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CHAPTER I 
 

 

INTRODUCTION 

 

Insects possess a pristine form of the metazoan antimicrobial defense known as innate 

immunity (Hultmark, 1993), together with a facet of adaptive immunity via phagocyte-mediated 

immune memory (Pham et al., 2007). However, they lack the luxury of B and T cell-mediated 

adaptive immunity found in vertebrates (Agaisse, 2007; Pham et al., 2007). Insect immunity, 

comprising humoral and cellular responses, is rapid and effective in identifying and eliminating 

invading pathogens and parasites (Brey and Hultmark, 1998; Jiang et al., 2010; Lemaitre and 

Hoffmann, 2007). The general process of insect immunity, before deploying killing mechanisms, 

consists of pathogen recognition via specific binding molecules (Kurata et al., 2006; Sansonetti, 

2006; Yu et al., 2002), signal transduction and modulation via plasma serine proteases and serine 

protease inhibitors (Gillespie et al., 1997; Kanost, 1999; Kanost et al., 2001; Marmaras and 

Lampropoulou, 2009), and receptor-mediated intracellular signaling via Toll (Valanne et al., 

2011), IMD (Silverman and Maniatis, 2001), JNK (Ramet et al., 2002), JAK-STAT (Baeg et al., 

2005; Hou and Perrimon, 1997; Kisseleva et al., 2002), and MAPK (Han et al., 1998; Ragab et 

al., 2011) pathways. Signal transduction regulates both humoral and cellular immune responses. 

The former includes various antimicrobial peptides (AMPs) (Engstrom, 1999; Jiang, 2008), 

complement-like molecules (Aoun et al., 2011), and proteins involved in enzyme cascades that 

regulate melanin formation (Jang et al., 2008; Kanost and Gorman, 2008), which are synthesized
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and released into the plasma to entrap and kill invading pathogens or parasites (Gillespie et al., 

1997; Hoffmann, 2003). In contrast, cellular immunity takes place in hemocytes and is comprised 

of phagocytosis, nodulation, and encapsulation (Fauvarque and Williams, 2011; Lavine and 

Strand, 2002; Strand, 2008; Zhuang et al., 2005). 

Innate immunity plays a role in making insects the most diverse and abundant group of 

metazoans in the world (Chapman et al., 2006; Hultmark, 2003). This makes the immune system 

worth investigating in its own right. On the other hand, the common ancestry and similarities 

among insects and mammals make insects excellent model organisms (Hoffmann and Reichhart, 

1997; Hultmark, 1993, 2003). These permit discovering evolutionary roots and features of animal 

immunity (Hoffmann et al., 1999; Khush and Lemaitre, 2000; Vilmos and Kurucz, 1998) and 

allow functional comparisons between diverse metazoan systems to identify shared and unique 

aspects of innate immunity (Khush and Lemaitre, 2000; Rolff and Reynolds, 2009; Wajant and 

Scheurich, 2004). 

The advent of microarrays and next generation sequencing technologies coupled with 

bioinformatics tools has generated a large amount of immunotranscriptome data from insects with 

known genome sequence, such as Drosophila sp. (De Gregorio et al., 2001; Irving et al., 2001; 

Sackton et al., 2007), Anopheles gambiae (Christophides et al., 2002), Apis mellifera (Evans et 

al., 2006), Aedes aegypti (Waterhouse et al., 2007), Tribolium castaneum (Zou et al., 2007), 

Bombyx mori (Tanaka et al., 2008), and Acyrthosiphon pisum (Gerardo et al., 2010). Most of the 

immunotranscriptomic studies so far, for insects without sequenced genomes, lack quantitative 

levels of transcripts (Altincicek and Vilcinskas, 2007; Vogel et al., 2011; Zhang et al., 2010). As 

a member of economically important lepidopterans, Manduca sexta has been studied extensively 

in the field of insect physiology for decades (Jiang et al., 2010). Despite its prominent role, the M. 

sexta genome sequence is not yet published. Recently, transcriptomes of fat body, hemocytes, and 

midgut, in which many immunity-related genes are expressed, were determined using 454 



