1 (Duox) is a sole gene

responsible for epithelial ROS production (Ritsick et al., 2004). Duox proteins are a family of

conserved NADPH domain- containing molecules. They in addition contain an N-terminal

regulate the ROS production. It has been demonstrated

that hemocytes of the greater waxy moth, Galleria mellonella, are capable of phagocytosing and

inhibited by diphenyleneiodonium chloride, a known inhibitor of NADPH oxidase (Bergin et al.,

2005).

1.4 Cellular and humoral immune responses

1.4.1 Cellular immune responses

The systemic immune response can either be cellular or humoral in nature. The cellular

responses refer mainly to the Hemocyte-mediated processes like phagocytosis, nodulation,

encapsulation and melanization.

individual cell (hemocyte) engulfs and destroys

entities recognised

such as bacteria, yeast and viruses to non-living particles like sephadex beads, indian ink

double-stranded RNA (dsRNA) (Leimatre and Hoffman, 2007).particles

Phagocytosis starts with the attachment of the phagocyte (hemocyte cell specialising in

phagocytosis) to its target. This is followed sequentially by cytoskeleton modification,

internalization (engulfing) and eventual destruction of the engulfed target within special

7

extracellular peroxidase domain that can

killing bacterial and fungal pathogens and that superoxide production and microbial killing were

Phagocytosis is a process by which an

as foreign. Targets of phagocytosis range from a variety of microbial cells

as well as



structures called phagosomes. The types of hemocytes involved in phagocytosis may differ from

insect to insect but the most common types in most insects are the circulating plasmatocytes and

granulocytes (Lemaitre and Hoffmann, 2007; Marmaras and Lampropoulou, 2009).

important albeit poorly understood hemocyte-mediated immune

response in insects. It involves multicellular hemocyte aggregation to entrap a large number of

bacteria or fungi in the hemolymph. It is a lectin-mediated process whose details are not yet fully

understood. Recent research efforts have identified an immune protein called noduler which

regulates nodulation in the insect Antheraea mylitta. Noduler was shown to be up-regulated after

bacterial infection and that RNAi-mediated knockdown of noduler negatively affected the

nodulation response (Ganghe et al., 2007).

large target

such as parasitic wasp eggs or nematodes. During encapsulation, the hemocytes attach to their

target followed by formation of a multilayered capsule around the invader. Inside the capsule,

which may ultimately be melanized, the target is killed through the production of cytotoxic free

radicals including reactive oxygen species (ROS) and reactive nitrogen species (RNS) or through

asphyxiation (Nappi et al., 1995; Nappi and Ottavian 2000). The regulation of encapsulation is

not yet clearly understood, but in D. melanogaster the encapsulation targets are known to be

detected by circulating plasmatocytes in the haemolymph. Once the plasmatocytes attach to the

massive proliferation and

differentiation of lamellocytes is induced subsequently forming a multi-layered capsule around

the target (Lemaitre and Hoffman, 2007).

Melanization,

response following cuticular injury or parasitic invasion of the hemocoel. It is a blackening

8

Encapsulation, unlike nodulation, refers to hemocyte aggregation around a

surface of their target (e.g. on the chorion of the wasp egg), a

a pathway leading to melanin formation, is an immediate immune

Nodulation is an



reaction leading to synthesis and deposition of melanin (Marmaras and Lampropoulou, 2009).

enzyme that plays a central role in

melanization, is activated through cleavage by a serine protease called propheloxidase activation

enzyme (PPAE). PPAE is an inactive zymogen which must be activated through a series of

catalyses the oxidation of mono- and diphenols to orthoquinones which in turn, polymerize non-

enzymatically to melanin. Since melanization is triggered by either cuticular injury or

recognition of a non-self in the hemocoel, it is therefore, an efficient immune defence and non­

self recognition mechanism in invertebrates (Lemaitre and Hoffman, 2007).

1.4.2 Humoral immune response

Humoral immunity refers to the aspect of innate immunity carried out mainly by

macromolecules found in the extracellular fluids (humours) of the body. The macromolecules

involved are of various types ranging from secreted antibodies, certain enzymes which play part

in the prophenoloxidase (proPO) cascade and antimicrobial peptides (AMPs). In insects both

AMPs and the proPO systems play critical immune defence roles against pathogen invasion.

10 kDa characterized by an overall cationicAMPs are small molecules generally

charge, hydrophobicity, and amphipathicity. They include two or more positively charged

residues provided by arginine, lysine or, in acidic environments, histidine, and a large proportion

(generally > 50%) of hydrophobic residues in their sequence composition (Ntwasa et al., 2012).

In Drosophila melanogaster and many other insects. AMPs and other defence proteins are

secreted mainly by the fat body, an organ functionally equivalent to the mammalian liver, into

the hemolymph- the insect blood, although expression can also be significant in other tissues

At least 20 immune-inducible AMPs are encoded by the D.such as the hemocytes.
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During melanization, Prophenoloxidase (proPO), an

proteolytic reactions by other serine proteases. The activated proPhenoloxidase, (PO) then



melanogaster genome and can be grouped in seven major classes namely, Diptericins, Attacins,

Drosocins, Cecropins, Defensins, Drosomycins and Metchnikowins (Lemaitre and Hoffmann,

2007). Many of these AMPs have also been reported in other insects but a few AMPs such as

Drosomycin and Metchnikowins appear to be specific to Drosophilidae (Imler and Bulet, 2005).

AMPs have also been studied in a number of coleopteran beetles such as Tribolium castaneum

(Zou et al., 2007), Allomyrina dichotoma (Sagisaka et al., 2001) and Tenebrio molitor (Moon et

al., 1994).

1.5 Microbial recognition and regulation of AMP synthesis

The expression and synthesis of insect AMPs is regulated at a transcriptional level.

Studies in D.melanogaster revealed

which are specifically recognised by the transcription factor Serpent, and a poorly understood

motif R1 (Lemaitre and Hoffman, 2007). NF-kB is the most characterized DNA motif required

for induction of immune responses. The NF-kB together with another protein Rel constitutes a

structurally related eukaryotic

transcription factors conserved from insects such as D. melanogaster to larger eukaryotic

highly conserved DNA-

binding/dimerization domain called the Rel homology (RH) domain. Based on the C-terminal

sequence of the RH domain members of the family of Rel/NF-kB transcription factors can be

divided into two classes. Class 1 is comprised of the NF-kB proteins including the mammalian

pl05, pl00, and Drosophila Relish which have long C-terminal domains that contain multiple

be removed by proteasome-

mediated proteolysis. The proteins in this class become shorter active DNA-binding proteins
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copies of ankyrin repeat-containing inhibitor}' domains, which can

a number of DNA motifs required for inducibility of

family of the Rel/NF-KB transcription factors. They are

or arrested translation(pl 05 to p50, pl 00 to p52) by either limited proteolysis

immune responses in insects. These include the NF-kB binding sites, GATA binding sites

mammals such as humans. They are related through a



(http://www.bu.edu/nf-kb/). Members of class 1 cannot activate transcription unless they form

Rel, RelA (p65), RelB and the Drosophila Dorsal and Dif proteins. These have transcriptional

activation domains on their C-teminal sequences. As indicated above, three NF-icB/Rel-like

proteins namely Relish, Dorsal and Dif are encoded in the Drosophila genome. These proteins

have been shown to bind to the kB sites and transactivate certain AMP genes regulated through

two distinct immune signaling pathways, the Toll and the IMD immune transduction pathways.

The interaction between the invading pathogen and the host’s immune defence system

starts with the action of pattern recognition proteins/receptors (PRP/PRR). PPRs are families of

host-based proteins that recognise conserved microbial determinants collectively referred to as

lipopolysaccharides (LPS),

peptidoglycan (PGN), and fungal p-1,3 glucans. In recognition of PAMPs, some PPRs act

signaling cascade that will lead to eventual production of immune effectors such as AMPs and

cytokines and, trigger the activation of phagocytosis and proteolytic cascades (Pal and Wu,

2009). Some of the most studied families of PPRs in insects include the Toll/Toll-like receptors,

Peptidoglycan recognition proteins (PGRPs), Gram-negative binding proteins (GNBPs), Thiol-

Ester proteins (TEPs) and Scavenger receptors.

1.5.1 Toll/Toll-like receptors

The Toll receptor was initially discovered during genetic screening studies to identify

genes involved in dorsal-ventral patterning in D. melanogaster. Toll along with 11 other genes

named here in the order they appear in the signaling cascade: pipe, nudel, windbeutel,

gastrulation defective, snake, easter, spatzle, toll, tube, pelle, cactus and dorsal (Belvin and
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dimmers with members of class 2. Class 2 is made up of Rel proteins which include c-Rel, v-

singly while others act in congruency before the signal is channeled downstream to initiate a

pathogen-associated molecular patterns (PAMPs) such as

http://www.bu.edu/nf-kb/


undersoil, 1996) were discovered mainly because maternal mutations in most of them caused

dorsalisation of the embryo,

discovery of this cascade of genes involved in dorsal-ventral patterning was swiftly followed by

immune defence signaling in D. melanogaster. However, although the original D. melanogaster

Toll receptor does not act as a pattern recognition molecule (but plays a central role in mediating

responses to a multitude of infection types as discussed later in this chapter), tractable research

has revealed that Toll-like receptors indeed act as PPRs in vertebrates (Medzhitov et aL, 1997).

Up to 1 1 TLRs have been characterised in mammals and shown to be specialised in recognition

of different types of PAMPs. Some of such mammalian TLRs do so by the help of associated

proteins while others perform their duties singly, without help from other proteins. TLR3, TLR5

examples of mammalian TLRs that act singly, executing their recognition

functions without need of helper proteins. TLR3 has been shown to bind to and recognise

double-stranded RNA thus implicating this receptor to recognition and immune responses

against viral infection in mammals (Alexopoulou et al., 2001). Similarly, TLR5 has been shown

to recognize flagellin, the constituent protein of the bacterial flagella, by a direct physical

interaction to a highly conserved structure that is particular to bacterial flagellin (Smith et al.,

2003). TLR9 recognizes

implicating TLR9 for an immunological distinction between resident usually heavily methylated

and invading un-methylated CpG bacterial DNA (Hemmi et al., 2000). On the other hand,

examples of TLRs that cooperate with helper proteins to recognise specific PAMPs include

TLR2 and and TLR4. TLR2 is known to show a range of ligand specificities mainly by forming

dimers with other TLRs receptors. The dimerization of TLR2/TLR1 is important in the binding

to and recognition of triacylated lipopeptides, whereas the dimer between TLR 2/TLR6 is
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un-methylated CpG DNA which is typical of bacterial genomes thus

an abnormally altered phenotype in which the embryo consists of an

a discovery (Lemaitre et al., (1996) that a sizable number of these genes played a critical role in

and TLR9 are

elongate tube covered with a dorsal cuticle (Irish and Gilbert, 1987). As indicated above, the



specific for diacylated lipopeptides (Ozinsky, et al., 2000). Similarly, a complex of TLR4 and

helper proteins CD4 and MD2 is required for the recognition of bacterial lipopolysaccharide

(LPS) (Akashi et al., 2000).

1.5.2 Peptidoglycan recognition proteins

Peptidoglycan recognition proteins (PGRPs) constitute a class of PRR found in

invertebrates such as insects, echinoderms and mollusks and most vertebrates but not in plants

and nematodes (Dziarski and Gupta, 2006). They are characterised by at least one to three PGRP

domains (approximately 165 amino acid residues) located in the C-terminus end of the sequence

that is homologous to bacteriophage and bacterial type 2 amidases. However, the PGRP domain

is distinct from typical type 2 amidase domain because they are relatively longer at their amino

terminus end and contain a PGRP-specific segment not present in type 2 amidases (Kim et al.,

2003). Up to 19 PGRP proteins have been characterised in insects generally grouped into two.

the short (S) and long (L) forms. The short PGRPs are about 18-20 kDa invariably characterised

by a signal peptide suggesting that they are mainly secreted proteins. The intermediate and long

PGRPs, on the other hand, characterised by in addition to the carboxyl terminal PGRP domain, a

highly variable amino-terminal sequence that is not conserved and unique for a given PGRP.

The intermediate and long forms of PGRPs can be secreted, transmembrane or intracellular

proteins (Dziarki and Gupta, 2006).

Insect PGRPs have recognition and effector functions. Recognition of peptidoglycan

(PGN), a fundamental component of the bacterial cell wall, is achieved by specific types of

linked N-acetylglucosamine and N-acetylmuramic acid with all the actly groups of the N-

acetylmuramic acid residues having been replaced by a stem peptide of four to five alternating L
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PGRPs depending on the type of PGN. PGN is a polymer of alternating residues of P-( 1, 4)



and D- amino acids (Royet and Dziarki, 2007). The composition of a third amino acid of the

stem peptide distinguishes PGN into two types namely those containing a weso-diaminopimelic

acid residue thus called diaminopimelic acid (DAP)-type PGN and those containing a lysine

usually directly cross-linked while those of the lysine-type PGN are cross-linked through an

inter-peptide bridge that varies widely in length and composition among bacterial species (Royet

and Dziarki, 2007).

All gram negative-bacteria and gram-positive bacilli such as Listeria monocytogenes have DAP-

type PGN while most gram positive bacteria have lysine-type PGN in their cell walls. As

indicated above some PGRPs have a preferentially high affinity to DAP-type PGN while others

are specific to lysine-type PGN and a few others can recognise both types of PGN. Insect PGRPs

which preferentially bind to DAP type PGN include PGRP-LB, PGRP-LC and PGRP-LE while

PGRP-SA and PGRP-SD are examples of those that recognise lysine-type PGN (Aggrawal and

Silverman, 2007). The discrimination of DAP from Lysine-type PGN by PGRPs is explained by

the chemistry of the PGN-binding groove of all PGRPs. In all known DAP-type recognizing

in PGRP-LE) that

glycine and

2006; Lim et al., 2006; Swaminathan et al., 2006). All lysine-specific PGRPs encode a threonine

instead of an arginine as a critical lysine-interacting residue. Studies in Drosophila have shown

with threonine in the DAP-recognizing PGRP-LE dramatically reduces

of PGRP-LCx with asparagine and phenylalanine (as
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residue thus named lysine-type PGN (Fig. 1-1). Adjacent chains of the DAP-type PGN are

provides critical DAP-interactions. The arginine residue is almost invariably flanked by a

a tryptophan residue which play other DAP-specific interactions (Chang et al.,

PGRPs, the PGN-binding cleft has a conserved arginine residue (e.g. Arg2>4

Similarly, replacing the Gly39j and Trpj94

that replacing the Arg254

its affinity to a monomeric DAP-type PGN, the tracheal cytotoxin (TCT) (Lim et al., 2006).



found in the lysine-type PGN- recognizing PGRP-SA) was found to allow the PGRP-LCx to

bind to a lysine-containing muropeptide (Swaminathan et al., 2006).

(0 (ii)

NH

n

A GlcN Ac — P( 1,4)

Figure 1-1: Schematic representation of DAP-type and Lysine-type PGN building units.

(i)Dap-type PGN building unit showing the position and linkage of the weso-diaminopimelic

the side chain, (ii) Lysine-type PGN-building unit with a Lysine

residue occupying the position of the m-DAP residue. (Adapted from: Royet and Dziarki, 2007).
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The direct effector function of some insect PGRPs is defined by presence or absence of

zinc-dependent ability of the former to cleave the amide bond between the N-acetylmuramic

acid residue and L-alanine of the stem peptide. The catalytic (also known as amidase) activity of

PGRPs is ascribed to the presence of a key cysteine residue required for zinc binding into the

PGN-binding cleft. This zinc ion acts as an electrophilic catalyst which accepts an electron pair

from the carbonyl atom of the N-acetylmuramic acid thereby polarizing the bond and making it

more susceptible to nucleophilic attack by the catalytic water molecule coordinated to the bound

Zn2"(Guan et al., 2004). Some of the most studied insect catalytic PGRPs include PGRP-LB,

PGRP-SCla and -Clb. By scavenging and cleaving PGN, catalytic PGRPs act as negative

regulators of the immune systems that would have otherwise been stimulated by the presence of

the invading pathogens.

1.5.3 Gram-negative binding proteins

invertebrates although they contain a protein domain that is similar to bacterial glucanases. They

are so named because they were initially isolated from immune challenged Bombyx mori, as

molecules with ability to bind to Gram-negative bacterial surface, but not significantly to Gram­

positive bacteria (Lee et al., 1996). Subsequent studies showed that the drosophila genome

encodes three GNBP genes namely GNBP1, 2 and 3. Of these, the GNBP1 is the most

characterised member of the class and it has been shown to have a high affinity to microbial

immune elicitors including lipopolysaccharide (LPS) and beta-l,3-glucan but does not bind to

peptidoglycan, beta-1,4-glucan, or chitin (Kim et al., 2000). A complex of GNBP1 and PGRPSA

has been shown to be responsible for activation of the Toll signaling cascade possibly because
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referred to as catalytic PGRPs and they are distinguished from the non-catalytic PGRPs by a

amidase activity of individual PGRPs. PGRPs with the ability to cleave the bound PGN are

a class of PPRs found only inGram-negative bacteria-binding proteins (GNBPs) are



GNBP1 facilitates the cleavage of PGN from Gram positive-bacteria thereby generating

products that are recognised by its complex partner, PGRP-SA (Philipe et al., 2005). Disruption

of the GNBP1 gene has been shown to leads to compromised ability of mutant flies to survive

Gram-positive bacterial infections, but not fungal or Gram-negative bacterial infections (Gobert

et al, 2003).

1.5.4 Scavenger receptors

These constitute a class of membrane-based PPRs originally discovered for their ability to

recognize and remove modified lipoproteins. They are now appreciated for their role in pathogen

clearance, lipid transport, the transport of cargo within the cell and functioning as taste receptors.

Based on sequence alignment, protein domain architecture and functional considerations,

scavenger receptors (SRs) have been grouped into several classes namely SR-A to SR-H

(Canton et al., 2013). Since SR proteins are structurally highly heterogeneous, their grouping

into one superfamily is mainly a result of shared functional properties rather than structural

similarities. Their overall functional resemblance is based around the fact that SRs perform their

duties either through identification and removal of modified self entities such as apoptotic cells

and damaged proteins or through the recognition of non-self entities such as invading pathogens.

By recognizing and removing modified self entities, SRs act as receptors for recognition and

removal of danger associated molecular patterns (DAMPs). On the other hand, the ability of SR

subset of PPRs.

A shared feature of SRs involved in innate immunity is that a single SR can interact

with and recognise different types of ligands. In mammals, for example, it has been shown that

SR-A1 can bind to (i) the lipid A moiety of LPS, an integral component of Gram-negative
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proteins to recognise and remove exogenous non-self entities (such as PAMPs) makes them a



bacterial cell walls, (ii) Lipoteichoic acid (LTA), a major constituent of Gram-positive bacterial

cell wall, and (iii) bacterial CpG DNA (Hampton et al., 1991; Greenberg et al., 1996; Zhu et al.,

2001; Mukhopadhyay, S. and Gordon, S., 2004). The ability to of SR-A1 recognise LPS, LTA

and bacteria CpG is shared by MARCO a structurally similar (though a product of distant gene)

scavenger receptor suggesting that the two SRs may be functionally redundant (Canton et al.,

2013). Additionally, several SRs share the ability to interact with and influence signaling

through other PRRs of the innate immune system. SR-A1, for example, has been shown to

interact with TLR4 thereby promoting phagocytosis of a Gram-negative bacterium Escherichia

coli, whereas its interaction with TLR2 enhanced phagocytosis of a Gram-positive bacterium S.

aureus (Amiel et al. 2009). Similarly, functional complexes can be formed between the

mammalian CD36 and TLR2 and TLR6 to augment the cytokine response to LTA derived from

S. aureus (Canton et al., 2013).

From an insect perspective, the D. melanogaster genome is known to encode four class

C scavenger receptors namely DScr-CI, DScr-CII, DScr-CIII and DScr-CIV. Of these, the DScr-

CI is the most characterised member of the family and is known to be expressed in embryonic

hemocytes and is important for phagocytosis of both Gram-positive and Gram-negative bacteria

but is not involved in phagocytosis of yeast (Pearson et al., 1995; Ramet et al., 2001). The D.

melanogaster scavenger receptor Croquemort is

Croquemort plays a role in identification of apoptotic markers and phagocytosis of dying cells

(Pal and Wu, 2009). Unlike CD36, the involvement of Croquemort in phagocytosis of pathogens

and the activation of Toll pathways remains to be established.
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a homologue of the mammalian CD36.



1.5.5 Thiol-Ester proteins and the complement system

The complement is an integral component of the innate immune system which functions

by recognizing and opsonizing particulate materials including invading microorganisms and

altered (dying or damaged) host cells. The complement system is well characterised in mammals

and its machinery includes a collection of up to 35-40 proteins found in various body fluids such

as blood plasma and on cell surfaces (Mayilyan et al., 2008). The target is usually recognised by

large polymeric complement proteins such as clq and MBL leading to activation of proteases

which in turn cleave the thioester-containing protein, C3. The cleaved C3 protein binds to the

target thus promoting interaction with phagocytic cells which express complement receptors

leading to opsonization of the target.

Although much of what is known about the complement system originates from research

the existence of the system in invertebrates is emerging and

expanding. The first report of the presence of a thiol-ester protein related to the mammalian C3

protein in an invertebrate was from work on a2-macroglobulin proteinase-inhibitor homologue

present in the plasma of the American horseshoe crab Limulus Polyphemus (Armstrong and

Quigley, 1987). A search for C3-a-macroglobulin like molecules in Drosophila led to

identification of four proteins of this family named thioester containing proteins (TEP1-4)

(Lagueux et al., 2000). They all contain

proteins. TEP1, 2 and 4 are upregulated in the fat body upon immune challenge by bacteria and

their induction is linked to the JAK/STAT pathway and the Toll receptor as gain of function of

JAK. components or Toll mutants lead to induction of TEP factors (Lagueux et al., 2000). RNAi

experiments have provided evidence that TEP3 may be specifically required for efficient

phagocytosis of S. aureus (Pal and Wu, 2009; Peltan et al., 2006) while TEP2 is required for

efficient phagocytosis of E.coli (Peltan et al., 2006).
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a signal peptide suggesting that they are secreted

in mammals, evidence on



1.6 Innate immune signaling cascades in insects

Signaling activities leading to production of antimicrobial peptides and most other innate

immune responses in insects are controlled by two major pathways; the Toll and IMD signal

transduction pathways. By far, AMPs are the most common effector molecules whose

production is regulated through these two pathways in insect innate immunity. Genetic studies

have revealed that the Toll pathway is activated upon recognition of Gram-positive bacteria,

especially of the lysine-type PGN and fungi while the IMD pathway responds mainly to Gram­

negative bacteria and a few Gram-positive bacilli carrying the DAP-type PGN on their cell walls

(Gregorio et al., 2002). However, depending on the type of infection, and selective adaptation of

the host to repeated exposure to the aggressor pathogen, the production of most AMP genes in

D. melanogaster and other insects can be regulated by either pathway.

1.6.1 The Toll pathway

In D. melanogaster - the most extensively studied insect innate immunity model, major Toll

signaling pathway components

Toll signaling pathway is preceded by recognition of mainly lysine-type PGN or P-glucan.

Depending on the type of invading/ immune elicitor, a proteolytic cascade is mounted through

the modular Serine Protease (modSP) which integrates signals from the upstream recognition

molecules (i.e. GNBP3

called Gram-positive- specific serine protease (Grass). The activated Grass interacts with either

of the next serine proteases namely spirit, spheroide or sphinx 1/2 to activate Spatzle-processing

enzyme (SPE) which in turn activates the Toll receptor ligand, spatzle. Spatzie is a cytokine

inactive precursor form where its prodomain masks its predominantly

hydrophobic C-terminal (also known as C-106) region. This proteolytic activation of spatzle

induces conformational changes leading to exposure of determinants that are critical for the
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or GNBP1/PGRPSA complex or PGRPSD) to another serine protease

are well established. As indicated above, the activation of the

produced in an



binding spatzle to its receptor, Toll (Arnot et al., 2010; Valanne et al., 2011). Following the

binding of processed spatzle to the extracellular domain of Toll, the activated Toll receptor binds

to an adaptor protein, MyD88 via its intracellular TIR (Toll/interleukin-l receptor) domain

(Homg and Medzhitov, 2001; Valanne et al., 2011). The interaction of Toll and MyD88 recruits

an adaptor protein, Tube and a kinase, Pelle leading to the formation of MyD88-Tube-Pelle

heterotrimeric complex through death domain (DD)-mediated interactions such that two distinct

DD domains of the adaptor protein Tube separately bind to MyD88 and Pelle (Xiao et al., 1999;

Cactus. The phosphorylation-dependent degradation of Cactus frees its complex partner(s), the

activate transcription of specific AMP genes (Wu et al., 1998).

1.6.2 The IMD pathway

D. melanogaster IMD signal transduction pathway is involved in the expression'of

AMPs through NF-kB-like transcription factors distinct from those of the Toll pathway and

appears to share no Toll pathway intermediate components (Gregorio et al., 2002). After the

initial recognition of DAP-type PGN by PGRPLC

PGRPLE as detailed above, the signal is propagated from the extracellular domain of PGRPLC

to IMD, a cytoplasmic protein containing a death domain (DD) homologous to the mammalian

RIP1 (Georgel et al. 2001). Through its DD, IMD interacts with (dFADD) a D. melanogaster

homologue of the mammalian Fas-associated death domain (FADD), which in turn, interacts

with and recruits the caspase-8 homologue DREDD to the signaling complex through its

homotypic Death-effector domain (DED) (Hu and Yang, 2000). DREDD has been proposed to

play dual roles in the activation of IMD pathway. It has been shown to cleave IMD (Paquette et

, f.

7/

!
I '

NF-kB transcription factor(s) Dif and/or Dorsal which, in turn, translocate to the nucleus to

<♦

or synergistic action of PGRPLC and

heterotrimeric complex proceeds to cause phosphorylation and subsequent degradation of

oateMC

Sun et al., 2002). By yet a less understood interaction, the signal from the MyD88-Tube-PeIle



al. 2010) thus contributing to its activation but it has also been proposed to be required for the

cleavage of Relish,

2000, Stoven et al. 2003). As indicated under section 1.5 above, Relish consists of both the N-

terminal Rel homology domain (RHD) and a C-terminal inhibitory IkB part the latter of which

must be removed by endo-proteolytic cleavage to release the NF- kB part. The cleaved NF- kB

part translocates to the nucleus and initiates the transcription of its target genes, such as the

AMPs, while the inhibitory C-terminal part remains in the cytoplasm (Stoven et al. 2000, Stoven

et al. 2003). In addition to the DREDD-mediated cleavage, the activation of Relish is promoted

by it’s phosphorylation by thel kappa B (IkB) kinase (IKK) complex, a core component of the

NF-kB signaling cascade (Krappmann et al., 2000; Silverman et al., 2000). It has been reported

that Ird5, the D. melanogaster 34 IKK0, phosphorylates two serine residues (serines 528 and

529) in the N-terminal part of Relish, and that this phosphorylation is necessary for Relish

cleavage, translocation to the nucleus, or binding to the DNA target sequence (Erturk-Hasdemir

etal. 2009).

1.6.3 The JAK/STAT pathway

evolutionary conserved signal transduction pathway

comprising of two major player components, the Janus kinases (JAK) and the signal transducers

and activators of transcription (STAT) in addition to receptors. Depending on the tissue and

cellular context involved, JAK-STAT signaling may lead to proliferation, differentiation,

migration, apoptosis, or cell survival (Harrison, 2009; Ghoreschi et al. 2009). JAKs are a unique

class of tyrosine kinases that contain both a catalytic domain and a second kinase-like domain

that has an auto-regulatory function (Harrison, 2012). Following an external stimuli, the JAKs

bind to cell surface cytokine receptors leading to the activation of JAKs. The increased kinase

activity of receptor-bound JAKs leads to phosphorylation of tyrosine residues on the receptor
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a transcription factor further downstream the IMD pathway (Leulier et al.

The JAK-STAT pathway is an



contain phosphotyrosine-binding SH2 domains. STATs which are proteins possessing these SH2

domains are then recruited to the receptors prompting the bound JAKs to further phosphorylate

the tyrosine residues on them. The phosphorylated tyrosine residues on activated STATs act as

binding sites for SH2 domains of other STATs leading to dimerization of STATs. The activated

STAT dimers translocate to the nucleus where they bind as dimers or as more complex

oligomers to specific enhancer sequences in target genes, thus regulating their transcription

(Harrison, 2012). Members of the JAK/STAT signaling cascades vary among eukaryotes. While

most mammals have four members of the JAK family and seven STATs which are recruited

based on their tissue-specificity and the receptors engaged in a particular signaling event

(Schindler and Plumlee 2008), insects like D. melanogaster appear to have only one JAK and

one STAT (Arbouzova and Zeidler 2006).

Autophagy as an immune defence mechanism1.7

Autophagy is a cellular mechanism that mediates bulk degradation of cytoplasmic

components of in eukaryotic cells. During autophagic processes, a portion of the cytoplasm,

which often times includes the targeted cargo, is sequestered in an isolation membrane which

matures into a double-membrane structure called the autophagosome, a structure distinct form

the single-membrane phagosome (Yano and Kurata, 2011) and the former fuses with the

lysosome to form an autolysosome in which the cargo is degraded. Under non-infectious

conditions autophagy is used to perform well-documented housekeeping functions of (i)

degrading unused long-lived proteins and faulty cellular organelles (ii) recycling nutrients in

response to starvation and (iii) tissue remodeling process during developmental changes (Yang,

intracellular clearance of invading pathogens. The recognition PAMPS by host-based PRRs is,
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which in turn creates sites for the interaction of the receptors with proteins that

and Klionsky, 2010). In addition to the housekeeping roles, autophagy has been linked to



again, central to innate immune signaling that leads to autophagy. In mammals, Toll-like

receptors (TLRs) and Nod-like receptors (NLR)

TLRs are transmembrane proteins that contain Leucine-rich repeats (LRR) in their ectodomains

for PAMP recognition and they mediate defense responses to fungal, bacterial and viral

pathogens. Stimulation of TLR4, for example, is reported to promote the co-localization of

macrophages (Delgado et al., 2008). It has been shown further that phagocytosis of TLR agonist-

coated beads promotes the maturation of phagosomes by recruiting some elements of the

autophagy pathway to the phagosome (Sanjuan et al., 2007).

the other hand are cytoplasmic surveillance proteins that contain the

Nucleotide-binding oligomerization domain (NOD). The bacterial peptidoglycan receptors

(Nodi and Nod2) are two of the most studied mammalian NLRs. Upon activation, the nods can

process the signals in two downstream channels. In the first scenario, nods (Nodi or Nod2) can

recruit an adaptor protein RIP2, prompting a series of downstream events leading to the

activation ofNF-KB and an inflammatory response to help the elimination of invading microbes

(Travassos et al., 2010). Alternatively, the nods can directly interact with and recruit essential

components of the autophagy pathway such as the Atgl2-Atg5.Atgl6 complex to the bacterial

entry site effectively promoting the formation of the autolysosome for eventual degradation of

sequestered pathogens. Studies in mice have shown that cells expressing mutations in Nod2 fail

not only to signal the NF-kB but also to recruit the Atgl2-Atg5.Atgl6 complex to the bacterial

entry site and therefore, they become unable to initiate the formation of the autophagosome

around the invading pathogens (Travassos et al., 2010).
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mycobacterial phagosomes with autophagosomes (Xu Y. et al., 2007). Studies have shown that

are two of the relatively well-known PRRs.

several other TLRs are capable of inducing autophagy. Induction of autophagy by TLR7 was

NLRs on

shown to be capable of eliminating Mycobacterium tuberculosis var. bovis infection in



Cytoplasmic sensors that link microbial recognition to their autophagic clearance in

insects are poorly understood. Research in this area is in its infancy and only one molecule, the

Peptidoglycan Recognition Protein-LE (PGRP-LE) has been identified as an intracellular sensor

of invading pathogens that induces their eventual autophagic clearance from the cytosol (Yano et

al., 2008). Originally identified as an extracellular pattern recognition molecule that senses

DAP-type Peptidoglycan in cooperation with PGRP-LC and subsequent activation of the IMD

signaling pathway, PGRP-LE was later shown to play a role in intracellular recognition of DAP-

type peptidoglycan containing pathogens without the requirement for PGRP-LC. In their report.

Yano et al., 2008 produced evidence that PGRP-LE is critical in the ability of D. melanogaster

to resist infections by L. monocytogenes, an intracellular gram positive bacterium with DAP-type

peptidoglycan mainly through the induction of targeted autophagic clearance of the pathogen.

PGRP-LE-dependent induction of autophagy following intracellular pathogen recognition does

not require the involvement of factors of the signal transduction pathways of toil or Imd, but

does require the canonical autophagy molecules such as Atg5 and Atgl (Yano et al., 2008; Yano

and Kurata, 2011) indicating that PGRP-LE may play an important role of linking intracellular

bacterial recognition and autophagy induction. Although it is clear that PGRP-LE is required for

the autophagic clearance ofL. monocytogenes in drosophila, the mechanism by which PGRP-LE

accomplishes this task together with other key players of the pathway remains to be elucidated.

Overall objective and aims of this thesis1.8

Tenebrio molitor is an economically important insect causing significant loss in quantity

and quality of stored agricultural products, mainly because the larvae not only feed on the stored

produce but also contaminates it with exuviates, excrements and dead insect bodies

(Siemianowska et al., 2013). On the other hand, its large-sized larval stages have been explored

as potential sources of food for both humans (Ghaly and Alkoaik, 2009; Ravzanaadii et al.,
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2012; Siemianowska et al., 2013) and livestock (Klasing et al., 2000; Ramos-Elorduy et al.,

2002). Devising and implementing effective control strategies against T. molitor as a pest of

of food, cannot be stepped up to its full potential without sufficient knowledge on how the insect

shrives against odds to resist infections from its surroundings either naturally as a pest of stored

produce or in captivity.

There is need, therefore, to explore and understand important aspects of Tenebrio

immunity. However, unlike Drosophila- an established model of insect immunity, many aspects

of coleopteran immune system in general and Tenebrio immunity in particular are in their

infancy. Furthermore, there is evidence in literature that mode of response against a common

immune elicitor may differ among insects. There exists biochemical evidence, for example, on

the biological diversity of innate immune responses in molecular recognition mechanism for

polymeric DAP-type peptidoglycan between Tenebrio larvae and Drosophila adults (Yu et al..

2010). With reference to Tenebrio immune systems, while individual components of the

extracellular segment of the Tenebrio Toll pathway have been identified, largely through

biochemical approaches (Kim et al., 2008; Roh et al., 2009; Yu et al., 2010), components and

makeup of the intracellular segment of the toll pathway as well as the IMD and autophagy are

yet to be fully characterised. The current work was, therefore, designed to make a contribution

in bridging this gap by realizing the following specific objectives

Identify, clone and functionally characterise three genes of the Tenebrio(i)

autophagy pathway (TmATG3, TmATG5 and TmATG8) in response to infection

by an intracellular pathogen, Listeria monocytogenes.
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stored agricultural products and/or maximizing the exploitation of T. molitor larvae as a source



(■•) Using Listeria monocytogenes as a pathogen, identify, clone and functionally

characterise, TmPGRP-LE, as a potential cytoplasmic sensor of DAP-type PGN

in the Tenebrio IMD signal transduction pathway and;

(iii) Identify, clone and functionally characterise the role TmPGRP-LB. in

recognition and control of non-conventional soil-isolated entomopalhogen.

Pseudomonas geniculata HT1
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Chapter 2. Autophagy-related genes, TmATG3 and TmATG5 are required for

intracellular pathogen, Listeria monocytogenes in Tenebrio molitor

2.1 Abstract

Macroautophagy (hereinafter called autophagy) is an evolutionarily conserved catabolic

process involved in physiological and developmental processes including cell survival, death,

and innate immunity. Homologues of most of 36 autophagy-related genes (ATG) originally

discovered in yeast have been characterized in higher eukaryotes including insects. In this study.

the homologues of ATG3 (TmATG3) ax\AATG5 (TmATG5) genes were identified from the order

coleoptera, the mealworm, Tenebrio molitor by EST and RNAseq approaches. The cDNA of

TmATG3 and TmATG5 comprise of ORF sizes of 963 and 792 bp encoding proteins with 320

and 263 amino acid residues, respectively. TmATG3 and TmATG5 transcripts are detected in all

developmental stages analyzed, and primarily in fat body and hemocytes of larvae. TmATG3

and TmATG5 showed high amino acid sequence identity (58-95%) with corresponding

homologues from various insects and were closer to their orthologs in Tribolium castaneum.

Loss of function of TmATG3 and TmATG5 by RNAi led to a significant reduction in survival

ability of T. molitor larvae against an intracellular pathogen, Listeria monocytogenes. Six days

post-Listeria challenge, the survivability in AsTmATG3- and dsTw^TGJ-treated larvae was

significantly reduced to 3 and 4%, respectively, when compared with dsfGFP-injected control

larvae. These data suggested that TmATG3 and TmATG5 may play a role in mediating

autophagy-based clearance of Listeria in T. molitor model.
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2.2 Introduction

Cell homeostasis is a cellular mechanism that is precisely regulated to achieve a balance

achieved through two hydrolytic mechanisms namely the proteasome and lysosome/vacuole

systems. While most of the intracellular short-lived proteins are selectively degraded by the

degraded by lysosome/vacuole mechanism (Ahlberg et al., 1985; Hoffman and Chiang, 1996).

The lysosome/vacuole mechanism can occur in three different pathways: the cytosol to vacuole

targeting (Cvt) pathway (Scott et al., 1996; Scott et al., 2001), the vacuole import and

degradation (Vid) pathway (Shieh et al., 1998) and autophagy (Scott et al. 1996; Wang and

Klionsky, 2003).

Autophagy is

physiological and developmental processes including cell survival, cell death, and innate

controlled rearrangement of subcellular membranes that sequester a portion of the cytoplasm

and/or organelles, thereby forming the autophagosome, subsequently delivering the contents

sequestered thereof to the lysosome (Chang and Neufeld, 2010). The fusion of the

autophagosome with the lysosome forms the autolysosome within which the sequestered cargo is

degraded to small molecules that can be recycled for macromolecular synthesis and/or energy

generation. The autophagosome formation is a tightly regulated mechanism involving a series of

complexes such

initiation, the BECN 1/Atg6-PIK3C3/Vps34 complex regulating the autophagosome nucleation
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between synthesis and degradation of cellular components. In eukaryotic cells, homeostasis is

ubiquitin-proteasome pathway (Hershko and Ciechanover, 1998), most long-lived proteins are

as ULK1/Atgl/Atgl3 protein kinase complex responsible for autophagosome

immunity (Yang et al, 2005; Bryant and Raikhel, 2011). The autophagic process involves a

an evolutionarily conserved catabolic process involved in many

autophagy-related (Atg) proteins encoded by ATG genes. The proteins are organized into



and the two ubiquitin-like conjugation systems: Atgl2-Atg5-Atgl6LI and Atg8 conjugation

systems that regulate autophagosome expansion and completion (Tian et. al., 2013).

ATG genes were originally discovered in the yeast Saccharomyces cerevisiae, and to

date 36 ATG genes have been characterised, 17 of which form the ‘core’ autophagy machinery

as they are directly involved in the formation of autophagosome, (Motley et al., 2012; Cao and

Klionsky, 2007). Homologues of ATG genes have since been identified and characterized in

higher eukaryotes including mammals and insects including Drosophila melanogaster (Juhasz et

al., 2003), Bombyx mori (Zhang et al., 2009; Casati et al., 2012; Tian et al., 2013), Helicoverpa

armigera (Gai et al., 2013) and Galleria mellonella (Khoa and Takeda, 2012).

The induction of autophagy in insects has been studied in response to starvation and

metamorphosis. Autophagy prevents insect cells

from undergoing apoptosis and necrosis under nutrient depletion conditions (Wu et al., 2010). A

necessary for Spodoptera litura cells to resist infection by

et al. (2007) have also reported that autophagy precedes apoptosis in S. litura cells undergoing

glucose starvation. An up-regulation of ATG genes by the steroid hormone 20-hydroxyecdysone

during the molting and pupation stages has been reported in Bombyx mori fat body cells (Tian et

al., 2013). In Aedes aegypti, depletion of ecdysone receptor (EcR) results in autophagy­

incompetent female mosquitoes that fail to complete their second reproductive cycle

characterized by retardation and abnormalities in egg maturation (Bryant and Raikhel 2011).

Similarly, loss of function of ATG6 homologue from Haemaphysalis longicornis (H1ATG6) by

RNAi resulted in incompetent females who lay poorly developed eggs (Kawano et al., 2011).
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shift from autophagy to apoptosis was

a baculovirus, Autographa californica nucleopolyhedrovirus (AcMNPV) (Wei et al., 2012). Liu

during the developmental processes such as



The role of autophagy in innate immunity of insects has received considerable attention.

In Drosophila, the control of intracellular bacteria such as Listeria monocytogenes is triggered

by autophagic reactions (Yano et al., 2008). Similarly, the replication of vesicular stomatitis

virus (VSV) in Drosophila S2 cells was inhibited by autophagy. Down-regulation of ATG genes

including ATG1, ATG2, ATG4, ATG6, ATG7, ATG8, and ATG9 led to an increase in viral titre

with time (Shelly et al. 2009). The invasion of endoparasitoid such as Exorista bombycis was

also reported to induce autophagy in B. mori (Pradeep et al., 2013).

ATG3 and A.TG5 have direct role in autophagosome formation and their cellular

depletion hinders the autophagic process. In Toxoplasma gondii, the depletion of TgATG3 led to

impaired TgAtg8 lipidation, and subsequent autophagosome association (Besteiro, 2012). In S.

cerevisiae, site-directed mutations in Atg3 have been shown to severely impair Atg8-PE

conjugation both in vivo and in vitro (Hanada et al., 2009). Similarly, cellular depletion of ATG5

has been shown to interfere with the autophagic process. Atg5-dependent conversion of the

MLRIO-Cre mutant mice leading to age-related cataract (Morishita et al., 2013). The inhibition

of autolysosome formation induced by starvation has also been reported in JTG5-deficient

mouse embryonic stem cells (Mizushima et al., 2001).

information on the role of TmATG3 and

TmATG5 in conjunction with the survivability of Tenebrio molitor against bacterial infections.

We isolated and characterized ATG3 and ATG5 homologues from the coleopteran beetle, T.

molitor, and show that silencing of TmATG3 and TmATG5 by RNAi leads to reduced

survivability of T. molitor larvae against an intracellular pathogen, L. monocytogenes. This is the

the characterization and functional relevance of TmATG3 and TmATG5 in T.

molitor.
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In light of the above reports, there exists no

first report on

mammalian homologue Atg8-I to Atg8-II inhibited the lens of 15-month-old ?lrg5flox/flox;



2.3 Materials and methods

2.3.1

Busan, South Korea and maintained on wheat bran meal in an environmental chamber at 26 ±

1°C with 60 ± 5% relative humidity and a 16:8 hrs light and dark cycle. Late-instar larvae were

used for all experiments.