3 

 

pyrosequencing and Sanger sequencing technology (Pauchet et al., 2010; Zhang et al., 2011; Zou 

et al., 2008). The quantitative nature of the most recent study allowed us to analyze immune 

inducible and tissue specific gene expression. Although genome- and homology-independent 

discovery of new genes is possible, stringent thresholds set in the exploration hindered complete 

immunotranscriptomic analysis (Zhang et al., 2011). Therefore, the current work intended to 

extend the analysis by identifying most of the immunity-related genes, and their regulation at the 

level of transcription in M. sexta, as a step towards the annotation of its immunogenome.
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CHAPTER II 
 

 

REVIEW OF LITERATURE 

 

Insect immunity 

Insects face a myriad of microbes during their lifespan. The hard exoskeleton of insects 

acts as a protective barrier, primarily to prevent microbes from entering internal structures. When 

microbes are sufficiently penetrative in breaching the physiochemical defense line they will 

encounter a pristine form of the metazoan antimicrobial defense known as innate immunity at 

their disposal (Hultmark, 1993). Even though information on a facet of adaptive immunity in 

insects via phagocyte-mediated immune memory was recently reported (Pham et al., 2007), 

insects do not have the luxury of B and T cell-mediated adaptive immune mechanism as found in 

vertebrates (Agaisse, 2007; Pham et al., 2007). Innate immune responses in insects are structured 

into two main branches, known as humoral and cellular responses. Both approaches are rapid and 

effective in terms of identification and elimination of invading pathogens and parasites.The 

underlying mechanism, which triggers and deploys these responses, is via two distinctive phases 

(Brey and Hultmark, 1998; Lemaitre and Hoffmann, 2007). 

Pathogen recognition and signaling 

First, pathogens are recognized by their intrinsic patterns that are foreign to an insect 

system, which are known as pathogen associated molecular patterns. The identification is 

mediated by pathogen recognition proteins/receptors that are found in insect hemolymph as well
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 as on insect cellular surfaces (Kurata et al., 2006; Sansonetti, 2006; Yu et al., 2002). β-1,3-

glucan recognition proteins (βGRPs) and peptidoglycan recognition proteins (PGRPs) are 

involved in recognizing fungi and Gram-negative bacteria, respectively, while microbe binding 

protein, previously known as Gram-negative binding protein could bind to fungi as well as Gram-

positive bacteria (Jiang et al, 2010).  

Secondly, the message of non-self/pathogen identification is relayed to its targets via a 

pathway that could be divided into the extra- and intra-cellular parts. A cascade of plasma serine 

proteases carry and modulate/amplify the signal from pattern recognition proteins in the insect 

hemolymph to their targets, while serine protease inhibitors regulate the extracellular signal 

transduction (Gillespie et al., 1997; Kanost, 1999; Kanost et al., 2001; Marmaras and 

Lampropoulou, 2009). Cell surface receptor-mediated signaling occurs via several intracellular 

signaling pathways. Among elucidated pathways are: Gram-positive bacteria and fungi induced 

Toll-receptor mediated pathway (Valanne et al., 2011) (Fig. 3a), Gram-negative bacteria induced 

IMD pathway (Silverman and Maniatis, 2001) (Fig. 3b), antiviral immunity associated JAK-

STAT pathway (Baeg et al., 2005; Hou and Perrimon, 1997; Kisseleva et al., 2002) (Fig. 3d), and 

MAPK-p38 (Han et al., 1998; Ragab et al., 2011) and MAPK-JNK (Ramet et al., 2002) pathways 

(Fig. 3c) that are triggered by stress conditions and signal percepted by IMD pathway (Park et al., 

2004). 

The Toll pathway is activated by a cytokine known as Spätzle (LeMosy et al., 1999), 

which is activated a as result of activated serine protease cascade (Jiang et al., 2010). Members of 

the Toll pathway include; MyD88, Pelle, Tube, Cactus, Dorsal and Dif that are activated 

subsequently to induce antimicrobial peptide expression via nuclear translocation of transcription 

factors, Dorsal and Dif (Valanne et al., 2011). The IMD pathway is activated upon binding of a 

Gram-negative bacterial component known as DAP-peptidoglycan to PGRP receptors LC and LE 

(Kaneko et al., 2006). Pathway members are comprised of IMD, IAP2, Ubc13, Uev1, TAK1, 
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Tab2, IKKβ, IKKγ, Dredd, and the transcription factor, Relish. The removal of ankyrin repeats 

from Relish enables nuclear translocation of the activated Relish to induce AMP expression 

(Stoven et al., 2003). The IMD pathway member TAK1 also activates MKK4, which in turn 

activates JNK pathway. JNK triggers negative regulation of IMD pathway/AMP expression 

among other stress related reactions that are yet to be elucidated in insects (Geuking et al., 2009; 

Ragab et al., 2011). Along with the JNK pathway, another branch of the MAP kinase pathway, 

p38 is activated via MKK3 and MeKK1. This leads to another set of stress related reactions 

together with negative regulation of AMP production (Han et al., 1998; Inoue et al.,  2001). 