2.3.2 Full-length cDNA cloning and sequencing

Partial cDNA sequences of TmATG3 and TmATG5 were obtained from T. molitor

expressed sequence tags (EST) and RNAseq databases previously annotated for identification

and characterization of immunity-related genes (unpublished data). To obtain the full-length

cDNA sequences corresponding to TmATG3 and TmATG5, we performed the 5’- and 3’-rapid

amplification of cDNA end (RACE) PCR. Total RNAs isolated from late instar larvae were used

RACE cDNA amplification

kit (Clontech laboratories, CA, USA) according to manufacturer’s instructions. Gene-specific

primers for TmATG3 and TmATG5 (Table 2-1) were designed based on the corresponding ESTs

to clone the full-length cDNAs of both genes. Both the first and nested PCR reactions were

carried out 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 53°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 by using AccuPrep Gel purification kit

(Bioneer Company, Daejon, Korea). The gene products were subsequently cloned into TOPO

TA cloning vector (Invitrogen Corporation, Carlsbad, CA) and transformed into the competent

E. coli DH5a. Transformed DH5a cells were sub-cultured overnight and plasmids carrying the

target gene products were recovered and sequenced.
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Insect rearing and maintenance

T. molitor larvae were procured from College of Pharmacy, Pusan National University,

as templates to synthesize RACE-ready cDNA using SMARTer™



Table 2-1: Primers used in this study

Primer name Direction Sequence (5’-3’)*

Oligo (dT) adaptor R GGCCACGCGTCGACTAGTACT17
M13-F F GTAAAACGACGGCCAG

M13-R R CAGGAAACAGCTATGAC

TmL27a sq F TCATCCTGAAGGCAAAGCTCCAGT

TmL27a sqPCR AGGTTGGTTAGGCAGGCACCTTTAR

TmL27a qPCR TCATCCTGAAGGCAAAGCTCCAGTF

TmL27a qPCR GGTTGGTTAGGCAGGCACCTTTAR

TmATG3 dsRNA TAATACGACTCACTATAGGGAGAGAATTTGTAGCTGCTGGAGACCF

TAATACGACTCACTATAGGGAGAGATGTGGGCTGAATCACTGTAGTmATG3 dsRNA R

ATGCAGAACGTGATTAATAGCGTATmATG3 sqPCR F

CTAATTACTGTTAATAGTAAAATTTTGGGTTmATG3 sqPCR R

CAATGAGCACCACAAACCACTmATG3qPCR F

GCATGTCTGCATGGATGAACTmATG3qPCR R

TAATACGACTCACTATAGGGAGACAAGACAGAGAGATGTGGTTGGTmATG5 dsRNA F

TAATACGACTCACTATAGGGAGAGGTGTCCATCTTCAGAAACAGGTmATG5 dsRNA R

ATGGCTAACGACAGGGAAGTTTTATmATG5 sqPCR F

TCACATCTGCACACACAAATGCTmATG5 sq PCR R

GGGCTGTGAATCGAAAGTTGTmATG5 qPCR F
GTTTTGCGGTGTCCATCTTCTmATG5qPCR R

T7 Polymerase recognition sequences are indicated in bold.

F = Forward, R = Reverse.

* Sequences are read from 5’ to 3’ end.
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2.3.3 In silico characterization of TmAtg3 and TmAtg5

The cDNA and deduced amino acid sequences of TmAtg3 and TmAtg5 were analyzed

using InterProScan at EBI (http://www.ebi.ac.uk/Tools/pfa/iprscan/) and BLAST algorithm at

NCBI (http://blast.ncbi.nlm.nih.gov/). Specific protein domains for each gene were highlighted

by the InterProScan during the analysis. Amino acid sequences of TmAtg3 and TmAtg5

orthologs by performing search GenBankobtained the tBLASTnwere on

(hppt://www.ncbi.nlm.nih.gov) and have been summarized in Table 2-2.

Multiple sequence alignment and percentage identity analysis were performed using

ClustalX2 program (Larkin et al., 2007). MEGA5 (Tamura et al., 2011) program was used to

calculate corresponding percentage distances with Atg3 and/or Atg5 homologues from other

insects. The maximum likelihood (ML) method based on the JTT matrix-based model (Jones et

used to generate the phylogenetic trees for Atg3 and Atg5 homologues using

MEGA5 software.
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al., 1992) was
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Table 2-2: Accession numbers of Atg3 and Atg5 sequences from various insect species used

to generate phylogenetic tree, percentage distance and identity matrices

Atg3 Atg5

Species name abbreviation Accession NumberAccession number abbreviation

Tribolium castaneum TcAtg3 EFA03061.1 TcATG5 XP 973840.1

Drosophila melanogaster DmAtg3 XP 003695500.1 DmATG5 NP 572390.1

Apis florea AfATG5 XP 003698645.1AfAtg3 XP 003695500.1

Bombus terrestris XP 003394334.1XP 003392860.1 BtATG5BtAtg3

Bombyx inori NP 001135959.1BmATG5NP 001135961.1BmAtg3

Culex quinquefasciatus XP 001866028.1CqATG5XP 001842904.1CqAtg3

EGI57478.1AeATG5Acromyrmex echinatior EGI67628.1AeAtg3

XP 001661241.1AaATG5Aedes aegypti XP 001657463.1AaAtg3

WP:CE43967CeATG5Caenorhabditis elegans Y55F3AM.4aCeAtg3
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2.3.4 Developmental and tissue-specific expression patterns of TniATG3 and TmATGS

Total RNA was extracted from various developmental stages of T. molitor, including

the late instar larvae (LIL), pupal day 1-7 (P1-P7) and adult day 1 and 2 (Al and A2). For

analysis of spatial expression patterns, Total RNA was extracted from various tissues including

gut (whole gut), hemocytes, integument, Malphigian tubules, fat body of the late instar larvae,

and ovaries and testes of the adult stage using SV Total RNA isolation system (Promega

corresponding to each stage of development and/or each tissue sampled was synthesized using

AccuPowerR RT PreMix kit (Bioneer, Daejeon, Korea). cDNAs were used as templates for

96 real-time quantitative

thermal block (Bioneer, Korea) with gene specific primers (Table 2-1) at an initial denaturation

of 95°C for 20 s, followed by 45 cycles of denaturation at 95°C for 5 s and annealing at 60°C for

method was employed to analyze the expression levels of TmATG3 and

internal control to normalize differences in concentration of

templates.

2.3.5 dsRNA synthesis and injection

TtnATG3 and TmATG5 DNA fragments

using gene-specific primers tailed with a T7 promoter sequence (Table 2-1). The PCR products

transcription kit (Epicentre Biotechnologies, Madison, Wl, USA). dsRNA was purified and

precipitated using 5M ammonium acetate. The integrity of the purified dsRNA was confirmed

by running 1% agarose gel and quantified using NanoDrop spectrophotometer (Thermo
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TmATG5. TmL27a was used as an

T7-Flash™

were amplified by PCR from cloned cDNA

were purified using the AccuPrep PCR purification kit (Bioneer, Daejeon. South Korea) and

used to synthesize the double-stranded RNA (dsRNA) with an Ampliscribe™

quantitative PCR (qPCR) reactions performed on an Exicycler™

20 s. The 2’AAC1

Corporation, Madison, WI) according to manufacturer’s protocol. First-strand cDNA



Scientific, Wilmington, DE, USA). dsRNAs were stored at -20°C until injected into T. molitor

larvae. dsRNA for EGFP (dsEGFP) was synthesized and injected to serve as negative control.

dsTmATG3, dsTmATG5 or dsEGFP (1 gg/larva) were dissolved in injection buffer

(0.1 mM sodium phosphate, 2.5 mM potassium chloride, pH 7.2) (Fabrick et aL, 2009) and

injected into the hemocoel of the larvae (n = 55) at the 2nd or 3rd visible stemite. The injections

were carried out using disposable needles mounted onto a micro-applicator (Picospiritzer III

micro dispense system, Parker Hannifin, Hollis, NH, USA). Animals treated with dsRNAs were

maintained on wheat bran meal under standard rearing conditions until the extraction of total

RNA.

To analyze knockdown levels of TmATG3 and TmATG5, total RNA was isolated from

larvae 5 days after dsRNA injection. Subsequent cDNA synthesis was conducted as described

above. cDNA was used as a template for semi-quantitative PCR with the gene-specific primers

(Table 2-1). The PCR cycles were performed as follows: initial denaturation at 94°C for 3 min.

followed by 28 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, extension at

72°C for 60 s and a final extension at 72°C for 10 min. in a PTC-200 thermal cycler (MJ

Research, GMI, Minnesota, USA). Ribosomal protein-L27A (TmRPL27a) was used as a

positive control and amplified using RPL27a primers (Table 3-1). Quantitative real-time PCR

was performed on Exicycler™ 96 real-time quantitative thermal block (Bioneer, Korea).

2.3.6 Bacterial injections and bioassays

Listeria monocytogenes strain ATCC 7644 used in this study was directly procured from

the American Type Culture Collection (ATCC). Brain-heart infusion (BHI) medium was used to

grow the bacterium used for the multiplication and colony forming unit (CFU) determination

studies.
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To obtain the L. monocytogenes culture 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 10

washed thrice, re-suspended and serially diluted in 0.9% saline (NaCl) to achieve desired

incubated at 37°C for 16 h prior to colony counting.

For survival studies, dsRNA (1 pg/larva) of TmATG3 or TmATG5 was injected into the

hemocoel of the larvae (n = 55) at the 2nd or 3rd visible sternite as described above. Five days

post-injection of dsRNA, 30 larvae in each group were challenged with 2 pl (~106 cells/larva) of

the diluted cultures of L. monocytogenes. The injected larvae were maintained at 26°C and the

number of dead larvae was recorded on a daily basis for 6 days post injection. Rates of survival

were compared between the dsTmATG3 or dsTmATG5 and dsEGFP (control) groups.

2.3.7 Statistical analysis

Data from insect survival study was analyzed by the Wilcoxon-Mann Whitney test

(Yano et al., 2008) of the cumulative survival rates (%) and a p-value < 0.05 was considered

significant.
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ml round- bottomed culture tube. The tube was incubated overnight under aerobic conditions in

an orbital shaker at 200 revolutions per minute (rpm) and 37°C. The overnight cultures were

aseptically spread-plating the serially diluted samples on BHI agar plates. The plates were

concentrations determined by measurements at OD60o- The ODsoo values were confirmed by



2.4 Results

2.4.1 Characterization of full-length cDNA for TntATG3 and TniATG5

The partial cDNA sequences of TmATG3 and TmATG5 were identified from T. molitor

EST library and RNAseq data. The full-length cDNA sequences of TmATG3 and TmATG5 genes

were obtained by RACE PCR. The deduced amino acid sequences were designated as TmAtgj

and TmAtg5 for TmATG3 and TmATG5 genes, respectively.

The full length cDNA of TmATG3 is comprised of an open reading frame (ORF) of 963

bp that encodes a protein of 320 amino acid residues (Fig. 2-1 A) with a predicted molecular

weight of 36.4 kDa and a theoretical pl of 4.57. The 5’- and 3’- untranslated region (UTR) of

located 108 bp downstream of the termination codon. TmATG3 cDNA sequence has been

deposited in the GenBank under accession number K.F670693. Analysis of TmATG3 deduced

amino acid sequence indicates that it has three characteristic domains namely, the N-terminal

domain, the catalytic (autophagy-related protein 3) domain and the C-terminal domain (Fig. 2-

IA). The N-terminal domain comprises of 149 amino acid residues and extends from amino

acids at the 8-156 positions. The catalytic domain of TmAtg3 comprises of 63 amino acid

residues that spans amino acids at the 205 - 268 positions. A cysteine residue within the

conserved ‘HPC’ motif is the putative active-site residue for recognition of the Apg5 subunit of

the autophagosome complex. The C-terminal domain of TmAtg3 consists of 45 amino acid

residues and extends from amino acids at 269 - 313 positions. The highly conserved ‘FLKF’

sequence motif characteristic of Atg3 C-terminal domain was also found.

The full length cDNA of TmATG5 includes an ORF of 792 bp that encodes a protein of

263 amino acids (Fig.2-2) with a predicted molecular weight of 31.6 kDa and a theoretical pl of
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TmATG3 comprise of 93 and 213 bp, respectively. The polyadenylation signal (AATAA) was

5.58. The 5’and 3’-UTR for TmATG5 are composed of 47 and 357 bp, respectively. The



polyadenylation signal is located 336 bp downstream of the termination codon (Fig.2-1 B). The

TmATG5 cDNA sequence has been deposited in the GenBank under accession number

KF670694. An analysis of TmAtg5 deduced amino acid sequence reveals an autophagy-related

protein-5 domain that is made up of 183 amino acid residues at 41 -223 positions (Fig. 1B).

TmATG3 shares highest sequence identity of 95% with TcATG3 (Fig. 2-2) followed with

Bombus terrestris (72%). These observations were further validated by performing the distance

matrix analysis. TmATG3 was placed at a distance of 4% from TcATG3.

TmATG5 shared high sequence identity with T. castaneum ATG5 (93%) followed by the

orthologs from A. florea (70%) and B. terrestris (69%). The percentage distances were recorded

to be 7, 36 and 30% from T. castaneum, A. florea and B. terrestris, respectively, (Fig. 2-2). The

phylogenetically closest to orthologs from another coleopteran beetle, T. castaneum.

To determine the evoiutionaiy position of TmAtg3 and TmAtg5 within their respective

orthologous groups, Maximum Likelihood phylogenetic trees were reconstructed. Amino acid

sequences of ScAtg3 and ScAtg5 from the fungus, Saccharomyces cerevisiae, were used as

outgroup for the Atg3 and Atg5 phylogenetic trees, respectively. Consequently, TmAtg3 and

TmAtg5 were grouped with counterparts from T. castaneum namely, TcAtg3 and TcAtg5,

respectively (Fig.2- 3).
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percentage identity and distance analyses indicated that TmATG3 and TmATG5 genes were

those of a dipteran Aedes aegypti (74%) and hymenopteran insects Apis florea (73%) and
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sequences indicate the ATG3 N-terminal domain, autophagy-related protein3 domain and C-

terminal domain, respectively. The ‘HPC’ sequence motif in the autophagy-related protein 3

domain and the ‘FKJLF’ sequence motif in C-terminal domain characteristically conserved in

sequence (AATAAA).
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Figure 2-1 A: Nucleotide and deduced amino acid sequences of TmATG3.
Full-length TmATG3 cDNA and deduced amino acid sequence. Blue, green and red highlighted
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ATG3 homologues are shown by open boxes. The underline indicates polyadenylation signal
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represents the autophagy-related protein 5 domain. Underline indicates polyadenylation signal

sequence (AATAAA).
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Figure 2-3: Molecular phylogenetic analysis of/47X73 and ATG5 from Tenebrio molitor.

Phylogenetic trees for Atg3 (left) and Atg5 (right) were generated using MEGA5 program. The

evolutionary history of each tree was inferred using the maximum likelihood method based on

the Jones Taylor Thornton (JTT) matrix-based model. TcAtg3 and TcAtgo presented the

phylogenetically closest counterparts of TmAtg3 and TmAtg5, respectively. The accession

numbers of all sequences of insect species used to create the trees are enlisted in Table 2-2.
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2.4.2 Developmental and tissue-specific expression patterns of TmATG3 and TmATGS

In order to understand the biological role o[TmATG3 and TmATG5 genes in T. molitor,

the mRNA expressions in late developmental stages and different tissues were investigated by

real-time PCR. TmATG3 transcripts were detected in all developmental stages examined (Fig. 2-

4A). The transcripts of TmATG3 were also detected in all tissues examined including Malphigian

tubules, integument, gut, fat body, hemocytes, ovaries and testes with slightly elevated transcript

levels in fat body and hemocytes (Fig.2-4B).

Similarly, TmATG5 transcripts were detected in all developmental stages examined (Fig.

transcript levels in the fat body and hemocytes (Fig. 2-4D).
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2-4C.) TmATG5 transcripts were also detected in all tissues examined with slightly higher
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Figure 2-4: Developmental and tissue-specific expression patterns of TniATG3 and

TniA TG5.

Transcripts at all developmental stages and tissues examined were amplified and quantified by

the real-time PCR. Top: Developmental and tissue-specific expression patterns of TmATG3

respectively are shown (A and B). Bottom: Developmental and tissue-specific expression

patterns TmATG5, respectively are also shown (B and D). MT, INT, FB, HEM, OVA and TES

represent Malphigian tubules, integument, fat body, hemocytes, ovaries and testes, respectively.
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day 1 and day 2, respectively. Data are shown as the mean ± standard deviation (n = 3).
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2.4.3

T. molitor larvae against L. monocytogenes.

Insects are known to deploy autophagy in response to infections by intracellular

pathogens including L. monocytogenes. We have used L. monocytogenes as an infection agent to

challenge the T. molitor larvae. This is partly because it is known to be a convenient model

bacterium used in studying intracellular pathogen-host interactions, especially in autophagic

reactions of the host including mammals (Birmingham; Lam et al., 2012) and insects (Yano et

al., 2008; Joyce and Gahan, 2010; Cheng, and Portnoy, 2003). We hypothesized that depletion of

the mRNAs of TmATG3 or TmATG5 by RNAi would lead to compromised ability of T. molitor

larvae in combating the infection. This could have an impact on the overall survivability of the

larvae. Using RNAi, TmATG3 and TmATG5 transcripts levels were decreased by 70 and 60%,

challenged with a lethal dose (106 CFU/larva) of L. monocytogenes. We observed a significant (p

0.05) reduction in the survival rates of T. molitor larvae relative to the control (dsEGFP) (Fig.

2-5B). At the end of the observation period (six days post infection), the survival rate in control

dsTmATG3- and dsTmATG5 -injected larvae, respectively. The observations were found to be

similar for three separate sets of experiments.
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respectively, in the late-instar larvae of T. molitor (Fig. 2-5A). Subsequently, the larvae were

as compared with 4% and 3% forset of larvae were found to be significantly higher (55%)

Loss of functions of TmATG3 and TmATG5 by RNAi resulted in high mortality of
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2.5 Discussion

Atg3 and Atg5 have been reported to perform distinct yet interconnected functions in the

eukaryotic autophagy pathway. While the E-2 ubiquitin-like enzyme Atg3 is responsible for the

covalent binding of phosphatidylethanolamine to the C-terminal Gly of Atg8, the Atgl2-Atg5

conjugate is known to act as an E-3 enzyme, primarily by stimulating the conjugating activity of

Atg3 (Hanada et al., 2007). In the current study Tenebrio homologues of the two genes have

been identified, their corresponding cDNAs cloned and partially characterized.

The catalytic domain of TmAtg3 contains a conserved cysteine residue within the ‘HPC’

motif. Conservation of this residue is a characteristic feature of autophagic E2-like enzymes

including Atg3 and AtglO homologues from various eukaryotic hosts (Flanagan et al., 2013).

Conserved cysteine residue has been identified in amino acid sequences of homologues in Homo

sapiens, Arabidopsis thaliana and S. cerevisiae (Yamada et al., 2007). Cysteine is the only

active site residue that is universally conserved in the wider spectrum of E-2 and E-2-like

enzymes in eukaryotes (Burroughs et al., 2008: Flanagan et al., 2013).

The wide-spread tissue-specific expression of TmATG3 and TmATG5 observed in the

current study may indicate that the two genes are probably involved in various cellular processes

such

clearance of infectious agents (Yang et al, 2005; Bryant and Raikhel, 2011). Earlier reports have

shown roles of ATG3 and ATG5 in development in Haemaphysalis longicornis (Kawano et al.,

2010; Hu et al., 201 1), starvation stress response in Spodoptera litura SL-ZSU-1 cells (Wu et al.,

2010; Liu et al., 2007) and defense against pathogenic infections in Drosophila melanogaster

(Shelly et al., 2009). In addition, RNAi for the gene encoding 20-hydroxyecdysone receptor

partner (USP) in Bombyx mori, resulted in reduced autophagy stemming from down-regulation
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as autophagy-mediated nutrient recycling, disposal of damaged cellular organelles and



in expression of several ATG genes including A TG3 and ATG5 during pupation, thus, confirming

the involvement of ATG3 and ATG5 in insect development (Tian etal., 2013).

The reduced survivability of T. molitor larvae against L. monocytogenes infection

following down-regulation of TmATG3 and TmATG5 indicate that the two genes may be directly

deployed to counter Listeria infections in the beetle probably through their roles in the

autophagy pathway. In general, these results are consistent with previous reports that RNAi-

based down-regulation of autophagy-related genes compromises the ability of the host to resist

the infection (Yano et al., 2008; Shelly et al. 2009). Autophagic reaction against intracellular

infections are induced or regulated through the action of specific pathogen-recognition receptors

(PRR) such as PGRP-LE, Toll-7 and/or TLRs. Blocking or interfering the activity of these

upstream PRRs produce effects similar to those observed when canonical autophagy-related

genes like ATG5 are interfered by techniques such as RNAi. In Drosophila, intracellular PGRP-

LE was responsible for the induction of autophagic control of L. monocytogenes (Yano et al.,

2008). Down-regulation of hemocyte-specific DmPGRP-LE by RNAi in adult flies exhibited a

significant reduction in survival rate against L. monocytogenes in a manner similar to flies whose

autophagy gene ATG5 expression was depleted by RNAi. While working with Toll-7, one of the

many members of the Drosophila Toll family, Nakamoto et al. (2012) demonstrated that

infection of Drosophila cultured cells by vesicular stomatitis virus (VSV) provoked an antiviral

autophagic response regulated by Toll-7. The authors demonstrated further that loss of function

of ATG5 in Drosophila adult flies led to a blockage of the characteristic puncta formation

effectively arresting the autophagic response of the fly against the infection.

In conclusion, we have in the present study, isolated homologues of ATG3 and ATG5

from the coleopteran T. molitor, designated
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as TmATG3 and TmATG5, respectively, from



Tenebrio EST and RNAseq databases. We subsequently characterized the full-length cDNA

sequences of TmATG3 and TmATG5. The expression profiles of TmATG3 and TmATG5

ubiquitously expressed, suggesting their roles in growth, development and innate immunity.

Reduction in survival ability of the larvae following depletion of transcripts of TmATG3 and

TmATG5 underscored the general role of autophagy as a reaction mechanism of the host against

infection by L. monocytogenes. Currently, our on-going studies have been focused on the

experimental insights that would link intracellular microbial pathogen titer values to

autophagosome formation and the signaling cascades that lead to autophagic control of the

pathogen in T. molitor.
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transcripts in different developmental stages and tissues examined indicate that the genes are
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Chapter 3. Molecular cloning and characterization of autophagy-related gene ATG8 in

3.1

eukaryotic cells to digest portions of the cytoplasm leading to nutrients recycling, remodeling

and disposal of unwanted cytoplasmic constituents. Currently 36 autophagy-related gene (ATG)

homologues have been characterized in yeast and higher eukaryotes including insects. In the

identified and functionally characterized the immune function of ATG8

homologue in a coleopteran insect, Tenebrio molitor (TmATG8). The cDNA of TmATG8

comprises of an ORF of 363 bp encoding a protein of 120 amino acid residues. TmATG8

transcripts are detected in all the developmental stages analyzed. TmAtg8 contains a highly

conserved C-terminal glycine residue (G116) and shows high amino acid sequence identity (98%)

significant increase in mortality of T. molitor larvae against Listeria monocytogenes. Unlike

dsEGFP-treated control laivae, TmATG8-s\lenced larvae failed to turn-on autophagy in

hemocytes after L. monocytogenes injection. These data suggest that TmATG8 play a role in

mediating autophagy-based clearance of Listeria in T. molitor.
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Abstract

Macroautophagy (hereinafter called autophagy) is a highly regulated process used by

to its Tribolium castaneum homologue, TcAtg8. Loss of function ofTmATG8 by RNAi led to a

present study, we



3.2

conserved from yeast to higher eukaryotes and is implicated in various house-keeping functions

such as organelle turnover, growth, aging, cell death, and mobilization of amino acids upon

subtype of autophagy termed xenophagy, invasive intracellular bacteria can be targeted and

engulfed into autophagosomes for their eventual degradation in autolysosomes (Levin, 2005;

group A Streptococcus (GAS) (Nakagawa, et al., 2004; Yamaguchi, et al., 2009; Sakurai, et al.,

2010) 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 during genetic screens in yeast

that led to identification of autophagy-related (ATG) genes. To date, 36 ATG genes have been

identified in yeast and orthologues 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 referred to as the “core autophagy machinery”, and is conserved in all

subtypes of autophagy (Xie and Klionsky, 2007). The

genes placed into three major functional categories namely (i) the Atg9 cycling system which

includes Atg9, the Atgl kinase complex (Atgl and Atgl3), Atg2, and Atgl8; (ii) the

phosphatidylinositol 3-OH kinase (PI(3)K) complex which includes Vps34, Vpsl5, Atg6

(Vps30), and Atgl4, and (iii) the ubiquitin-like protein (Ubl) system, which includes Atg8-PE

complex, the Atg8 modifying protease, (Atg4), the Atgl2-Atg5.Atgl6 complex, the activating
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Introduction

Autophagy is a cellular process by which the cell degrades unnecessary and/or

dysfunctional cellular components by the action of lysosomes. The autophagy mechanism is

starvation (Melendez et al., 2003; Levine and Klionsky, 2004; Rusten et al., 2004). Through a

core autophagy machinery comprises of

xenophagy to restrict the rapid multiplication of internalized extracellular pathogens such as

Deretic, 2011; Knodler and Celli, 2011; Yuk et al., 2012). Eukaryotic cells can deploy



enzyme (Atg7), and two analogues of ubiquitin-conjugating enzymes (AtglO and Atg3) (Xie and

Klionsky, 2007).

Atg8 is an ubiquitin-like protein involved in controlling the expansion of the phagophore

during autophagosome formation, such that the amount of Atg8 available determines the size of

the autophagosome formed (Xie et al., 2008). The fact that Atg8 remains localized 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 (KJioa and Takeda, 2012), Bombyx mori (Hu et al., 2010),

Aedes aegypti (Bryant and Raikhel, 2011), and Spodoptera litura (Zhang et al. 2014). However,

Tenebrio molitor (TmATG8). We identified a TmATG8 homologue through RNASeq approach,

cloned, and subsequently characterized its function using RNA interference (RNAi) and

RNAi-mediated silencing of TmATG8 makes T. molitor larvae

caused by an intracellular pathogen, Listeria monocytogenes.
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immunofluorescence targeting. We show that the disruption of the autophagy pathway via

more susceptible to infections

no work has reported the identification and characterization of Atg8 in the coleopteran insect,



3.3 Materials and Methods

3.3.1 Insect collection and Maintenance

T. molitor larvae procured from College of Pharmacy, Pusan National University,

Busan, South Korea were reared in an environmental chamber at 26 ± 1°C with 60 ± 5% relative

composed 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, Netherlands); 1.1 g sorbic acid (Sigma

Aldrich, Louis, USA), and 1.1 ml propionic acid (Sigma Aldrich. Louis, USA) mixed in 440 ml

of distilled water.

3.3.2 Full-length cDNA Cloning and Sequencing

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

obtained by performing 5’- and 3’- rapid amplification of cDNA

ends -polymerase chain reaction (RACE-PCR) using SMARTer™ RACE cDNA amplification

used

TmATG8 were designed based on the partial cDNA sequence and, subsequently the first and

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 by using AccuPrep Gel purification kit (Bioneer Company, Daejeon,
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full-length cDNA sequence was

kit (Clontech Laboratories, CA, USA) according to manufacturer’s instructions. Total RNA was

humidity and a

nested PCR reactions were conducted using the RACE-ready cDNA under the following

as template to synthesize RACE-ready cDNA. Gene-specific primers (Table-1) for

16:8 h light: dark cycle. The larvae were fed on autoclaved artificial diet



Korea). The purified DNA fragments were subsequently cloned into TOPO TA cloning vector

(Invitrogen Corporation, Carlsbad, CA) and transformed into competent E. coli DH5a cells. The

transformed DH5a cells were sub-cultured overnight and plasmids carrying the target gene

products were recovered and sequenced. The TmATG8 full-length cDNA sequence has been

registered in GenBank under accession number KM676434.
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Table 3-1: Primers used in this study

Primer name Direction

Oligo(dT)adaptor R GGCCACGCGTCGACTAGTACT17

MI3-F F GTAAAACGACGGCCAG

MI3-R R CAGGAAACAGCTATGAC

TmL27a F TCATCCTGAAGGCAAAGCTCCAGT

TmL27a R AGGTTGGTTAGGCAGGCACCTTTA

7»:/TGSqPCR AAGATCCGCCGAAAGTATCCF

TmATG8 qPCR AACTGGCCGACTGTCAAATCR

TAATACGACTCACTATAGGGTTTCGAGAAGAGGAAGTCGA

TAATACGACTCACTATAGGGTGGTAGAGCGAGCCCATTGTAR
TmATG8 sqPCR

ATGAAATTTCAATATAAAGAGGAGCACCCF
TmATG8 sqPCR

TTAGAGCTCATCACCACCATAGAC

R

GTTATTCCCCCAACATCCGCTACF

GAACGTCTATGGTGGTGATGAGCF

CAGAAAGTAGAACTGGCCGACTR

CCATGTACTCTGCGTTGATACCR

EcoRl and Hindlll restriction sites sequences are in bold

F = Forward, R = Reverse
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GGGCAAGCTTGGTTAGAGCTCATCACCACCATAGACG
TTCTCATC

GGGGAATTCATGAAATTTCAATATAAAGAGGAGCAC
CCTTTCGAG

TmATG8- 
ExPCR

TmATG8-Ex- 
PCR

TmATG8 dsRNA.
TmATG8 dsRNA

R
F

TmATG8 
3’RACEGSP1 
TmATG8 
3’RACE 
(nested)______
TmATG8 
5’RACEGSP1 
TmATG8 
5’RACE 
(nested)

Sequence (5'-3')*

* Sequences are read from 5’ to 3’ end



3.3.3 In Silico characterization of TmATG8

The cDNA and deduced amino acid sequence of TmATG8 were analyzed using

InterProScan the European Bioinformatics Institute (EBI)at

(http://www.ebi.ac.uk/Tools/pfa/iprscan/) and Basic Local Alignment Search Tool (BLAST)

algorithm the National Center for Biotechnology Information (NCBI)at

(http://blast.ncbi.nlm.nih.gov/). Specific protein domains for TmAtg8 were highlighted by the

InterProScan during the analysis. Amino acid sequence of TmAtg8 homologs were obtained by

Gen Bank (http://www.ncbi.nlm.nih.gov). The accession

numbers of TmAtg8 homologs used in the present study have been shown in Table-2.

Multiple sequence alignment and percentage identity analysis of TmAtg8 with its

performed using ClustalX2 (Larkin et al., 2007) and MEGA5 (Tamura et al.,

2011) programs respectively. Subsequently the MEGA5 program was used to construct a

phylogenetic tree using maximum likelihood (ML) method based on the JTT matrix-based

model (Jones et al., 1992).
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performing a search using tBLASTn on

homologs were

http://www.ebi.ac.uk/Tools/pfa/iprscan/
http://blast.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov


Table 3-2: Accession numbers of Atg8 amino acid sequences from various organisms used

to generate the phylogenetic tree, percentage distance and identity matrices

Species name Abbreviations Accession numbers

1 Tenebrio molitor TmAtg8 KM676434

2 Drosophila melanogaster NP 727447.1DmAtg8

3 Apis mellifera XP 001120069.1AmAtg8

4 NP 009209.1Homo sapiens HsAtg8

5 EDL12513.1Mus musculus MinAtg8

AAH56701.I6 Danio rerio DrAtg8
XP 312238.37 Anopheles gambiae AgAtg8
AAW21996.18 Aedes aegypti AaAtg8

BAN20392.19 RpAtg8Riptortus pedestris

AFK91514.110 Helicoverpa armigera HaAtg8

NP 001040244.11 1 BmAtg8Bombyx mori

XP 973073.112 Tribolium castaneum

C32D5.913 CeAtg8Caenorhabditis elegans
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3.3.4 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), pupal day 1-7 (P1-P7) and adult day 1 and 2 (Al and A2). For analysis

of tissue-specific expression pattern of ATG8 in T. molitor, total RNA was extracted from

various tissues of the larval stages which included gut, hemocytes, integument, Malphigian

tubules, and fat body, as well as the ovaries and testes of the adult stage using SV Total RNA

isolation system (Promega Corporation, Madison, WI) according to manufacturer’s instructions.

cDNAs corresponding to each stage of growth and/or sampled tissue was synthesized using

AccuPowerR RT Pre-Mix kit (Bioneer Company, Daejeon, Korea). Quantitative PCR (qPCR)

96 real-time quantitative thermal block (Bioneer

Company, Daejeon, Korea) using gene specific primers (Table 1) set to an initial denaturation of

95 °C for 20 s, followed by 45 cycles of denaturation at 95 °C for 5 s and annealing at 60 °C for

method (Livak and Schmittgen, 2001) was employed to analyze the expression

levels of TtnATG8. The reactions were performed in triplicate and represented as the mean ± SE

(/? - 3) of three biological replicates. T. molitor ribosomal protein L27a (TmL27a) was used as

an internal control to normalize differences in concentration of templates between samples.

3.3.5 dsRNA synthesis and injections

primers (product size; 297 bp) flanked with T7 promoter sequence on their respective 5’ ends.

The primer information for dsRNA synthesis has been shown in Table 1. The PCR reaction was

carried out 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 53°C for 30 s, extension at 72°C for I min

and a final extension at 72°C for 10 min. The PCR products were purified using the AccuPrep
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TmATG8 cDNA template was amplified by semi-quantitative PCR using gene-specific

reactions were performed in an Exicycler™

20 s. The 2-AACl



synthesize the dsRNA with

Biotechnologies, Madison, WI, USA) according to manufacturer’s instructions. After synthesis,

dsRNA was purified and precipitated using 5M ammonium acetate and checked for its integrity

by running 1% agarose gel and quantification using Epoch spectrophotometer (BioTek

instilments Inc, Winooski, VT, USA). As a control, dsRNA for T. molitor enhanced green

fluorescent protein (dsTmEGFP') was synthesized 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 pg/pl. Injection of dsRNA (1 pg/pl) into the 2nd or 3rd visible stemite of last-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 last-instar larvae (n =

50) were injected with equal amount of dsEGFP dissolved in the injection buffer and acted as a

negative control. Injected animals were maintained on artificial diet under standard rearing

conditions until the extraction of total RNA. TmATG8 knockdown was evaluated five days post

injection of dsRNA. Total RNA isolation and subsequent cDNA synthesis was conducted as

repeated at least three times to confirm the silencing of

TmATG8 transcripts.

3.3.6 Bacterial Injections and Bioassay studies

Listeria monocytogenes strain ATCC 7644 was grown in Brain-heart infusion (BH1)

medium (Difco, Sparks, MD, USA) at 37°C. For infection studies, a single colony was picked

from BHI agar plate using a sterile wire loop and inoculated into 5 ml of fresh BHI broth in 15

81

described above. The experiment was

an AmpliscribeTM T7-FlashTM transcription kit (Epicentre

PCR purification kit (Bioneer Company, Daejeon, South Korea) and subsequently used to



ml round-bottomed culture tube. The tube

an orbital shaker at 200 rpm and 37°C. The overnight culture was washed thrice in phosphate-

buffer saline (PBS), re-suspended and serially diluted in 0.9% saline to achieve desired

and incubated at 37°C for 16 h prior to colony counting.

For bioassay studies, dsRNA (1 pg/larva) of TmATG8 or EGFP was injected into the

of dsRNA, knockdown levels were confirmed by qPCR. The larvae in both TmATG8 and EGFP

groups (n - 30 each) were challenged with 2 pl (~106 cells/larva) of diluted cultures of L.

maintained at 26 °C while the numbers of dead

larvae were recorded on a daily basis for 6 days. The rate of survival was compared between the

TmATG8 silenced and the EGFP control groups. The results represent an average of three

biological replications. Statistical analysis

test (Yano et al., 2008) and the cumulative survival rates are considered significant (P < 0.05).

3.3.7 Expression of TinATG8 in E.coli

sub-cloned into TOPO-TA cloning vector as

primers which contained EcoRl and Hindlll restriction sites (Table 1) to facilitate directional

cloning of the PCR product into pET28a(+) expression vector (Novagen. Germany). The PCR

product was resolved in 1% agarose gel electrophoresis and purified using gel purification kit

(Bioneer, Korea). The DNA

expression vector, transformed into competent DH5a cells, spread-plated onto LB agar plates

containing Kanamycin (50mg/ml) and X-gal (40mg/ml) and incubated at 37°C overnight.
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was incubated overnight under aerobic conditions in

was conducted using the Wilcoxon-Mann-Whitney

monocytogenes. The challenged larvae were

The full-length ORF of TmATG8 was

was then sub-cloned into EcoRl-Hindlll digested pET28a(+)

concentrations as determined by measurements at OD60o. Each dilution was plated on BHI agar

described in section 2.2 above. The insert was subsequently amplified using gene specific

hemocoel of larvae at the 2nd or 3rd visible sternite as described above. Five days post-injection



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. coh 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

addition of IPTG to a final concentration of 0.25mM.

3.3.8 Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis (SDS-PAGE) and

Western blot analysis

T. molitor larvae were surface-sterilized by rinsing in 70% ethanol and subsequently

anaesthetized on ice for 10 to 15 min. Using sterile scissors proleg was cut and the outflowing

hemolymph was collected directly into

solution (Stoepler et al., 2012), the latter constituted of 70% Grace's insect medium. 10% bovine

and 41 mM citric acid, pH 4.5). For collection of hemocytes, the hemolymph was centrifuged at

200 g at 4 °C for 5 min. The sedimented hemocytes were washed twice in the collection solution

iNtRON Biotechnology,

Seongnam, Korea) to extract the proteins. The hemolymph proteins were denatured by boiling in

2x 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 SDS-PAGE separated proteins were blotted onto Immobilon-P (Millipore. Billerica.

MA, USA) membrane at 100 V for 70 min at 4°C. Subsequent to blotting, the membrane was

83

Positive transformant colonies were

serum albumin, and 20% anticoagulant Buffer (98 mM NaOH, 186 mM NaCl, 1.7 mM EDTA,

a tube containing modified hemolymph collection

and re-suspended into protein extraction solution (Pro-Prep™



dissolved in ImM levamisole in Tris-buffered saline (TBS) (10 mM Tris, 150 mM NaCI, pH

7.5) for 10 min, following which the membrane was blocked in 5% non-fat dry milk in TBST

(TBS supplemented with 0.01% Tween 20) for 1 h at room temperature. The membrane was

rabbit against amino acid sequences

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. After three washes of 5 min each.

the membrane was incubated in goat anti-rabbit IgG (h+1) alkaline phosphatase conjugated

antibody (Bethyl Laboratories, Inc., TX USA) diluted at a ratio of 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

BCIP/NBT alkaline phosphatase substrate solution (Sigma Aldrich Co., St. Louis, Missouri,

USA).

3.3.9 Immunofluorescence staining and confocal microscopic analysis

Hemocytes from Listeria-infected

described above. For live cell autophagy detection, the hemocytes were incubated with an

assay buffer for 30 min at 37°C. Subsequently, the cells were washed twice with assay buffer,

applied to glass slides and left for 30 min at room temperature to allow for hemocytes adhesion

to slides. Slides were stained for 20 min with TO-PRO-3 iodide 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 observation

co-staining, Lysotracker was added (to a final concentration of 25 nM) to the cells incubated
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autophagosomal probe, Cyto- ID green detection reagent (Enzo life Sciences Inc., NY, USA) in

incubated with anti-TmAtg8 antibody (raised in

or non-infected larvae (n = 50) were collected as

each. The bands so obtained were visualized by treating the membrane with SigrnafastTm

under an FV500 laser-scanning confocal microscope (Olympus). For Cyto ID/Lysolracker red



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 above and visualized immediately afterwards.

To visualize Listeria inside the Tenebrio hemocytes, hemocytes were collected from

infected larvae as described above, washed twice in PBS and applied to glass slides. Following

incubation at room temperature for 30 min, 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-XlOO in PBS for 15 min, washed three times, and

incubated with anti-Listeria monocytogenes polyclonal antibody (Ab35132; Abeam, 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 incubated 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 and observed under FV500 laser-scanning confocal microscope (Olympus) as

described above.
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blocked with 1% BSA in PBS for 1 h at room temperature. Subsequently, the slides were



3.4 Results

3.4.1 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 encoding a protein of 120 amino acid

residues (Fig. 3-1). 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 TmAtg8 deduced amino

acid sequence reveals a characteristic microtubule-associated proteins la/lb light chain 3-related

domain (Fig. 3-1).

closer to Atg8 of another coleopteran beetle, Tribolium castaneum (TcAtg8) (Fig. 3-3). TmAtg8

share highest sequence identity (98%) with TcAtg8 followed by those with Homo sapiens

(94%), Mus musculus (94%), Riptortus pedestris (94%), Helicoverpa armigera (94%), and

Bombyx mori (94%) (Fig. 3-4). 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. 3-4).
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Multiple alignment of TmAtg8 with its orthologs indicates high degree of conservation 

of Atg8 amino acid sequence within insects (Fig. 3-2). Furthermore, TmAtg8 is phylogenetically



>TmAtg8

LG D E

TAA

Figure 3-1: Nucleotide and deduced amino acid sequence for TniATG8

Predicted microtubule-associated proteins la/lb light chain 3-related domain is highlighted.

Underline indicates the polyadenylation signal.
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AAG CAG TGG TAT CAA CGC AGA
GTA CAT GGG GCA TTC GAT TGG TTG TTT TGT GTC ACA ACA AGC AGA AGT GAG AAA ACT GAG 
CAA ACG TAC TGA ACC CAT CGC ATT GAT TCC CTA AAT TCT GGT GTA ATA TAT CAA AAA ACA

360
120

363
120

240
80

300
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40
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60

60
20

ATG AAA TTT CAA TAT AAA GAG GAG CAC CCT TTC 
MKFQYKEEHPF

ATC CGC CGA AAG TAT CCC GAG AGA GTG CCA GTG ATC GTC GAA AAG GCC CCC AGA GCT CGA 
I R R K Y P D RV P V IVEKAPRAR

ATC GGT GAC TTA GAC AAG AAA AAG TAT CTA GTC CCG TCA GAT TTG ACA GTC GGC CAG TTC 
iIGDLDKKKYLV P S D Ii T V G F

• TAG TTT CTG ATC AGG AAG AGG ATC CAC TTG AGG CCC GAG GAT GCC CTA TTT TTC TTT GTA
LY F L I R K R I H____ ___________£__ L.2L.JL..-Y..

AAT AAT GTT ATT CCC CCA ACA TCC GCT ACA ATG GGC TCG CTC TAC CAG GAA CAT CAT GAG
NNV I P P T SATMGSLYQEHHE

TTA ATG AAA CAA GTG ATT GAT TTT TTT ATA GAT ATC TGA TTC AAT AAA GCA CCG GTA AAA 
CAT AAA AGT TAC ATT TAT TTT ATA TTT TTG GAT TGT CAT TTG CTG CTG ACT TAA TGT GAT 
AGT TGT ATA GCT ATG TTA TTG TGT TTT TTT TTT TTA ATT ATG TAA ACA TTT ATT TTG TTA 
GGG TAT CGC GAA AGA GAT TTT GAG TTT GTT TTT CAG ACA CTG GAA AGA GAT TAA TTT CGT 
CAT AAA TTT TAT ATT TGA TAT CAA ATT TCT GAT GAA GTC ACT GAA GTA TTA GAC TAG ATC 
TAT AAC ATA ATG TAG TTA TAA AAA TAA AAA CGT TCC GAA AAA AAA AAA AAA AAA AAA AAA 
AAA AAA AAA

GAG GAC TTT TTC TTA TAC ATT GCT TAT TCT GAT GAG AAC GTC TAT GGT GGT GAT GAG CTC 
DFFLYIAYSDE NVY G

GAG AAG AGG AAG TCC GAG GGT GAG AAG
EKRKSEGEKj

Domains were analyzed by interproscan program (http://www.ebi.ac.uk/Tools/pfa/iprscan/).
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Figure 3-2: Multiple alignment of TmAtg8 with orthologs from other insects.

The conserved C-terminal glycine residue (G116) which would be exposed after Atg4-mediated

cleavage of terminal arginine residue (green arrow), Phe77 and Phe79 which form part of Atg4

recognition site (red arrows) and Tyr49 and Leu50 important for Atg7 and Atg3 as El and E2-

like enzyme activity on

alignments have been presented in Table 3-2.
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JTT matrix-based model. TcAtg8 presented the phylogenetically closest counterpart of TmAtg8.