Execution mechanisms 

Early phase of  immune responses after an infection activation consists of phagocytosis, 

nodule formation, or encapsulation. These reactions mainly occur in plasmatocytes and granular 

cells in lepidopteran larvae (Jiang et al., 2010) immediately after pathogen recognition by 

receptor molecules. Binding of pathogen components to receptors changes usually non-adherent 

hemocytes to an adherent state, where aggregates of hemocytes/plasmatocytes are formed to 

entrap pathogens as seen during nodule formation and encapsulation (Lavine and Strand, 2002). 

Hemocyte specific integrin subunits (Levine et al., 2005), tetraspanin, neuroglian (Zhuang et al., 

2007b), plasmatocyte spreading or paralytic peptide, lacunin, and hemolectin, are mainly 

involved in postively modulating hemocyte adhesion (Marmaras and Lampropoulou, 2009), while 

hemocyte aggregation inhibiting protein negatively affect hemocyte adhesion (Kanost et al., 

1994). 

 Another distinct physiological observation in insects, immediately after an infection, is 

the sporadic patterns of melanization inside insects. Melanin entraps pathogens in nodules and 

capsules of aggregated hemocytes and heals wounds (Cerenius and Soderhall, 2004). Activation 

of proHP14 via proteins involved in pathogen recognition such as, βGRPs, PGRPs, triggers 

activation of a serine protease cascade, which comprises HPs, PAPs, and SPHs (Jiang et al., 
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2010). The triggered cascade leads to the activation of PO, which catalyzes certain steps in a 

series of enzymatic reactions to produce melanin, which a polymer of eumelanin. Members of 

this series of enzymatic reactions involve Phenylalanine hydroxylase, tyrosine hydroxylase, Dopa 

decarboxylase, and PO (Cerenius and Soderhall, 2004). Together with aforementioned, AMPs 

that are predominantly produced in the fat body play a significant role in reducing a broad 

spectrum of pathogens and their populations during an infection. High levels of AMPs in the 

hemolymph are found during infections, and the high expression pattern persists for few days 

(Jiang et al., 2010). 

Lepidopteran marks in insect immunity research 

Despite their basic defense mechanism, insects dominate the world in number of species 

(diversity) as well as population (abundance) by a comfortable margin (Chapman et al., 2006), 

which makes the study of their immune system interesting in its own right. The common ancestry 

and similarities among insects and mammals make insects excellent model organisms to study 

certain aspects of complex systems (Hoffmann and Reichhart, 1997; Hultmark, 1993, 2003). In 

addition, these permit discovering evolutionary roots and features of animal immunity (Hoffmann 

et al., 1999; Khush and Lemaitre, 2000; Vilmos and Kurucz, 1998) and allow functional 

comparisons between diverse metazoan systems to identify shared and unique aspects of innate 

immunity (Khush and Lemaitre, 2000; Rolff and Reynolds, 2009; Wajant and Scheurich, 2004). 

Studies on the immune systems of Diperans such as Drosophila melanogaster, Anopheles 

gambiae, Aedes eqypti, Coleopteran Tribolium castaneum, and Lepidopterans Bombyx mori, 

Helicoverpa sp., Galleria mellonella, Manduca sexta have contributed a wealth of knowledge and 

insight into innate immunity and their mechanisms (Rolff and Reynolds, 2009). Among these, the 

immune system of lepidopteran insects has been considered an important model system especially 

for cell biology of hemocytes and biochemical analyses of plasma proteins. Lepidopterans are 

also renowned for their voracious appetite, which categorizes them among economically most 
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detrimental agricultural pests. Therefore, understanding their immune systems, in terms of 

components of the system, and how they function, has great implications in development of 

applications to control their populations (Goldsmith and Marec, 2010; Jiang et al., 2010).  