The accession numbers of all sequences of insect species used to create the trees are enlisted in

Table 3-2.
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Figure 3-3: Molecular phylogenetic analysis of Atg8 sequences by Maximum Likelihood 
method.
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The evolutionary history was inferred by using the Maximum Likelihood method based on the



TmATG8 TcATG8 HsATG8 MmATG8 RpATG8 H1ATG8 BmATG8 DrATC8 AgATG8 A1ATG8 DmATG8 AmATG8

TmATG8 98 94 94 94 9494 92 92 92 92 89

TcATG8 0 94 94 94 94 94 92 95 92 92 89

HsATCS 0.06 0.06 100 91 91 91 98 90 90 91 86

MmATG8 0.06 0.06 0 91 91 91 98 90 91 8690

RpATG8 0.05 005 0.1 0.1 8791 92 90 92 91 92

HaATG8 0.05 0.05 880.1 0.1 0.08 98 90 91 91 92

BmATG8 880.05 0.05 92 930.1 0.01 90 920.1 0.07

DrATG8 8589 890.06 860.06 0.02 0.02 0.1 0.1 0.1

AgATG8 93 88950.05 0.10.05 0.1 0.07 0.0$ 0.070.1

AaATG8 88940.040.110.06 0.06 0.080.08 0.090.11 0.11

S7DmATGS 0.040.040.05 0.06 0.080.07 0.070.05 0.08 0.0$

0.130.120.12AmATG8 0.150.11 0.120.15 0.15Oil

the highest percentage (98%) identity with its orthologue in T. castaneum, TcAtg8. The %

highly supported by the % distance results which put TmAtg8 at 0% from its

T. castaneum counterpart, TcAtg8.
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Figure 3-4: Estimates of evolutionary divergence between sequences.

Sequences of all insect species used in the analysis are presented in Table 3-2. TmAtg8 shared
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3.4.2 Developmental and tissue-specific expression patterns of TmATG8 mRNAs

The expression levels of TmATG8 transcripts were analyzed by quantitative real-time

PCR (Fig. 3-5). The transcripts of TmATG8 were detected in all developmental stages and

tissues examined. In adult insect, hemocytes and ovaries show lower TmATG8 transcript level

(Fig. 3-5Ai), whereas in the larva hemocytes show lower transcript levels (Fig. 3-5Aii).

Although the TmATG8 transcripts were found in all the developmental stages tested, higher

transcript levels were observed in the early and late pupal stages (Fig. 3-5B).
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(A): Relative gene expression levels in various tissues of the adult (i) and larva (ii). (B):

Relative gene expression levels at various developmental stages spanning from late-instar larvae

through the pupal to early adult stages. INT, MT, FB, HEM, OVA and TES represent

integument, Malphigian tubules, fat body, hemocytes, ovaries and testes, respectively. LIL, PP,

P1-P7 and Al and A2 represent late-instar larvae, pharate pupa, pupa day 1-7 and adult day 1

and day 2, respectively. Data are shown as the mean ± standard deviation (n = 3).
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3.4.3 Characterization of TmAtg8 polyclonal antibody

Under normal non-autophagic conditions, Atg8 exists in an unconjugated form (Atg8-I).

but upon starvation or microbial infections, most of Atg8 is lipidated by conjugation with

phosphatidylethanolamine (PE) to form Atg8-PE conjugate (Atg8-II) and subsequently recruited

to the developing phagophore (Nair et al., 2011). To detect the Atg8-I and Atg8-II forms in T.

molitor, we designed and generated a peptide-based anti-TmAtg8 polyclonal antibody. The

specificity of anti-TmAtg8 antibody was validated by its ability to detect recombinant TmAtg8

protein (rTmAtg8) as well as endogenous TmAtg8 in protein extracts from whole insects (Fig. 3-

6). Furthermore, anti-TmAtg8

resulting from infection-induced autophagy in hemocytes after 12 h and 24 h. Infection of T.

molitor late-in star larvae with 106 CFU of either E.coli or L. monocytogenes appeared to induce

autophagy observed in the fat body (Fig. 3-7).

pronounced in larvae infected with L. monocytogenes than those infected with E.coli.
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Autophagic signals based on the intensity of the second band (TmAtg8-II) appeared to be more

was able to track the second band (TmAtg8-II) potentially

autophagy in hemocytes with little or no
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Figure 3-7: Induction patterns of autophagy detected by Western blot analysis with anti-

TmAtg8 antibody after injection off. coli and L. monocytogenes.

co/z-infected insects.
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3.4.4

infection by Listeria monocytogenes

To functionally characterize TmATG8, we knocked down its gene expression by RNAi

intracellular pathogen, Listeria monocytogenes. The nearly 70% down-regulation of the

TmATG8 transcripts (Fig. 3-8A) were corroborated by western blot results at a protein level

where the target protein band was reduced to undetectable levels in the AsTmATG8-injected

larvae compared to the control dsEGFP-injected larvae (Fig. 3-8B).

concentration of 106 CFU/larva resulted in significant (P 0.05) reduction in survival of

TmATG8 RNAi larvae compared to dsEGFP-injected control or 0.9% saline-injected larvae (Fig.

3-9A, B). No difference in mortality was observed between the controls and the TmATG8-

insects showed similar survival abilities against the pathogen (Fig. 3-9A, B).
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depleted larvae in the first three days post-Listeria challenge, but mortality was pronounced in

and monitored its influence on the ability of T. molitor larvae to resist infections by an

TmATG8 gene silencing results in high mortality of Tenebrio larvae against

Under TmATG8 knockdown conditions, inoculation of L. monocytogenes at

the TmATG8-d epl eted larvae from day 4 onwards. The 0.9% saline and dsEGFP-injected
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Figure 3-8: Knockdown of TmATG8 by RNA interference.

real time PCR.
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induced mortality of larvae that had been previously treated

dsEGFP as positive controls. (B). Pictorial
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3.4.5 TmATG8 gene silencing causes failure of T. molitor larvae to turn-on autophagic

response to invading Listeria in hemocytes

In order to confirm the requirement of autophagy in counteracting against L.

monocytogenes infection, we tracked the bacterial infection of hemocytes and the status of the

autophagy signal in presence or absence of TmAtg8 using a combination of RNAi and

immunostaining techniques. Results show that L. monocytogenes can invade hemocytes within 1

h of their inoculation into the hemocoel of Tenebrio larvae by microinjection (Fig. 3-10).

However, the autophagy signal was not detected in hemocytes until about 6 h post-infection. The

intensity of the autophagosome-specific probe, Cyto-ID green dye and the endo-lysosomal probe,

LysoTracker Red DND-99 increased with increasing time of exposure to the pathogen.

indicated by the merged

image (Fig. 3-10). These results suggest that the host requires duration of at least 6 h to form the

autophagosome (xenophagosome) after infection.

Silencing of TmATG8 transcripts resulted in inhibition of autophagy in hemocytes

following Listeria infection. While a strong autophagic signal

hemocytes (hemocytes from ds/sGFT’-injected larvae), no signal was detectable in the TmATG8

RNAi group (Fig. 3-11).
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Furthermore, most but not all signals of the two probes co-localized as

was detectable in control
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100

Blue: TO-PRO-3 stained hemocyte nuclei
Red: Listeria cells

Figure 3-10: Time-course autophagy staining in hemocytes.
Top: Enlarged photo to show Listeria in hemocytes. Bottom: Co-staining of Listeria-infected Tenebrio 

hemocytes with one autophagosome probe, the Cyto-ID green detection reagent and a lysosomal dye,
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Figure 3-11: Tracking Listeria-induced autophagy using Cyto-ID green detection reagent

in hemocytes isolated from dsTrnA TGtf-treated T. molitor larvae.
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or dsEGFP (I pg/insect). 5 days post

dsRNA injection, larvae were challenged with 106 CFU/Larva of A. monocytogenes for 12 h

Latc-instar larvae were microinjected with dsTmATG8

prior to hemocytes isolation and live-cell staining as described in materials and methods.



3.5

probe autophagic processes in eukaryotes. In order to delineate the autophagic process in the

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 ofL. monocytogenes^riggered autophagy in T. molitor.

The first conclusive evidence for characterization ofTmATG8 at the sequence level was

the identification of microtubule-associated proteins la/lb light chain 3-related domain. Multiple

alignment of TmAtg8 with other Atg8 homologues from various organisms shows the highly

conserved C-terminal glycine residue. As reported earlier, the conseived C-terminal glycine

activity of Atg4 (Nakatogawa et al., 2007). With the exposed glycine residue, TmAtg8 could get

ubiquitin-like enzymes), respectively (Ichimura et al., 2000; Amar et al., 2006; Nakatogawa et

al., 2007).

The observation that TmATG8 mRNA transcripts are expressed in all the insect tissues

presence of ATG8 mRNA transcripts in all developmental stages of T. molitor. suggesting

marked autophagy during growth of the insect
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Discussion

Atg8 is an accepted marker of autophagy in a diverse list of organisms and is utilized to

coleopteran insect, T. molitor we

conjugated to PE by the coordinated enzymatic activities of Atg7 and Atg3 (as El- and E2-

including the fat body, hemocytes, gut, Malphigian tubules, integument, ovaries, and testes 

suggest that autophagy is a routine cell remodeling process occurring in various tissues and thus 

is important during growth and development, nutrient recycling upon starvation and clearance of 

invading pathogens (Scott et al., 2004; Berry and Baehrecke, 2007; Denton et al., 2009; Nezis et 

al, 2009; Khoa and Takeda, 2012; Tian et al, 2013). Our study also show's the ubiquitous

residue gets exposed following removal of a terminal arginine residue due to the proteolytic



To understand the role of autophagic processes in eliminating an intracellular pathogen,

L. monocytogenes in T. molitor, 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. In the cunent study, western blotting

did not detect autophagy in fat body of T. molitor larvae following microbial infection. This

intriguing. It may be that xenophagy is a preferred defence strategy against invading pathogens

in hemocytes of T. molitor larvae.

silencing of A TG8 transcripts either alone

2011).
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potentially differential regulation of autophagy in hemocytes and fat body of T. molitor is

conforms to reports on

Using RNAi, we silenced the mRNA transcripts of TmATG8 and its consequent 

protein levels, and subsequently challenged the T. molitor larvae with L. monocytogenes. The 

reduced survival ability of Tw/lTGS-depleted larvae against L. monocytogenes infection suggests 

that autophagy play a major role in mediating resistance against L. monocytogenes infections in 

T. molitor larvae. Furthermore, an increase in autophagic signals over-time after the larval 

exposure to Listeria infection provides compelling evidence that T. molitor depends, at least 

partly, on autophagy to clear infections by L. monocytogenes in the hemocytes. The inability of 

7w/7GS-depleted larvae to turn-on the autophagy machinery against invading Listeria indicates 

that TmATG8 is indispensable during an autophagic response against L. monocytogenes. This is 

the arrest of autophagic activity in the fat body of Aedes aegypti after 

or in combination with ATG1 (Bryant and Raikhel,



3.6 Conclusions

In this report, we identified and characterized the requirement of ATG8 in autophagic

clearance of L. monocytogenes in T. molitor. This is significant as we could establish the

pathogenicity of L. monocytogenes in T. molitor system for the first time. We are now focusing

on the functional roles of TmATG8 in starvation-induced and developmentally triggered

autophagy in T. molitor.
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Chapter 4. Cloning, characterization and effect of TmPGRP-LE gene silencing on

survival of Tenebrio molitor against Listeria monocytogenes infection

4.1 Abstract

Peptidoglycan recognition proteins (PGRPs) are a family of innate immune molecules that

recognize bacterial peptidoglycan. PGRP-LE, a member of the PGRP family, selectively binds

necessary for survival of T. molitor against infection by L. monocytogenes.

Ill

to diaminopimelic acid (DAP)-type peptidoglycan to activate both the immune deficiency (Imd) 

and proPhenoloxidase (proPO) pathways in insects. A PGRP-LE-dependent induction of 

autophagy to control Listeria monocytogenes has also been reported. We identified and partially 

characterized a PGRP-LE homologue, from Tenebrio molitor and analyzed its functional role in

DAP-type PGN containing intracellularthe survival of the insect against infection by a 

pathogen, L. monocytogenes. The cDNA is comprised of an open reading frame (ORF) of 990 bp 

and encodes a protein of 329 residues. TmPGRP-LE contains one PGRP domain, 

critical residues for amidase activity. Quantitative RT-PCR analysis indicated 

constitutive expression of the TmPGRP-LE transcripts at various stages of develop 

spanning from larva to adult. RNAi-mediated knockdown of the TmPGRP LE tr pt, 

followed by a challenge with L. monocytogenes, resulted in a significant reduction 

rate of the larvae, suggesting a putative role of TmPGRP-LE in sensing and control 

monocytogenes infection in T. molitor. These results implicate TmPGRP-LE as a defense protein



Innate immunity serves as a major line of defense in insects and recognizes, modulates

and signals effector functions against invading pathogens. The first important step in innate
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exclusively found in microbes as dangerous, non-self entities. This role is accomplished through 

the activity of various molecular families capable of sensing the presence of invading microbial 

pathogens in either hemolymph or various immune cells (hemocytes, fat cells, gut epithelial 

cells) of host organisms (Yano and Kurata, 2011). Such molecular families, collectively called 

pattern recognition receptors (PRRs), include the toll-like receptors in mammals, and p-1,3- 

glucan recognition proteins (pGRPs), Gram-negative binding proteins (GNBPs) and 

peptidoglycan recognition proteins (PGRPs) in insects and other invertebrates.

immunity is the recognition of pathogen-associated molecular patterns (PAMPs), which are

Peptidoglycan (PGN), a PAMP in the cell walls of both Gram-positive and Gram-negative 

bacteria, consists of A^-acetylglucosamine and 7V-acetylmuramic acid in p-1,4 linkages, cross­

linked by short peptide stems composed of alternating L- and D-amino acids (Schleifer and 

Stackerbrandt, 1983). The PGRP family of PRRs is an integral component of host innate 

immune response as its members are required for the recognition of PGNs and for subsequent 

activation of antimicrobial peptides (AMPs) (Dziarski and Gupta, 2006). PGRPs were first 

characterized in the moths, Bombyx mori and Trichoplusia ni (Yoshida et al., 1996, Kang, et al., 

1998), and have since been identified in insects, mollusks, echinoderms and vertebrates 

(Dziarski and Gupta, 2006b; Ni et al., 2007), but not in plants and nematodes. In insects, up to 

19 different PGRPs have so far been identified (Dziarski and Gupta, 2006). In Drosophila. 

members of the PGRP family have been found in the hemolymph and on the surface and/or 

inside immune competent cells (Lemaitre et al., 2007; Yano et al., 2008). Some of these

4.2 Introduction



members have been classified

al, 2008).

(Takehana et al, 2002). Yano et al. (2008) demonstrated that DmPGRP-LE is responsible for

recognition of an intracellular DAP-type PGN containing the bacterium, Listeria monocytogenes

and subsequently inducing autophagy to inhibit the pathogen’s growth in the cytosol of

Drosophila immune cells. PGRP-LE is known to be present in both the hemolymph and inside

the activity of another member of the family, PGRP-LC

coli. Also, while PGRP-LC mutant Drosophila flies had highly reduced expression of AMPs

after infection with E. coli and other Gram-negative bacteria such as Erwinia carotovora,

PGRP-LE mutants showed normal expression of transcripts (Takehana et al., 2004).
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immune cells and specifically binds to the weso-diaminopimelic acid (DAP)-type PGN. In the 

hemolymph, PGRP-LE preferentially activates Imd signaling pathway in a non-cell autonomous

as catalytic PGRPs, including PGRP-SCla, SC lb and PGRP-LB, 

which cleave PGN between /V-acetylmuramic acid of the backbone and L-alanine in the stem

manner and depends mainly on

shown to play a role in intracellular bacterial recognition in addition to its extracellular roles

peptide (Kim et al, 2003; Mellroth et al, 2003). Others are the non-catalytic forms including 

PGRP-SA, PGRP-LE, PGRP-LC and PGRP-SD and constitute the majority of known PGRPs. 

These can bind to PGNs leading to the activation of the Toll and Imd signal transduction 

pathways. These pathways eventually control the production AMPs through either nuclear factor 

kappa-light-chain-enhancer of activated B cell (NF-kB) or Relish transcription factors (Yano et

(Mellroth et al, 2003). Such a synergistic action of PGRP-LE and PGRP-LC has been reported 

in Drosophila, wherein the single mutants {PGRP-LE112 and PGRP-LC'454) showed complete 

resistance but the double mutants {PGRP-LE112!PGRP-LC7454) were found susceptible against E.

Although most PGRPs function as extracellular microbial sensors. PGRP-LE has been



In the mealworm beetle, Tenebrio molitor (Coleoptera: Tenebrionidae), roles of individual

PGRP family members, such as PGRP-SA and PGRP-SC2 have been reported (Park et al., 2007;

Yu et al., 2010). TmPGRP-SA acts by binding to Lys-type PGN leading to the recruitment of

GNBP1 and modular serine proteases to form a complex which acts as an initial activator

triggering serine protease cascades in the Toll and proPO pathways in response to infections

(Park et al., 2007 ). Similarly, TmPGRP-SC

Tenebrio larvae. Moreover, TmPGRP-SC2 showed strong jV-acetylmuramic-L-alanine amidase

activity against DAP-type PGN and only a weak activity against Lys-type PGN (Yu et al., 2010).

identified and partially characterized a TmPGRP-LE homologue in T. molitor.

We performed RNAi to study the functions of TmPGRP-LE in the host’s ability to control and

survive against L. monocytogenes infection.
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In this study, we

was confirmed to be specifically induced by

injection of monomeric DAP-type and polymeric DAP- and Lys-type PGN into



4.3 Materials and methods

4.3.1 Insect collection and maintenance

procured from College of Pharmacy, Pusan National University,

Busan, South Korea and maintained on wheat bran meal in an environmental chamber at 26 ±

Co. Ltd, Crawley, Sussex, UK).

4.3.2 Chemicals

of analytical grade, obtained from Sigma

Chemical Co. (St. Louis, MO, USA) unless otherwise mentioned in the text.

4.3.3 Bacterial strains and media

L monocytogenes strain ATCC 7644 used in the study was directly procured from the

American Type Culture Collection (ATCC) and the E. coli ATCC 25922 strain was a kind gift

from Prof. Oh, S.-J., Division of Animal Science, Chonnam National University, Gwangju,

South Korea. The media used for the multiplication and colony forming unit (CFU)

determination of bacteria

chloride 10 g (pH, 7.0) per liter] and (ii) Brain-heart infusion (BHI) for E. coli and L.

monocytogenes, respectively.

4.3.4 Construction of full-length enriched cDNA library of T. molitor \arvze

Total RNA from T. molitor larvae (n = 200) was isolated by TRIzol reagent (Molecular

Research Centre, Inc., Cincinnati, OH, USA) after homogenization using TissueLyser (Qiagen,

Valencia, CA, USA) and subsequently mRNA
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All chemicals used for the experiments were

T. molitor larvae were

were (i) Luria Bertani (LB) [Tryptone 10 g, Yeast extract 5 g, Sodium

was purified using Absolutely mRNA

were used for all experiments unless otherwise stated. To ensure uniformity in size, the larvae

were separated according to their physical sizes using a set of laboratory test sieves (Pascal! Eng.

1 °C with 60% ± 5% relative humidity and a 16:8 h light and dark cycle. Only late-instar larvae



corresponding to the partial sequence of PGRP-LE (TmPGRP-LE) were identified, by

cycle sequencing kit (Applied Biosystems, Foster City, CA, USA). Sequences were assembled

match program. The consensus full-length
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using the Phrap program (University of Washington, Seattle, WA, USA) (Ewing et al., 1998). 

Based on the assembled sequences, primers corresponding to the terminal sequences were 

designed using Primer3 (version 0.4.0, Whitehead Institute, Cambridge, MA, USA)

(Untergrasser et al., 2012). The primer walking procedure was repeated until poly (A) tail region 

for the sequence was identified. The full-length sequences were finished by trimming the vector-

derived sequences from both ends using the cross

cDNA sequence of TmPGRP-LE obtained from 200 T. molitor larvae has been registered with

conducting BLASTX with Swissprot analysis (EMBL-EBI, Hinxton, Cambridge, UK). By using 

the plasmid DNA as templates, full-length sequencing was performed by a clone-by-clone 

primer walking method using a Model 3730 XL sequence analyzer (Applied Biosystems, Foster 

City, CA, USA). Sequencing reaction was performed using the BigDye Terminator version 3.1

Purification Kit (Stratagene, Santa Clara, CA, USA). The cDNA library was synthesized using 

Express cDNA Synthesis Kit (Stratagene, Santa Clara, CA, USA). The cDNAs of more than 500 

bp in length were ligated into pBK-CMV vector (Agilent Technologies, Inc., Santa Clara, CA, 

USA) and packaged using the ZAP expression cDNA Gigapack® III Gold cloning kit 

(Stratagene, Santa Clara, CA, USA) according to manufacturer’s instructions. cDNA library 

clones (-2000) were cultured in Terrific broth (TB) medium containing kanamycin (50 mg/mL) 

at 37 °C for 15 h. Plasmid DNAs extracted from the selected colonies were sequenced by ABI 

3730 XL capillary sequencer (Applied Biosystems, Foster City, CA, USA). Clones

the European Nucleotide Archive-European Bioinformatics Institute (ENA-EBI, Hinxton, 

Cambridge, UK) with the accession number HF935084.



4.3.5 TmPGRP-LE sequence analysis

The cDNA and deduced amino acid sequence of TmPGRP-LE was analyzed using

UltraEdit-32 Professional Text/HEX editor (version 12.00, IDM Computer Solutions Inc.,

Hamilton, OH, USA) software package and deduced amino acid sequence was predicted by

Open Reading Frame finder at National Centre for Biotechnology Information (NCBI)

(http://www.ncbi.nl m.ni h. go v/gor (7gorf.h uni/) and the Expert Protein Analysis System

(Swiss Institute of Bioinformatics, Lausanne, Switzerland) at ExPASy bioinformatics resource

identified by using the

Simple Modular Architecture Research Tool (SMART) (version 4.0, EMBL, Heidelberg,

Signal 4.0

done at (hun:/ expasv.org).

used to compute the various physical and chemical parameters of the deduced protein sequence.

resource
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Germany). Multiple sequence analysis and percentage identity matrix of the conserved 

amidase/PGRP domains in the PGRP-LE homologue from T. molitor was done in comparison

Strasbourg, Strasbourg, France) (Park et al., 2007). Protein sequences

extracted from the GenBank repository at NCBI and have been

by amino acid scale on the protein. The prediction of //-glycosylation sites

r (Technical University of Denmark, Lyngby, Denmark). Post-translational

with other representative PGRP-LEs from insects using Clustal X (version 2.0.12, University of

of PGRPs of

representative insect groups were

portal (http ://\nv\v, ex pas v. org/). The conserved protein domains were

PeptideCutter (hUD://web.expasv.or»/peptide eutter/) at ExPASy bioinformatics 

portal was used to predict the potential proteases cleavage sites in the sequence. ProtScale at 

ExPASy bioinformatics resource portal was used to compute and represent the profile produced 

was confirmed at

NetNGlyc 1.0 server

ProtParam (htlp:/7\vcb.cxpasv.org/protscalc/) at ExPASy bioinformatics resource portal was

the prediction of theoretical and isoelectric point (pl) was

presented in Table 4-1. The prediction of the putative signal peptide sequence was done at the 

server (\vv\ \v.cbs.dtu.dk). The protein sequence analysis tools used in the study for

http://www.ncbi.nl
expasv.org
htlp:/7/vcb.cxpasv.org/protscalc/
/vv/_/v.cbs.dtu.dk


//-acetylation, O-glycosylation, phosphorylation and kinase-specific

phosphorylation

potential coding region was predicted using FGENESH (Softberry, Inc., Mount Kisco, NY,

study the codon usage, base composition in the ORF and predicted structural class of the protein.

4.3.6 Phylogenetic analysis

Prior to phylogenetic analysis, Clustal X software (version 2.012, University of

Strasbourg, Strasbourg, France)

conserved amidase/PGRP domains from the deduced amino acid sequence of PGRP-LE

other representative insects. MEGA 5.0 (Tamura et al., 2011) software (The Biodesign Institute,

Tempe, AZ, USA) was used to construct the consensus phylogenetic tree using the UPGMA

method (Sneath, et al., 1973). The evolutionary distances for the representative sequences were

computed using the Poisson correction and are in the units of the number of amino acid

substitutions per site. The bootstrap values
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USA) (Solovyev et al., 2006). ORF and protein statistics were inferred by the EditSeq tool of 

Lasergene 9.0 software (DNASTAR Inc., Madison, Wl, USA). The software was also used to

were estimated by 5000 replications.

homologue in T. molitor in comparison with related conserved domain sequences of PGRPs in

were predicted with the aid of NetAcet 1.0, NetOGlyc, NetPhos 2.0 and

NetPhosK 1.0 server, respectively, (Technical University of Denmark, Lyngby, Denmark). The

was used to perform multiple sequence alignment of the

modifications such as



Table 4-1: Accession numbers of PGRPs from various insect species used to generate the

phylogenetic tree, percentage distance and identity matrices

Accession numbersAbbreviationsSpecies name

HF935084TmPGRP-LETenebrio molitor
XP 968926.1TcPGRP-LETribolium castaneum
NP 573078.1DmPGRP-LEaDrosophila melanogaster
AEX31482.1AsPGRP-LEArmigeres subalbatus
EFN63542.1CfPGRP-LECamponotus floridanus
XP 001656352.1AaPGRP-LCAedes aegypti
XP 001842237.1Culex quinquefasciatus
XP 003396511.1Bombus ter res tris
XP 003693124.1AfPGRP-LCApis florea
XP 003396511.1BiPGRP-SC2Bombus impatiens
XP 001603488.1NvPGRP-SC2Nasonia vitripennis
XP 003694493.1AfPGRP-SC2Apis florea
XP 001849091.1CqPGRP-SB2Culex quinquefasciatus
XP 001654275.1AaPGRP-SB2Aedes aegypti
XP 003400160.1BtPGRP-LBBombus terrestris
XP 003493260.1BiPGRP-LBBombus impatiens
XP 003694545.1AfPGRP-LBApis florea
NP 001157188.1AmPGRP-S2Apis mellifera
ACT66892.1AdPGRP-S2Apis dorsal a
ABV60369.1PpPGRPPhlebotomus papatasi
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CqPGRP-LC

BtPGRP-LC



4.3.7 Secondary Structure Prediction and Modeling

Secondary structure predictions of the conserved PGRP domain were performed using

the consensus prediction program available at PSIPRED protein structure prediction server 2.6

(Bloomsbury Centre for Bioinformatics, London, UK) (Buchan et al., 2013). The generated

consensus led to three possible states for each residue (“H”: alpha helix, “E”: Extended strand

and “C”: Coil). The accuracy of prediction may reach a score of 80.7%. Three-dimensional

structures were modeled using SWISS-MODEL, a fully automated protein structure homology

modeling

complex with tracheal cytotoxin (monomeric DAP-type PGN) (PDB code: 2cb3) was used as the

evaluated by Anolea and QMEAN (Benkert, et al., 2011). The

Schrodinger, Cambridge, MA, USA).
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Exicycler™ 96 real-time quantitative thermal block (Bioneer, Korea) 

initial denaturation of 95 °C for 20 s, followed by

For the expression patterns of TmPGRP-LE, total RNA

body (/? = 5) at various stages of development in T. molitor^ namely, late-instar larva (LIL), 

pharate pupa (PP), pupa day 1 to 7 (P1-P7) and adult day 1 and 2 (Al and A2) using SV Total 

RNA isolation system (Promega Corporation, Madison, WI, USA) by following manufacturer s 

instructions. Total RNA was also isolated from various tissues including gut, fat body,

server (http://swissmodel.expasy.org) (Arnold et al., 2000) and TmPGRP-LE in

using gene-specific primers (Table 4-2) at an

reactions performed on an

template. Model quality was

4.3.8 Developmental- and Tissue-specific Expression Pattern of TmPGRP-LE

was isolated from the whole

structure of the model was visualized by using PyMol molecular graphics system (version 1.5.

hemocytes, integument and Malphigian tubules of the larvae and ovaries and testes of the adults. 

Using total RNA, cDNA corresponding to each stage of growth and/or tissue sampled was 

synthesized using AccuPowerR RT PreMix kit (Bioneer, Daejeon, Korea) according to 

manufacturer’s instructions. cDNAs were used as templates for the quantitative PCR (qPCR)

http://swissmodel.expasy.org


method was

employed to analyze the expression levels of TmPGRP-LE. TmL27a was used as an internal

control to normalize differences in concentration of templates between samples (Bustin, et al.,

2011; mouillet et al., 1999).
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45 cycles of denaturation at 95 °C for 5 s and annealing at 60 °C for 20 s. The 2 AACl



Table 4-2: Primers sequences used in the current study.

R GGCCACGCGTCGACTAGTACT17

F GTAAAACGACGGCCAG

M13-R R CAGGAAACAGCTATGAC

RpL27a F TCATCCTGAAGGCAAAGCTCCAGT

RpL27a R AGGTTGGTTAGGCAGGCACCTTTA

F CTTCGCTTGCGGAATGGCAGATTA

AACACACGCTCAAATCCTTTCCCGR

TAATACGACTCACTATAGGGAGAGGCAACGTAAATAAGGACGGF

TAATACGACTCACTATAGGGAGAGTAGGCGATATCGTTCCACTTCR

T7 polymerase recognition sequence is indicated in bold

F - Forward, R = Reverse.
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Primer 
name

Primer 
direction

TmPGRP-LE 
qPCR 
TmPGRP-LE 
qPCR 
TmPGRP-LE 
dsRNA_____
TmPGRP-LE 
dsRNA

Oligo (dT) 
adaptor 
MI3-F

Sequence (5'-3')*

* Sequences are read from 5’ to 3’ end.



4.3.9 RNA interference of TmPGRP-LE

1 % agarose gel for 20 min at 100 V and quantified using

encoding enhanced green fluorescent protein (EGFP) was also synthesized to serve as negative

molitor lai*vae were injected with dsPGRP-LE or AsEGFP dissolved in injection buffer (0.1 mM

sodium phosphate, 2.5 mM potassium chloride, pH 7.2) to a final amount of 1 pg/insect.

Injections

micro dispense system, Parker Hannifin, Hollis, NH, USA) to which the pressure was carefully

adjusted

and handled in a dorsal-ventral position. Animals surviving the injection process were reared on

diet under standard rearing conditions until the extraction of total RNA.

isolated five days post­

injection of dsRNAs and subsequent cDNA synthesis

the gene-specific primers (Table 4-1). The PCR cycles were performed as follows: initial

annealing at 55 °C for 30 s, extension at 72 °C for 60 s and a final extension at 72 °C for 10 min
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was conducted as described above. cDNA

were done using a disposable needle mounted into a micro-applicator (Picospiritzer III

NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). dsRNA for a gene

TmPGRP-LE gene fragment was used to generate a

so that the contents could be safely released into the hemocoel of the larvae. dsRNAs

manufacturer’s instructions. dsPGRP-LE was purified by ammonium acetate precipitation and 

its integrity was checked by running on

The PCR product containing a

To evaluate TmPGRP-LE gene silencing, total RNA was

control. dsRNAs were stored at —20 °C until injected into T. molitor larvae. Cohorts of T.

denaturation at 94 °C for 3 min followed by 28 cycles of denaturation at 94 °C for 30 s,

was used as a template for semi-quantitative PCR amplification of the partial gene product using

were injected at the 2nd or 3rd visible stemite from the posterior end of the larvae chilled on ice

template for in vitro transcription using gene-specific primers tailed with a T7 promoter

sequence (Table 4-1). The dsRNA for TmPGRP-LE was synthesized using the Ampliscribe™ 

T7-Flash™ transcription kit (Epicentre Biotechnologies, Madison, WI, USA) according to



in a PTC-200 thermal cycler (MJ Research, GMI, Ramsey, MN, USA). Quantitative real-time

were considered significant.

4.3.10 Bacterial injections and bioassays

The bacterial cultures were grown aerobically in LB broth (for E. coli) and BHI broth

(for L. monocytogenes) in an orbital shaker at 200 revolutions per minute (rpm) and 37 °C. The

overnight grown cultures were washed thrice, re-suspended in sterile distilled water and serially

diluted in 0.9% saline to achieve desired concentrations as determined by measurements at

values were confirmed by aseptically spread-plating the serially diluted

samples on LB and BHI agar plates for E. coli and L. monocytogenes, respectively. The plates

To investigate the survival ability of TmPGRP-LE-dep\eted larvae against Listeria

infection, larvae

post-injection of dsRNA, larvae

incubated at 26 °C and the number of dead larvae was

recorded on a daily basis for six days post injection. Rates of survival

the dsTmPGRP-LE- and dsZsGT'T’-treated groups. E. coli, which like L. monocytogenes is a

phagocytic cells, was included in the survival study to enable us to clearly establish the

intracellular roles of TmPGRP-LE on Tenebrio immunity.
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were compared between

were injected with either dsEGFP or dsPGRP-LE as described above. Five days

PCR was performed on

was analyzed by Student’s r-test and differences of p < 0.05

ODgoo-

Listeria cultures. Treated larvae were

were challenged with 2 pL (—1000 CFU/Larva) of the diluted

The OD600

Exicycler™ 96 real-time quantitative thermal block (Bioneer, Korea) as 

previously described above. Data

were incubated at 37 °C for 16 h prior to colony counting.

DAP-type PGN-containing bacterium but (unlike L. monocytogenes) cannot survive in



4.3.11 Statistical Analysis

method, where JJC7 is

equal to z/Cz (treated sample) —JC/ (control) (Schmittgen et al., 2008). Data from insect survival

study was analyzed by the Wilcoxon-Mann Whitney test (Statistical Analysis Software, Cary,

NC, USA). For the cumulative survival rates (%), ap-value < 0.05 was considered significant.
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Analysis of the qPCR data was done according to the 2 AACl



4.4 Results and Discussion

4.4.1 Characterization of TmPGRP-LE full-length cDNA

A single expressed sequence tag (EST) homologous to known and fully characterized

identified from the sequencing of random clones of T. molitor
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PGRPs of other organisms was

TmPGRP-LE. The theoretical pl of the protein was

molecular mass was 37.3kDa as predicted by Protean software analysis program of Lasergene

cDNA library. Re-sequencing of the identified EST yielded a full-length sequence comprised of 

1248 nucleotides (Figure 4-1). The TmPGRP-LE open reading frame (ORF) is comprised of 990 

nucleotides encoding a protein of 329 amino acids with a predicted molecular weight of 37.3 

kDa. The 5'- and 3' UTR regions comprised of 119 and 72 bp, respectively. No signal peptide 

was predicted suggesting its existence in the cytoplasm, where it acts as an intracellular receptor 

for DAP-type PGN (Mellroth et al., 2003). Intriguingly, the extracellular roles of PGRP-LE 

upstream of and in coordination with PGRP-LC to recognize PGN and activate the Imd pathway 

have been reported (Takehana et al, 2004; Kaneko et al, 2006). However, the lack of signal 

peptide in TmPGRP-LE is consistent with the observation that other long-form members of the 

family such as PGRP-LA, LC and LD possess no signal peptides (Gosh et al, 2011, Bao et al, 

2013) despite being transmembrane proteins. Furthermore, PGRP-LB, which 

transmembrane protein, is reported to lack a signal peptide (Bao et al, 2013).

The putative glycosylation sites in TmPGRP-LE were predicted at position N39 and 

N135 with glycosylation potential of 0.689 and 0.604, respectively. Putative phosphorylation 

sites in deduced amino acid sequence of TmPGRP-LE were predicted to be serine at positions 

10, 36, 41, 47, 54, 172, 183, 185, 208, 225 and 296, threonine at position 58 and tyrosine at 

position 49, 102, 126, 170, 189, 227 and 285 (Blom et al, 2004). The prediction for N- 

acetylation was positive, as there was a serine at position 3 in the amino acid sequence of 

5.97 (charge at pH 7.0 = -5.099), and the



, in case all the cysteines get reduced. These

coefficient predictions. The instability index for the protein was 38.65, which classified the

low homology of about 38% with unrelated

companion, Armigeres subalbatus PGRP-LE (AsPGRP-LE).

SB land SB2, SCI A and SC IB, SC2 and SD) and long (PGRP-LA, LB, LC, LD, LE and LF)

forms. The classes of PGRP homologues, their distribution and diversification within the

Drosophila genome have been reported (Werner et al., 2000). TmPGRP-LE showed a homology*
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To understand the homology of the gene product from T. molitor genome, we conducted 

BLAST analysis with the deduced amino acid sequence (results not shown). The sequences 

found were used to search for additional members of the PGRP gene family. TmPGRP-LE

protein as stable, whereas the aliphatic index

hydropathicity (GRAVY) plot, calculated as the sum of hydropathy values of all amino acid

Furthermore, the analysis included the majority of known PGRP homologues and their 

isoforms from D. melanogaster, grouped into two major classes of short (including PGRP SA.

residues in the sequence, was —0.416, suggesting its elevated hydrophilic properties (Kyte and 

Doolittle, 1982).

computational values may be considered reliable as TmPGRP-LE contains tryptophan residues. 

Normally, proteins without tiyptophan residues can form a 10% error in the extinction

The computed extinction coefficient of the protein was 46,130 M~’-cm ’, in case all the cysteines 

in the sequence form cystines and 45,380 NT1-cm

suite. Apart from the above, the compositional analysis of TmPGRP-LE included 33 strongly 

basic (10.0%), 39 strongly acidic (11.9%), 100 hydrophobic (30.4%) and 106 polar (32.2%) 

amino acid residues with the charged residue count of 104 (31.6%) (Nishikawa et al., 1986). 

TmPGRP-LE also showed a highly charged //-terminal domain connected to the PGRP domain.

was 83.83. Also, the general average of

sequence showed highest similarity of 65% with that of its close relative, Tribolium castaneuni 

PGRP-LE (TcPGRP-LE), followed with a



acid sequence homology of TmPGRP-LE with shorter forms of Drosophila PGRPs was in the

pattern of TV-terminal amino acids within the PGRPs characterized from insects thus far. This

reflects the categorization of the family into PGRP-S, that are usually small (about 20 kDa) and

predominantly secreted extracellular proteins, intermediate forms (PGRP-l) that are 40-45 kDa

transmembrane, or extracellular proteins (Dziarski and Gupta, 2006).

domain (approximately 160 amino acids on their C-termini) with similarities to the zinc­

dependent 7V-acetylmuramoyl-L-alanine amidase of bacteriophage T7 lysozyme (Bao et al.,

2013; Gelius et al., 2003; Liu et al., 2001; Mellroth et al., 2003; Wang et al., 2003). Therefore,

specific PGN recognition residues in TmPGRP-LE, we conducted analysis of the 129 amino acid

residues in the PGRP domain (from amino acid 173 to 293). For the same, we made a

comparison of the domain with similar domains of PGRP-LE families in insects by amino acid
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range of 30%—34% with maximum relatedness to DmPGRP-SB2. The multiple sequence 

alignment and percentage identity analysis showed a significant variability in the number and

of about 36% with D. melanogaster PGRP-LE-A and PGRP-LE-B isoforms (DmPGRP-LE-A 

and DmPGRP-LE-B), as well as DmPGRP-LB (isoforms A, B, E and F), and a homology of 

about 33% with DmPGRP-LF and other DmPGRP-LB isoforms such as A, C and D. The amino

was found overlapping with the predicted amidase domain spanning from amino acid number 162

we found it appropriate to discuss the predicted PGRP domain of TmPGRP-LE in comparison 

with similar sequences from other representative insects. In order to predict the catalytic and

to 299 (E-value 2.97 x 10 ”) at the C-terminus. All PGRPs share a highly conserved PGRP

We further dissected the TmPGRP-LE sequence by the identification of PGRP domain 

signature sequence using the SMART analysis program (Figure 4-2A). As expected, the highly 

conserved PGRP domain spanning from amino acid residue 148 to 293 (E-value 4.95 x 10 ),

transmembrane proteins and PGRP-Ls up to 90 kDa, which may be intracellular.



PGLYRP-2
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possesses N-acetylmuramoyl-L-alanine amidase activity while PGLYRP-1, 

PGLYRP-3 and PGLYRP-4 do not (Liu et al., 2001; Wang et al., 2003).

recognition sites are thus expected to vary accordingly. In TmPGRP-LE, and its close counterpart 

TcPGRP-LE, the substitution (39G to K) may indicate that affinity and/or specificity to PGN 

might differ from other members of the family.

Catalytic residues related to amidase activity have been reported in Crassostrea gigas 

PGRP (CgPGRP; proteins (Zhang et al., 2013) and Sciaenops ocellatus PGRP homologues (Li 

et al., 2012). The three residues (39G, 40W, 61R) involved in PGN recognition (Swaminathan et 

al., 2006)

In the case of TmPGRP-LE, the lack of a histidine and a cysteine at position 8 and 126 

in the amidase/PGRP domains may be relevant in explaining its non-catalytic (non-amidase) 

activity on PGN (Mellroth et al, 2006). The position of amino acid 297 is always associated with

are highly conserved with a certain degree of mutation, indicating their critical 

function and also the evolutionary pressure to serve in the capacity of PGN recognition. It has to 

be noted here that, PGN structures from different bacteria present a remarkable set of variability 

in their peptide stems, with certain degree of cross-linking adding to variability. PGN

sequence alignment, percentage identity matrix, and phylogenetic tree analysis. The alignment of 

PGRP domain of TmPGRP-LE was used to examine the amino acid residues that form the Zn2* 

binding site, responsible for catalytic (amidase) mode of action (Figure 4-2B). Structural studies 

have highlighted that the zinc-binding activities in PGRPs are primarily coordinated with the 

help of two histidines in the overlapping domain and a cysteine in the binding groove of PGRP 

domain. Although the residues are strictly conserved in PGRPs (especially in fish and humans), 

the non-catalytic PGRPs lack the potentiality of binding to Zn2+.

a cysteine with amidase activity in PGRPs and most often is occupied by serine in PGRPs 

devoid of amidase activity. T. castaneum PGRP-LB (TcPGRP-LB) and PGRP-SB (TcPGRP- 

SB) also contain key residues for an amidase activity (Zou et al., 2007). Similarly, in humans,



Figure 4-1: Nucleotide and deduced amino acid sequence of a homologue of PGRP-LE

from T. molitor.

The nucleotides and amino acids are numbered along the right margin beginning with the

translation start (ATG) and ending with the stop codon (TAA) highlighted with

amidase and PGRP domains have been shaded and underlined, respectively. The predicted /V-

glycosylation sites have been shown in green boxes. The predicted serine, threonine and tyrosine

encircled. The predicted PGN recognition residues are boxed.
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an asterisk. The

phosphorylation targets are

ATTCGGCCATTACGGCCGGGGATTCCGTCACGTGACGTTCTTAACAAAGTGCAATGTGG
TTGCACTAAGTCGTTCTATGCTCTCCAGTTTGCGGCAAATGTACTAACTAGAAACCAATG
ATGGAAAGTGACGCAACAAGACTTAGTGCCGTTTGTAAAGTAAATAACTGTGGCAACGTA

M E S 0 A T R L [s"| A V C K V N N C G N V
AATAAGGACGGAACGATTGAAATGATCAATCAGTGCAGAAAATCACTGGACAATTGTAGT 
NKDGT I EM I NQCRK[s]ld[n]c[s]

TTGGGTGATGATTGTTCGTTGTACGAGGATAGAATAAGTGCAGAAGCGACACTTGATAGG
L G 0 D C fs] L Q E D R l[s]AEA[j]LOR 

TTTGATGAGGGCAAAATGGTTTTGGAAAACGAGAATGTCTGTATGACGAATAAAATTGTT
FOEGKMVLENENVCMTNKIV

GGGAAGAATAATAACGACATGCTCATTTTTGACAACATAATGAATAAGAAGCCCAACCAC
GKNNNDML I FONIMNKKPNH

TACAAAAACATTCAGATTTACCAATCCCAAAATGTTCATATCGGCGACGTAACCCACATA 
[VjKN I Q I YQSQNVHIGDVTHI 
AACGGCCCAATTTACATAAACCAATTAACCCCAACGATAAATCAAACCATCACGATCAAC 
NGP I [7] I N Q L T P T I [n] Q T I T I N

ACAAACACACGCTCAAATCCTTTCCCGATAGTTGATCGCCGGACGTGGCTAGCACAACCC
T N T R S N P FP I VDRRTWLAQP

CCCCTAGACCCCGAAGACGTGAAATATTTCTCATCACCTCGCAAGTTCGTAATAATCTGC
P L D P E D V K[Y]F S(s]PRKFV I 1(C)

CATTCCGCAAGCGAAGAGGCCTACACCCAAACGGACAACAACTTGTTGGTTCGTCTGATT 
|H [§] A [Sj E __E A |y| T. Q T D N N L L V R L  I

CAACAGTTCCACGTCGAAAGTCGGAAGTGGAACGATATCGCCTACAATTTTCTAGTGGGG 
0—Q_. F H V E. (s]Jr_K_ W |~N| D I Al® II F L _V_G.