Insect innate immunity: genomic and transcriptomic studies 

The advent of microarrays and next generation sequencing technologies coupled with 

bioinformatics tools has generated a large amount of immunotranscriptome data from insects with 

known genome sequence, such as Drosophila sp. (De Gregorio et al., 2001; Irving et al., 2001; 

Sackton et al., 2007), Anopheles gambiae (Christophides et al., 2002), Apis mellifera (Evans et 

al., 2006), Aedes aegypti (Waterhouse et al., 2007), Tribolium castaneum (Zou et al., 2007), 

Bombyx mori (Tanaka et al., 2008), and Acyrthosiphon pisum (Gerardo et al., 2010).  

Most of the immunotranscriptomic studies on insects without sequenced genomes lack 

quantitative levels of transcripts (Altincicek and Vilcinskas, 2007; Vogel et al., 2011; Zou et al., 

2008). Despite its prominent role, the M. sexta genome sequence is not yet published. Recently, 

transcriptomes of fat body, hemocytes, and midgut, in which many immunity-related genes are 

expressed, were determined using 454 pyrosequencing and Sanger sequencing technology 

(Pauchet et al., 2010; Zhang et al., 2011; Zou et al., 2008). The quantitative nature of the most 

recent study allowed analysis of immune inducibility and tissue specificity of gene expression 

(Zhang et al., 2011). However, stringent thresholds that were utilized in the study hindered 

complete immunotranscriptomic analysis.  
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CHAPTER III 
 

 

METHODOLOGY 

 

Sample preparation for the construction of sequence libraries (Zhang et al. 2011) 

M. sexta eggs were purchased from Carolina Biological Supply. After the eggs were 

hatched, the larvae were reared on an artificial diet as described by Dunn and Drake (1983). 

When larvae reached the 2 day of the 5
th
 instar stage of their life cycle, a batch of sixty (60) 

healthy larvae were selected to be infected. Each larva was injected with a mixture of Gram-

positive Escherichia coli (2×10
7
 cells), Gram-positive Micrococcus luteus (20 μg) (Sigma-

Aldrich), and a fungal component known as curdlan (20 μg, insoluble β-1,3-glucan from the 

bacterium, Alcaligenes faecalis) (Sigma-Aldrich) in 30 μl H2O. Total RNA samples were 

extracted from induced hemocytes (IH) and fat body (IF) 24 h post-infection using TRIZOL 

Reagent (Life Technologies Inc.). Total RNA samples were extracted from control hemocyte 

(CH) and fat body (CF) of day 3, 5
th
 instar naïve (non-infected, healthy) larvae (60) using the the 

above protocol. Polyadenylated RNA was selectively purified from the total RNA samples (1.0 

mg each) by binding to oligo(dT) cellulose twice using the Poly(A) Purist
TM

 Kit (Ambion). 

Random dodecanucleotide primers (100 pmol) were used in conjunction with mRNA (5.0 μg), 

and SuperScript
TM

 III reverse transcriptase (1000 U, Life Technologies Inc.) to synthesize first 

strand cDNA. RNase H treatment, second strand synthesis, and gap joining were performed 

according to the published protocol (Zou et al., 2008). This was followed by nebulization of four 
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cDNA samples to fragment cDNA to facilitate the ligation of double-stranded adaptor A and 

biotinylated adaptor B after the ends were repaired (Roe, 2004; Margulies et al., 2005). 

Pyrosequencing and assembly of reads (Zhang et al. 2011) 

The cDNA with the attachment of adaptor B was isolated on streptavidin-coated magnetic 

beads, end repaired, and quantified on an Agilent 2100 Bioanalyzer (Agilent Technologies). 

Afterward, diluted DNA molecules, individually captured by beads, were amplified by emulsion 

PCR using two primers corresponding to a part of adaptors A and B (Margulies et al., 2005). 

Upon second strand removal and null bead elimination, the sequencing primer identical to another 

part of adaptor A was annealed to the single-stranded cDNA templates associated with the beads. 

Two runs (0.5 plate/library, ×4) were performed on a 454 GS-FLX pyrosequencer (Roche 

Applied Science) using long-read GS-FLX Titanium chemistry. Reads were separately and 

collectively assembled using Newbler Assembler (Roche Applied Science) resulting in five 

libraries of sequences: CF, CH, IF, IH, and CIFH. 