GCGGATTGCAGCATTTACGAAGGGCGCGGATGGGATATCATCGGGGCTCACACCCTCGAC 
A D C fsl I Fl E G |R| G W 0 I I G fA~ ~H? T L D

TACAACTCCATTTCGATAGGAATATGTTTCATTGGATGCTACATGAACAAATTGCCGCCG
Y |N1 S _l S I G I CF I GCYMN KLPP

CCCGGAGTGTTGAAGATGGCGCAGGAGTTTATCAGATATGGGGTCAAGATAGGGGCCATT 
P_G V.. L_K. M A__Q E F I___R Y G V K I G A___ l_

GCGGAGGATTATGTGCTTTTGGGACATTGCCAGTGCAGGAGCAGCGAGAATCCGGGGAGG
A E D [y] V L L G Rh5~! C Q C iR I S [s] PGR

AAGTTGTTCGAAGAGATTCAGAAATGGGATCGGTGGGATGGGTCCATCAGCGTGGGCAAT 
KLFEE I QKWDRWDGSISVGN

CCGTCGCCGTTAAAGATTCAACACAGTTAA
PSPLKIQHS*

CACACTCTCTAGAATCGATATTGTATTTTTATTAACGTTTGATTTATGAGCAAATACAAG 
ACTTATTATTTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAA

shown in blue boxes. The conserved zinc binding residues are
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Figure 4-2: Characterization and alignment of amino acid sequences of TmPGRP-LE

homologues.

(A) Domain architecture predicted using SMART analysis tool. Ami-2 and PGRP stand

for predicted amidase-2 and PGRP domains, respectively; and (B) Multiple sequence

alignment of amidase/PGRP domains of PGRP family members in representative insects.

The sequences have been compiled from NCBI database and have been represented by

accession numbers in Table 4-1. Catalytic residues for amidase activity and specific PGN

recognition residues are indicated by blue and red arrows, respectively. Residues shared are

indicated with the following symbols:

(conserved substitutions according to similar properties of amino acids); (indicates

semi-conserved amino acid substitutions). Dashes indicate gaps used to maximize the

alignment.
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4.4.2 Phylogenetic analysis of TmPGRP-LE

To deduce the phylogenetic relationship of TmPGRP-LE with PGRP domains of other

with the short or the long forms depending on the sequences used for comparison.

132

The separation of short and long forms of PGRPs reflects separated evolutionary 

histories with all the short PGRP genes derived from an ancestral pattern with two introns and 

subsequently losing out on one or both of introns during the course of evolution (Werner et al.,

(UPGMA). The consensus of the tree was inferred from 5000 bootstrap 

replications, with most relationships found to be uncertain. This suggested that the PGRP family 

is highly diversified (Figure 4-3A) with two major groups identified based on the amidase 

activity. TmPGRP-LE was grouped in the PGRP class lacking Zn-binding residues and was 

placed together with TcPGRP-LE.

were about 80% with

representative members, we constructed a distance tree using the unweighted pair group method 

with arithmetic mean

2000). The introns in long PGRPs do not correspond to introns of short genes as previously 

shown in Drosophila (Werner et al, 2000). However, PGRP-LB is an exception as it clusters

Percentage identity matrix of the selected PGRP domains indicated greater levels of 

homology as compared to full-length cDNA (Figure 4-3B). The identities among the sequences 

increased appreciably due to the conserved status of the domains, and

TcPGRP-LE and 55% with DmPGRP-LE-A. The homology of TmPGRP-LE with PGRPs from

mosquitoes such as Armigeres subalbatus PGRP-LE (AsPGRP-LE), Aedes aegypti PGRP-LC 

(AaPGRP-LC) and Culex quinquefasciatus PGRP-LC (CqPGRP-LC) was in the range of 54/o- 

57%. This conforms to the earlier report on beetle and mosquito PGRP-LA genes encoding two 

alternative splice forms and PGRP-LA and -LC genes placed next to each other in the same 

cluster (Zou et al., 2007).



4.4.3 Secondary Structure and Homolog}7 Modeling of TmPGRP-LE

The secondary structure prediction of TmPGRP-LE was done using PSIPRED software,

and it indicated that TmPGRPLE is composed of sheet, coil, and helical regions (Figure 4-4A).

The low complexicity in the TV-terminal region is evident, as most of the structure takes the form

constructed using Drosophila PGRP-LE in complex with tracheal cytotoxin as a template (PDB:

2cb3) (Figure 4-4B) (Lim et al., 2006). TmPGRP-LE PGRP domain model showed the presence

insect PGRP family (Mendes et al., 2010).
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of a central 0-sheet with five P-strands and three a-helices. A previous report has suggested that 

basically located at the periphery of coilsamino acid residues subject to positive selection are

and a-helices rather than in central p-sheet or active center, a finding that is consistent with the

of coils with interspersed sheet and helix regions. The tertiary structure of PGRP domain was
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Figure 4-3: Molecular phylogenetic and percentage identity analysis of TmPGRP-LE.

performed by MEGA 5.0 software with representative(A) Phylogenetic analysis as

PGRP gene family members. The percentage of replicate trees in which the associated

bootstrap test (5000 replicates) is shown on interior branches. The

abbreviations and accession numbers of the sequences used have been presented in Table 4-1.

(B) Percentage identity matrix of the representative species as inferred using ClustalX 1.83.
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Figure 4-4: Predicted structural identity and features of TmPGRP-LE.

(A) Secondary structure prediction for full-length TmPGRP-LE. The prediction was performed

The region inside the box is representing the amidase/PGRP domain; (B) Predicted tertiary

structure of amidase/PGRP domain of TmPGRP-LE based on homology modeling. The model

the reference structure of PGRP-LE in complex with tracheal cytotoxinwas based on

(monomeric DAP-type PGN) [PDB id-2cb3]. The predicted structure was visualized using

represented in red and yellow colors,PyMol version 1.5. The a-helices and P-sheets are

respectively; and (C) The local model quality estimation by ANOLEA (atomic non-local

environment assessment) value.
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4.4.4 Developmental- and Tissue-specific Expression Patterns of TmPGRP-LE

developmental stages (late larval, pupal and adult stages) and tissues including the larval gut, fat

body, hemocytes, integument, and malphigian tubules and adult ovaries and testes by

constitutively expressed at all stages of

growth analyzed with lowest transcript levels observed at pupal stage (day 5) (Figure 4-5). The

expression of PGRPs have been reported in D. melanogaster (Werner et al., 2000; Takehana et

constitutively expressed in insects with an exception of PGRP-LB, which is inducible upon

immune challenge.
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quantitative PCR. The TmPGRP-LE transcript was

TmPGRP-LE transcripts were also detected in all the tissues analyzed. Similar patterns of

al., 2002) suggesting that long PGRPs, a sub-group to which PGRP-LE belongs, are

We analyzed the expression patterns of TmPGRP-LE gene, during various
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respectively. Bottom: Tissue-specific expression pattern of TmPGRP-LE as determined by real 

time PCR. GUT, FB, HEM, INT, MT, OVA and TES represent gut, fat body, hemocytes, 

integument and Malphigian tubules of larvae and ovaries and testes of the adults, respectively. 

Data are shown as mean ± standard deviation (n = 3).

Tissues
Figure 4-5: developmental and tissue-specific expression patterns of TmPGRP-LE.

Top: TmPGRP-LE transcripts at various developmental stages were quantified by real time PCR.

LIL = Late-instar larva; P1-P7 = Pupa day I to pupa day7; Al, A2 = Adult day 1, and day 2.
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larvae (LIL) as

molitor larvae infected with L. monocytogenes

PGRP-LE is known to recognize DAP-type PGN containing bacterial intruders into the 

host system and preferentially activate the Imd pathway. It was, therefore, hypothesized that 

down-regulation of TmPGRP-LE by RNAi would (i) impact the expression levels AMPs and (ii) 

compromise the host’s ability to recognize and control intracellular/,, monocytogenes. To this 

end, we first knocked down TmPGRP-LE transcripts by injecting dsPGRP-LE to Late-instar 

described above. Following successful knockdown of TmPGRP-LE transcripts 

by RNAi (Figure 4-6A), the expression patterns of anti-microbial peptides (AMP) genes 

including TmCecropin, TmColeoptericin, TmDefensin, TmLysozyme, TmTenecin 1, TmTenecin 2 

and TmTenecin 3 was monitored before and after challenge with DAP-type PGN containins 

bacteria, E. coli and L. monocytogenes. The knockdown of TmPGRP-LE was unable to bring any 

significant change in the expression levels of the AMPs with or without bacterial challenge. This 

could be partly due to a redundancy between PGRP-LE and -LC in sensing DAP-type PGN and 

subsequent activation of Imd pathway. In Drosophila, PGRP-LE /PGRP LC74 

mutants were found to be more susceptible to E. coli infections than either of the mutants 

(Takehana et al., 2004). Furthermore, DmPGRP-LE has been shown to be dispensable i 

for systemic sensing of the monomeric form of PGN (the tracheal cytotoxin, TCT) 

activation of Imd pathway following infections by DAP-type PGN-containing bacteria s 

E. coli and Erwinia carotovora 15 (Takehana et al., 2004; Neyen et al., 2012). Taken together, 

we believe that TmPGRP-LE plays an indispensable role in sensing the extracellular PGNs and 

that it may putatively activate Imd pathway upon infection by DAP-type peptidoglycan, mor 

under conditions where PGRP-LC expression remains unaltered.

4.4.5 RNAi-mediated knockdown of TmPGRP-LE leads to reduced survival rate of T.



for both the knockdown and control group
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The suggestions that the cytosolic recognition of the monomeric form of DAP-type PGN 

(TCT) by PGRP-LE, is neither dispensable nor PGRP-LC-dependent (Lemaitre and Hoffmann, 

2007; Neyen et al., 2012) led us to hypothesize that TmPGRP-LE may play a role in the control 

of L. monocytogenes infection in the host, thus improving its survivability. To examine the 

effects of TmPGRP-LE RNAi on the ability of T. molitor LIL to survive E. coli and L. 

monocytogenes infections, we performed a larval survival assay by challenging TmPGRP-LE 

RNAi larvae with E. coli and L. monocytogenes. The survival data revealed a differential rate of 

survival between dsPGRP-LE and dsEGFP- injected larvae when challenged with L. 

monocytogenes. The TmPGRP-LE knockdown group showed a significantly reduced survival 

rate (p < 0.05) when compared with the control group (Figure 4-6B-1). This difference in 

survival rate was not observed when E. coli was inoculated (Figure 2-6B-ii). The survival curves 

were similar in the case of E. coli treatment. This 

indicates that neither groups showed superiority in the resistance against E. coli infections 

finding that TmPGRP-LE RNAi did not alter the survival of T. molitor larvae after E. coli 

challenge is in general agreement to a previous report (Wang and Beemtsen, —013) in 

AsPGRP-LE RNAi did not affect the survival rates of a mosquito Armigeres sabalbatus, after 

challenge by E. coli and Micrococcus luteus, despite the fact that the knockdown 

significant reductions in the transcription of two AMP genes, Cecropin A and Defens' 

Drosophila, intracellular PGRP-LE has been shown to be responsible for detecting the invading 

L. monocytogenes and subsequently inducing its autophagic control (Yano et al., —008). 

showed that TmPGRP-LE RNAi makes T. molitor very susceptible to L. monocytogenes 

infections, suggesting that TmPGRP-LE is also involved in the recognition and/or 

responses to DAP-type PGN containing bacteria.
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Conclusion4.5

In the present work,

coleopteran beetle T. molitor and attempted to evaluate its role in the survival of T. molitor

against L. monocytogenes by RNAi. Although TmPGRP-LE RNAi did not result in significant

alteration of AMP expression with or without bacterial challenge, it still caused a significant

reduction in the ability of the beetle to survive L. monocytogenes infections. The mechanism

and/or signaling cascade, by which PGRP-LE helps to enhance the survivability of the host in

response to L. monocytogenes infection, would be central to future investigations.
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we have partially characterized a PGRP-LE homologue from a



1556-1561.
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Chapter 5. Roles and immunological functions of TmPGRP-LB against a soil isolate

Pseudomonas geniculata-HTl

5.1 Abstract

ability to cleave and destroy PGN and/or

PGN-containing bacteria through amidase activity. PGRP-LB, one of several amidase-capable

members of the PGRP family has been demonstrated to specifically recognise DAP-type PGN.

thereby preventing over-activation of the IMD pathway upon infections Gram-negative bacteria.

We have identified, cloned and partially characterized the immunological functions of a PGRP-

LB homologue from Tenebrio molitor against a newly isolated Gram-negative bacterium

ORF of 597 bp encoding a protein

with 198

integuments, ovaries and testes. Infection of Tenebrio larvae with HT1 resulted in increased

expression of TmPGRP-LB but not other IMD pathway-related genes TmPGRP-LC and

TmPGRP-LE. TmPGRP-LB loss of function by RNAi resulted in increased susceptibility of

Gram-negative infections in T. molitor.
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amino acid residues and contains the conserved PGRP domain. TmPGRP-LB is closest

Pseudomonas geniculata HTI infection. TmPGRP-LB has an

has, in addition to the PGN-recognition function, an

larvae to infections by Gram-negative bacteria HTI and E. coli K12 but not Gram-positive 

a role in control ofbacteria 5. aureus RN4220. Our results suggest that TmPGRP-LB plays

to its ortholog TcPGRP-LBl in Tribolium castaneum with which it shares the highest (71%) 

percentage identity. TmPGRP-LB transcripts were detected in all developmental stages 

examined spanning from the late-instar larva to adult day 1 and 2. TmPGRP-LB transcripts were 

also detected in all tissues examined including the gut, hemocytes, fat body, Malphigian tubules,

peptidoglycan (PGN) - a key cell wall component of virtually all bacteria. A subset of PGRPs

Peptidoglycan recognition proteins (PGRPs) function as recognition molecules for the



5.2 Introduction

a

upstieam of the two major immune signal transduction pathways, Toll and Imd pathways.

PGRPs function

component of virtually all bacteria. PGN is made of long glycan chains of alternating N-

gram positive bacilli such

cell walls.

PGRPs which share a conserved domain, of around 160 amino acids, with similarities to

the bacteriophage T7 lysozyme, a zinc-dependent N-acetylmuramoyl- L-alanine amidase can be

grouped into two subgroups,

properties (Royet et al., 2005; Steiner, 2004). Structurally, PGRPs with the catalytic domain
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family of proteins that make up a distinct class of pattern recognition receptors 

(PPRs). PGRPs

peptide chain. While lysine-type PGN has a lysine on this position, the residue is replaced by a

as Listeria monocytogenes contain, instead, DAP-type PGN on their

as recognition molecules for the peptidoglycan (PGN) - a key cell wall

one with only recognition and the other with additional catalytic

are a key component of immune response mechanisms in insects functioning

mechanism in insects called the prophenoloxidase cascade 

(Yoshida et al., 1996). Since then, PGRPs have been cloned and characterised from various 

organisms including insects, mollusks, echinoderms, and many vertebrates such as fish, birds, 

amphibians and mammals (Royet et al., 2011). Subsequent detailed research has revealed that 

PGRPs are a

weso-diaminopimelic acid residue in DAP-type PGN. Astonishingly, most oram positi 

bacteria contain lysine-type PGN in their cell walls while all gram negative bacteria and a few

Peptidoglycan recognition proteins (PGRPs) were first discovered in the haemolymph of 

silkworm (Bombyx mori) as proteins that bind to bacterial peptidoglycan leading to activation 

of an antimicrobial host defence

acetylglucosamine and N-acetylmuramic acid residues that are cross-linked to each other by 

short peptide bridges (Mengin-Lecreulx and Lemaitre, 2005). Two types of PGN exist in nature, 

distinguished by the type of amino acid residue found at the third position in the cross-linking



either the Toll

or the Imd pathway by the DAP-type PGN.

Studies in Drosophila led to the discovery of several predicted amidase PGRPs

including PGRP-LB, PGRPS-C1A, PGRP-SCIB, PGRP-SC2, PGRP-SB1 and PGRP-SB2.

Amidase activity has been demonstrated for PGRP-LB, PGRP-SCIB, and PGRP-SB1 and that

the activity of at least two of them, PGRP-LB and PGRP-SB1 is required to down-regulate (or

provide negative feedback mechanisms to) immune response pathways (Mellroth et al., 2003;

Mellroth and Steiner, 2006; Zaidman-Re'my et al., 2006; Zaidman-Re'my et al., 2011). The

Role of PGRP-LB, which specifically recognises DAP-type PGN, thereby itself being regulated

by the IMD pathway has been clearly demonstrated (Zaidman-Remy et al., 2006; Paredes et al.,

2011).

In the cunent study, we have identified, cloned and characterised the functions of a

showed that TmPGRP-LB, selectively reacts against infections by gram-negative bacteria P.

geniculata and/or E. coli but not those of gram positive bacterium Staphylococcus aureus, and.

that this interaction is influenced by the IMD pathway. We showed further that, TmPGRP-LB
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or IMD pathways leading to eventual production of antimicrobial peptides 

(AMPs). At this capacity PGRPs are known to sufficiently discriminate between lysine-type and 

DAP-type PGN leading to selective activation of either the Toll pathway by the lysine-type PGN

PGRP-LB homologue from Tenebrio molitor (TmPGRP-LB) by analyzing its interactions with a

have a

new soil bacterial isolate, the gram negative Pseudomonas geniculata HT1. Using RNAi, we

zinc-dependent activity in the PGN binding groove to cleave the amide bond of PGN 

similar to the T7-lysozyme activity, but this crucial Zn residue is missing in the non-catalytic, 

recognition only PGRPs. (Royet et al., 2011). Both of these groups of PGRPs play crucial roles 

in immune defence in insects. The non-catalytic PGRPs play PGN recognition roles upstream of



RNAi insects are more susceptible to infections by P. geniculata HT1 or E. coli K12, than

AsEGFP- injected control insects.
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5.3 Materials and Methods

5.3.1 Insect rearing and Maintenance

environmental chamber at 26 ± 1°C and 60 ± 5% relative humidity. Unless otherwise specified,

all animals were maintained on an autoclaved wheat bran meal with occasional supply ofclean

cabbage leaves to supply for their water requirements. Only larvae of about two weeks old with

5.3.2 Full-length PGRP-LB cDNA Cloning and Sequencing

conducted previously during

the identification and characterization of immunity-related genes (unpublished data). To obtain

kit (Clontech laboratories, CA, USA) according to manufacturer s instructions. Briefly, total

denaturation at 94°C for 3min. followed by 28 cycles of denaturation at 94°C for 30 s, annealing

plasmids carrying the target gene products were recovered and sequenced.
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the full-length cDNA sequence, 5’- and 3’- rapid amplification of cDNA ends (RACE)- 

performed using SMARTer™ RACE cDNA amplificationpolymerase chain reaction (PCR) was

sequence tag (EST) and RNAseq databases whose annotation was

an average body length of 0.73 cm were used for all experiments.

TmPGRP-LB (See Table 5.1 for primer details)

the first and nested PCR reactions were conducted under the following conditions: initial

Tenebrio larvae used in this study were reared under dark conditions in an

at 60°C for 30 s, extension at 72°C for Imin 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 

by using AccuPrep Gel purification kit (Bioneer Company, Daejeon, Korea). The purified gene 

products were subsequently cloned into pEGM-T-Easy cloning vector and transformed into 

competent E. coli DH5a cells. The transformed DH5a cells were sub-cultured overnight and

Partial cDNA sequence of TmPGRP-LB was obtained from T molitor expressed

RNA was used as template to synthesize RACE-ready cDNA. Gene-specific primers for 

were designed based on the partial sequence and.



Table 5-1: Primers used in this study

GGCCACGCGTCGACTAGTACT
F

TCATCCTGAAGGCAAAGCTCCAGT
RpL27a R

AGGTTGGTTAGGCAGGCACCTTTA
F

CAAGGAATGATCCAGGAGGA

R TCAGCGAAACTCCGAAAAGT

ATGTCCGCATTGGTGTTGACCF

TCAGGATTTGTGTTTGAAAAAR

TAATACGACTCACTATAGGGGATCATCCACCACAGCTACF

TAATACGACTCACTATAGGGTTATCGTCTACGCCACTGR

* Sequences are read from 5’ to 3’ end.

T7 polymerase recognition sequence is indicated in bold

F = Forward, R = Reverse.
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TmPGRP-LB 
dsRNA

TmPGRP-LB 
sqPCR

TmPGRP-LB 
qPCR

TmPGRP-LB 
sqPCR

TmPGRP-LB 
qPCR

Primer
name

Oligo (dT) 
adaptor 
RpL27a

Primer 
direction 
R

Sequence (5'-3')*

TmPGRP-LB
dsRNA |



5.3.3 In Silico characterization of TmPGRP-LB

The cDNA and deduced amino acid sequence of TmPGRP-LB were analyzed using

InterProScan at EBI (http://www.ebi.ac.uk/Tools/pfa/iprscan/) and BLAST algorithm at NCBI

(http://blast.ncbi.nlm.nih.gov/). Specific protein domains were highlighted by the InterProScan

during the analysis. Amino acid sequence of TmPGRP-LB orthologues were obtained from

GenBank (hppt://www,ncbi.nlm.nih.gov) and have been summarized in Table 5.2.

Multiple sequence alignment and percentage identity analysis were performed using

ClustalX2 program (Larkin et al., 2007). MEGA5 (Tamura et al., 2011) program was used to

calculate the corresponding percentage distances with ATG8 homologues from other insects.

The maximum likelihood (ML) method based on the JTT matrix-based model (Jones et al.,

1992) was used to generate a rooted phylogenetic tree using MEGA5 software.
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Table 5-2: Accession numbers of PGRP-LB sequences from various insect species used to

generate the phylogenetic tree, percentage distance and identity matrices

Species name Accession numbersAbbreviations

1 Tenebrio molitor Tm PGRP-LB

2 Tribolium castaneum TcPGRP-LBl EFAO5744.1

3 Drosophila melanogaster DmPGRP-LB-A AAF54643.1

4 Apis florea XP 001121036.2AmPGRP-LBl

5 Bombyx mori XP 004929065.1BmPGRP-LBl

6 JAB96226.1Ceratitis capitata CcPGRP-LB

7 EFN73971.1Camponotus floridanus CfPGRP-LB

8 ABF18154.IAaPGRPAedes aegypti

9 EGK97637.1AgPGRP-LBAnopheles gambiae

10 ERL95020.IDpPGRP-LBDendroclonus ponderosae

ABC25064.I11 GmmPGRP-LBGlossina morsitans morsitans

CAL36191.112 GmPGRP-LBGalleria mellonella

EFN81746.113 HsPGRP-LBHarpegnathos saltator

XP 005180889.114 MdPGRP-LBMusca domestica

ACX49764.115 MsPGRP2Manduca sexta

16 Nl PGRP-LB AGK40911.1Nilaparvata lugens

AAH96156.117 HsPGRPlHomo sapiens
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5.3.4 Developmental Expression Pattern of TmPGRP-LB

Total RNA was extracted from various developmental stages of T. molitor, including the

last instar larvae (LIL), pupal day 1-7 (P1-P8) and adult day 1 and 2 (Al and A2) using SV Total

RNA isolation system (Promega Corporation, Madison, WI) according to manufacturer’s

instructions. The cDNA corresponding to each stage of growth sampled was synthesized using

used as templates for

96 real-time quantitative

thermal block (Bioneer, Korea) using gene specific primers at an initial denaturation 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"

AACt method was employed to analyze the expression of TmPGRP-LB transcripts. TmRPL27a

was used as an internal control to normalize differences in concentration of templates between

samples.

5.3.5 dsRNA Synthesis and injections

The open reading frame TmPGRP-LB sub-cloned into pEGM-T-Easy vector was used as

was amplified by the semi-quantitative PCR using gene-specific primers tailed with T7 promoter

sequence on their respective 5’ ends (Table 1). The PCR products were purified using the

AccuPrep PCR purification kit (Bioneer, Daejeon, South Korea) and used to synthesize the

transcription kit (Epicentre Biotechnologies,dsRNA with

Madison, WI, USA). dsPGRPLB was purified by 5M ammonium acetate precipitation. dsENA

for a gene encording Enhanced green fluorescent protein (dsEGFP) were also synthesized in the

same way. dsRNAs were stored at -20°C until injected into T. molitor larvae.
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AccuPowerR RT Pre-Mix kit (Bioneer, Daejeon, Korea). The cDNAs were

a template for amplification and subsequent dsRNA synthesis. The template for target sequence

T7-FIash™

quantitative PCR (qPCR) reactions performed on an Exicycler™

an Ampliscribe™



To inject T molitor larvae with dsRNAs, dsTmPGRP-LB or dsEGFP were dissolved in

injection buffer (0.1 mM sodium phosphate, 2.5 mM potassium chloride, pH 7.2) (Fabrick et al.,

final concentration of 3.5 pg/ul. Using disposable needles mounted onto a micro­

applicator (Picospiritzer III micro dispense system, Parker Hannifin, Hollis. NH, USA), 3pl

(~10.5pg) of AsTmPGRP-LB or dsEGFP solutions were injected per larvae held on a dorsal-

checked and confirmed five days post injection of dsRNA by qPCR.

5.3.6 Isolation and identification of Pseudomonas geniculata HT1

Rhizosphere soils collected from rice fields in Suncheon, South Korea were serially

diluted in 0.9% saline solution and inoculated on nutrient agar (Merck KGaA, Darmstadt.

repeatedly sub-cultured to purity in

picked at random and sub-cultured in nutrient

serially diluted to the 1 O’5 dilution and injected to last instar larva of Tenebrio molitor at a rate of

maintained under standard raring conditions and the number of

deaths was monitored for 48h. Two isolates causing the highest mortality rate to T. molitor

eventually selected and identified by

using the 16S rRNA sequencing technique (Chun et al., 1995). The procedure for isolation and

characterization of HT1 isolate is presented in Fig. 5-1.
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Germany) at 37°C for 16-24h. Clear isolated colonies were

picked for further analysis. One of these waslarvae were

lul/larva. Injected larvae were

the same medium. Several pure colonies were

2009) to a

broth at 37°C on an orbital shaker at 180 rpm overnight. The overnight cultures were then

ventral position at the 2nd or 3rd visible stemite. The TmPGRP-LB transcript knockdowns were
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5.3.7 Bacterial Injections and Bioassays

Pseudomonas geniculata HT1 was cultured in Luria Bertani (LB) broth in a sterile, 14

0.9% saline, serially diluted to an equivalent of 106CFU/ul based on spectrophotometer readings

samples on LB agar plates. The plates were incubated at 37 °C for 16 h prior to colony counting.

Only 1 pl (106 CFU/larva) of this inoculum was injected dorso-laterally into the hemocoel of

three weeks-old larvae using disposable syringes and needles mounted on a microapplicator

(Picospiritzer III micro dispense system, Parker Hannifin, Hollis, NH, USA). The injected larvae

were kept in an environmental chamber under standard raring conditions and the number of dead

larvae was recorded on a daily basis for six days post injection. Rates of survival were compared

DAP-type PGN-containing bacterium and S. aureus which is a lysine-type PGN-containing

bacterium were processed in the same manner and used for comparison to P. geniculata HT1-

injected larvae.

160

mL round-bottomed, flask at 37°C overnight. The Overnight culture was washed three times in

between the TmPGRP-LB silenced and dsEGFP injected (control) groups. E. coli KI2 strain- a

at OD600. The OD6qo value was confirmed by aseptically spread-plating the serially diluted



5.4 Results and Discussion

5.4.1 Characterization of full-length TmPGRP-LB cDNA

The open reading frame (ORF) of TmPGRP-LB was identified from T. molitor RNAseq

database. The ORF was subsequently confirmed by cloning and sequencing of TmPGRP-LB

cDNA. The ORF of TmPGRP-LB encodes a protein of 198 amino acid residues (Fig. 5-2).

Analysis of deduced amino acid sequence of TmPGRP-LB revealed the characteristically

conserved PGRP domain (Fig. 5-2).

Multiple alignment of amino acid sequence of TmPGRP-LB with orthologous sequences

revealed

the PGRP domain (Fig. 5-3). Phylogenetic analysis revealed that TmPGRP-LB is closest to its

T. castaneum counterpart TcPGRP-LBl (Fig. 5.4). TmPGRP-LB shares highest sequence

identity (71%) with the T castaneum (TcPGRPLB-1) followed by those of a coleopteran.

Dendroctonus ponderosae (61%) and dipteran insects, Musca domestica (61%), Ceratitis

performing the distance matrix analysis. TmPGRP-LB was placed at a distance of 0.38 from

TcPGRP-LBl compared to distances of 0.58, 0.61, 0.67 and 0.73 from Dendroctonus

ponderosae, Musca domestica, Ceratitis capitata and Anopheles gambiae, respectively (Fig. 5-

5). Like all PGRPs, the N-termini of PGRP-LB amino acid sequences are not conserved among

insects. However, possession of a highly conserved PGRP domain, of around 160 amino acids,

with little sequence similarities outside this domain (Werner et al., 2000; Liu et al., 2001; Chang

et al., 2007), is a shared feature of all PGRPs, regardless of the host species.
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capitata (58%), and Anopheles gambiae (56%) (Fig. 5-5). These observations were validated by

a highly conserved region (~ 155-160 amino acid residues) which putatively overlaps



E P

Figure 5-2: Nucleotide and deduced amino acid sequence of a novel homologue of PGRP-

LB from T. molitor.
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120
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60
20

360
120

AAC GCC CGC CCT CCA GTT CTG ATC 
NARPPVLI

ATG TCC GCA TIG GTG TTG ACC ACT CGC GAG GAA TGG 
hsalvlttreew

The open reading frame of TmPGRP-LB was cloned and sequenced. Boxed is PGRP-LB domain 
as identified by the inter-proscan.

CAG ATC
Q I

ACC AAC GGA TGG AAC GAC ATT GGG TAC CAC TTC GCC GTG GGC GGC GAC GGA CAC GCT TAG 
TN G W N D I GYEFAVGGDGHAY

GTA CAT CAA CTC GTC GAG CAC GGA GTG GAG CAA GGA ATG ATC CAG GAG GAC TAC AAA CTG 
VHQ LVEHGVEQGMIQEDYKD

ACC ACG TGG GAA CAC TTC AGC GAA ACT CCG AAA AGT ACC AAA GAA AAT AGC AAA GAA AGC 
TTW E H FSETPKSTKEHSKES

GGG ATC TGC GTG ATC GGC GAT TGG ACG CAG GAG TTG CCC CCC GAG TGG CAG CTG GAG GCG 
G I CVI GDWTQEDPPEWQLEA

CTG GGA CAC AGG CAG GTC AGG GAT ACG GAG TGT CCA GGG GAC AGG CTC TTC AAC GAG ATA 
LG H RQVRDTECPGDRLFNEI

TGT ACC ACC ACT GCC GAC TGC CTG GAC GCC ATG AGG AAG ATG CAG GAC ATG CAC 
CT T TAD CLDAMRKMQDMH

GGC AAC GCC AGT GGC GTA GAC GAT AAT AAA CTT TTT TTT TTC AAA CAC AAA TCC TGA 
GN A S GVDDNKLFFFKHKS *

GAA CCG ATG ACC AAC CCC GTC CCC TAC GTG ATC ATC CAC CAC AGC TAC ATC CCC CCG GCT 
MTN PVPYVI IHHSYI P P A

GAG GGC AGG GGG TGG TCG AGA GTG GGG GCA CAC GCC CCC GGC TAC AAC AAC ATC AGC ATC 
egrgwsrvgahapgynnisi
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Figure 5-3: Multiple alignment of amino acid sequences of TmPGRP-LB homologues

Multiple alignment of amino acid sequences of PGRP-LB homologues from representative

insects species. Sequences used were obtained from NCBI database and have been presented by

accession numbers in Table 5-1.
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Figure 5-4: Molecular Phylogenetic anaylsis of TmPGRP-LB by Maximum Likelihood

method

The evolutionary history was inferred by using the Maximum Likelihood method based on the

JTT matrix-based model. TcPGRP-LBl presented the phylogenetically closest counterpart of

TmPGRP-LB. The accession numbers of all sequences used to create the trees are enlisted in

Table 5-2.
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22

TmPGRP-LB 71 53 44 50 58 44 55 57 61 55 49 43 61 52 47 36
TcPGRP-LBl 520.38 42 43 56 38 51 51 53 51 45 36 58 49 3344

DmPGRP-LB-A 0.80 0.85 37 38 68 37 54 58 42 58 43 36 66 48 45 34
AmPGRP-LBl 35 37 63 36 38 39 41 38 59 37 36 34 33
BmPGRP-LBl 3541 42 39 3741 45 35 43 46 36 37

CcPGRP-LB 39 5656 48 67 46 37 76 44 43 36
CfPGRP-LB 35 36 38 38 40 70 38 39 35 37

AaPGRtf 65 5347 43 40 55 46 42 36
AgPGRP-LB 46 52 3644 54 44 39 31
DpPGRP-LB 44 41 37 50 43 39 32

GmmPGRP-LB 39 37 66 44 41 35
GmPGRP-LB 39 45 48 3341

HsPGRP-LB 39 42 34 361.13 1.47 1.43 0.65 1.48 1.38 0.39 1.30 1.45 1.38 1.25 1.47
MdPGRP-LB 3446 420.61 0.71 0.49 1.36 1.06 0.31 1.35 0.73 0.78 0.84 0.45 1.10 1.27

MsPGRP2 35 340.78 0.87 0.91 1.39 0.87 0.95 1.33 0.95 1.02 0.98 0.94 0.96 1.18 0.90
NIPGRP-LB 35

HsPGRPl

Distance

Accession numbers of ail sequences used in the analysis are presented in Table 5-2. TmPGRP-

LB shared the highest percentage (71%) identity with its counterpart in T. castaneum. TcPGRP-

LBl, followed by those of a coleopteran Dendroctonus ponderosae (61%) and a dipteran Musca

domestica (61%). The % identity results are highly supported by the distance analysis results

lowest distance value of 0.38 from its T. castaneum counterpart,

TcPGRP-LBl compared to 0.58 and 0.61 from Dendroctonus ponderosae and Musca domestica

respectively.

165

Figure 5-5: Percentage identity and distance analysis of TmPGRPLB with orthologs from 
other insects
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5.4.2 Developmental expression pattern of TmPGRP-LB

The developmental expression pattern of TmPGRP-LB was examined using quantitative PCR.

TmPGRP-LB is expressed in all stage of development analyzed (Fig. 5.6). A gradual but

persistent decrease of TmPGRP-LB transcript levels during the pupal stages was observed (Fig.

5.6).

1.4

1.2

1

0.2

0 I
P8P6 P7 Al A2

= Late-instar larva; P1-P8 = Pupa day 1 to pupa day8; Al and A2 = Adult day 1 and day 2,

respectively. Data are shown as the mean ± Standard deviation (n = 3).
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Figure 5-6: Developmental expression pattern of TmPGRP-LB.

TmPGRP-LB transcripts at various developmental stages were quantified by real time PCR. LIL
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5.4.3

infection by a gram negative bacterium P. geniculata HT1.

Pseudomonas geniculata designated

immunity. HT1 is a Gram-negative, bacterial isolate from a rice rhizosphere soil whose 16S

rRNA sequence information has been deposited in the European Nucleotide Archive with

accession number LM653112. Preliminary infection studies revealed its ability to kill Tenebrio

larvae at doses as low as 106 CFU/larva delivered into the hemocoel by microinjection (Fig. 5.7).

Furthermore, injection of sub-lethal doses (300 CFU/insect) of HT1 to T. molitor larvae resulted

lesser extent, the expression of TmIMD gene transcripts. Other IMD pathway-related PGRPs

namely TmPGRP-LC and TmPGRP-LE showed an initial elevation of their respective transcript

levels in the first 3 h post P. geniculata injection followed by decrease at later time points (Fig.

5.8).

Since FIT 1 is a Gram-negative bacterium, we speculated that, once delivered into the T

molitor hemocoel it might be confronted by the activity of DAP-type specific TmPGRP-LB

among other immunological options. To evaluate

LB transcripts by injection of dsPGRP-LB and subsequently infected larvae with HT1. An

albeit not significantly, to infections by DAP-type containing bacteria HT1 and E.coli KI2.

However, compared to AsEGFP-injected control larvae, TmPGRP-LB RNAi larvae did not show

increased susceptibility to infections by lysine-type PGN-containing bacterium *5. aureus (Fig.

5.9). Disrupting the function of PGRP-LB either through mutation on the gene or RNAi-based

167

our hypothesis, we knocked down TmPGRP-

in highly elevated expression of TmPGRP-LB transcript. In addition, HT1 induces, albeit to a

were included for comparison. As expected, TmPGRPLB RNAi larvae were more susceptible,

additional DAP-type PGN-containing E. coli K12 and lysine-type PGN-containing 5. aureus

as Pseudomonas geniculata HTI on Tenebrio molitor

TmPGRP-LB RNAi resulted in increased susceptibility of Tenebrio larvae to

We have isolated, identified and characterized the immunological effects of



loss of function has been shown to negatively affect survival in Drosophila (Bosco-Drayon et

al., 2012) probably due to over-activation of IMD pathway which happens in the absence of a

proper function of PGRPLB (Bosco-Drayon et al., 2012; Zaidman-Remy et al., 2006).
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incubated under standard raring conditions for 24 h. Phenotypic changes were characterised by

increasing melanization from the point of injection outwards.
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Figure 5-7: Preliminary pesticidal tests of Pseudomonas geniculata HT1 on T. molitor larva.

Late-instar larvae were injected with (106 CFU/larva) fresh culture of P. geniculata HT1 and
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□ Buffer injected □ buffer injected ■ P.geniculata injected■ P geniculata injected
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31

Time (h) post injection

■ P.geniculata injected□ Buffer injected ■ P.geniculata injected□ Buffer injected

Figure 5-8: Expression patterns of extracellular IMD-pathway related genes after P.

geniculata HT1 inoculation to Tenebrio larvae

P. geniculata induce elevated expression of TmPGRP-LB and TmIMD gene transcripts in a time­

dependent manner. Induction of TmPGRP-LC and TmPGRP-LE transcripts was only evident in

the first 3h post injection followed by a decrease to control levels at later time points.
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*1.2
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1
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100
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-0-dsEGFP

40 -O-dsPGRP-LB

0
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120120
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40 -O-dsPGRP-L840 -O-dsPGRP-LB
2020

0
660

Tenebrio larvae were treated with dsPGRP-LB or dsEGFP. Five days later, larvae (n = 30) were

challenged with (106 CFU/insect) fresh cultures of S. aureus, E. coll or P. geniculata HT1 and

the number of dead insects was recorded on a daily basis for 5 consecutive days.
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Figure 5-9: Tenebrio larval survival against DAP- and Lysine-type PGN containing 
bacteria.
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i£5}-7]ol] 7]atl 2]7xEfl^op 5^0] 71171 o]] ^^.^F 71^-i- 5Jir WW. ¥

1W

“I zl cl. 1d'5'l|3iL, DAP-type PGN a ■SE.^O'o}^- £. monocytogenes '□"<S°1] CH^F

175

olElisl- 2^471 ttW?1 TmAtg3, 5 =La]ZL

S1W. RNAi ofl 2] ^F TmATG3 2}-

S1.2X 7] 31 W^-TlWo] Atg8

SI W-

^rAl- 6 e a}0!]

S1W. FE?F <*1^-& .2.S.4712] TmATG8

W<

SlSiAD], 71 31 W^-71 71 el (Tribolium

£.0}. Ig}-«]E]-^. 31^- Sl-ol 1J-

castaneum)^ 313]-^ 0.5. 7}^- -^-A]-^-^- 3-o]<

^£7 -n-7}zj(98 %)< 71-7] 57 01» a-W

^•aJ-o]Al(glycine) 3F7](G116)< ^Wal

tP.}^(58 - 95 %)< 7]-7] jl<^7]A-1<^4

^M1°P1, W’T] 71 a] 5] TmPGRP-LEQ TmPGRP-LB W W 7]^-<W<

-U'^'W"0] L. monocytogenes

W’SK ^^-2]- TmATG8

^Slfe Wi- 51-WW. <7^1<a-3] £A}<:4

°I7]dsEGFP < ^7}*F H]51ie]-ol, dsTmATG3 2]-

SIW. TmAtg8 oj-n] kA}- <^7]Al<g^- ak

TmATG8 -rr

1^/llSollAl .S-SW-t- O.£A17]X] S.3JIC]..



PGRP-LE 7]X TmPGRP-LE

329 °]-n] <+ #?!< 990 bp 2] ORF 5. ^5]^ &&£]-. TmPGRP-LE

peptidoglycan recognition protein domain s? 7}-^] -2. 51 —Q, amidase °T|

oj-Dl^A]- #7] 7}-

LE ] s’7?! *1]Z,. monocytogenes Aj-ofl iW ^T^e] -f^o]

family 2-] PGRP-LB DAP-type PGN i- *£3^

ofl H^-^5-2-] tfl^-lMD pathway 2} 2^]^}-

£-2]^AU-SlPGRP-LB

TmPGRP-LB peptidoglycan recognition protein domain 41* 198 °]-n] 2r.<+ ^7]-g-

TmPGRP-LB ■& 31 ^J£-^ *] 2-] 2] PGRP-

s}-<y "I}-

LB^ tnMi, *]uoM, DeM?l±& 2]5], \+i

TmPGRP-LB

LC Q TmPGRP-LE P]
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O). 
e.

ol _o_>o_ 
?A D 2

<47]S)-#6.14, ZZ.^-

£-

T TmPGRP-

& CE

frJES]x] &#c}-. TmPGRP-LB 2]

597 bp 2] ORF < 7p^| JH

^-2-tb

S1S14. TmPGRP-LB ^^^12] 5i31<o13 ^oot^< TmPGRP-

°]2’|'§!: ^2]~ TmPGRP-LE y\ L. monocytogenes ’3’-tl’S’

^°!H 2j7jl5]-7]] ^2|^- 32. a-o]^. - 01

^-s.2] 2.14, IMD -rr#*]-’?! TmPGRP-

P. geniculata HT1 < ^71*12)°!| ^}S]-^2. nfl,

TmPGRP-LEReal-time PCR

^-'■}-zd(73 %)<

Pseudomonas geniculata HT1 -o’<ci0l] 7]^-^-

LB -K'T'M'y TcPGRP-LBl 2]- TcPGRP-LB2 7]-^- ^-2.

P. geniculata HT1 2]- E. coli K12 ^7}<

7}x]51 TmPGRP-LB -rr^0!!^ xj>^]2]

‘W-i’ 31 < A14t!:cl-. Amidase PGRP



TmPGRP-LB 7} 7] *\ B] ofl A]

^.£4X1A1^E54 imd 5]

.£.?} <*«}-g-

^20.
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3iir wt}. ■£ ^-i-

°<Pj M S’, aureus RN4220 ■>!] cflepiofl &&c}-. o] e] ^4^

-n-^l^o] PGRP-LE/-LB 7} £]Y°Vi ^°11 fl]?} fl] fl] ’S°1)
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