Homologous sequence search, GO mapping, annotation, and InterProScan search 

The 19,020 contigs, assembled from fat body (F) and hemocytes (H) of naïve (C) and 

microbe-injected (I) into CIFH library of sequences (Zhang et al., 2011), were analyzed using the 

BLAST2GO software (Conesa et al., 2005; Gotz et al., 2008). In search for homologous 

sequences, the non-redundant protein database at NCBI was searched using BLASTX (Altschul 

et al., 1990) with a cutoff E-value of 10
-15

. The BLAST hits were mapped to their corresponding 

GO annotations using the gene ontology database and several additional data files (Gotz et al., 

2008). The Gene Ontology (GO) project provides a structured set of defined terms that represent 

the properties of gene products. These properties span across three major categories: cellular 

component, which gives the location of the gene product within a cell or outside the cell; 

molecular function, which gives the activities of a gene product at the molecular level; and 
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biological process, which shows operations or sets of molecular events a gene product is involved 

for the functioning of integrated living units such as cells, tissues, organs, and organisms (Myhre 

et al., 2006).  

Subsequent annotation of contigs, to link information on cellular component (CC), 

molecular function (MF), and biological process (BP), was done by applying the annotation rule 

to all the GO terms. However, certain evidence code weights were changed from their default 

values to: EXP = IDA = IPI = 5, IMP = IGI = 4, and IEP = 3. Annotations were examined to 

remove broad or level 1 annotation. Additionally, the GO term known as auxin biosynthesis 

process was removed from the list of GO terms as the process does not exist in insects. Annex-

based GO term augmentation was performed afterwards to, firstly, obtain extra annotations and, 

secondly, further validate annotations (Gotz et al., 2008; Myhre et al., 2006). Protein domain and 

signal peptide were predicted using InterProScan (Quevillon et al., 2005), which enabled further 

sequence annotation (Gotz et al., 2008). In order to obtain more refined annotations, level 1 

annotation removal and Annex-based GO term augmentation were repeated. 

Local BLASTX, domain search, and multiple sequence alignment 

We downloaded immunity-related genes from D. melanogaster (462 genes from Flybase 

using the keyword “immunity”), B. mori (205 genes from Tanaka et al. (2008)), and A. mellifera 

(184 genes from Evans et al. (2006)). Amino acid sequences of these genes were incorporated 

into a sequence database for local BLASTX analysis of the contigs from the four-library 

assembly (CIFH09). Domain prediction was performed in parallel search runs using batchwise 

domain search web utilities of web CD-search tool, Pfam and InterProScan. Sequence alignments 

and manual curation of the alignments were performed using MUSCLE (Edgar, 2004) 

implemented in MEGA 5 (Tamura et al., 2011). 

 

http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
http://pfam.sanger.ac.uk/search#tabview=tab1
http://www.bioinformatics.nl/iprscan/iprscan
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Relative abundance of transcripts under immune challenge 

Since each contig was assembled from reads in the four libraries, normalized read 

numbers (NRNs) are calculated as: actual reads number in library X × (LNFCF + LNFIF + LNFCH 

+ LNFIH)/LNFx, where X is CF, IF, CH, or IH. Library normalization factors (LNFs) for CF 

(825), CH (3,980), IF (1,618), and IH (3,352) are the sums of read numbers for rpS2-rpS5, rpL4 

and rpL8 in the corresponding libraries (Zhang et al., 2011). NRNs were used to calculate relative 

abundance (RAx/y = NRNx/NRNy). When a particular reads number was zero, an adjusted reads 

number (ARNx/y= actual read # in library X × LNFy/LNFx) was calculated instead (Zhang et al., 

2011). When multiple contigs encode a single gene, the particular contigs were concatenated and 

their NRNs summed in individual libraries for calculating RA or ARN values of the gene. 

Statistical analysis 

Statistical differences in numbers of contigs or total normalized reads from a GO 

category were analyzed by Student’s t-test. For instance, p values of immune inducibility (IC 

comparison) were derived from sums of number of contigs of IF and IH versus those of CF and 

CH. IC comparisons were also performed using sums of NRNs of IF and IH versus those of CF 

and CH. Similarly, p values of tissue specificity (FH comparison) were derived from sums of 

number of contigs and sums of NRNs of CF and IF versus those of CH and IH. 

Percentage increases in numbers of contigs from a GO category were calculated as: I/C = 

[(sum of contig numbers of IF and IH – sum of contig numbers of CF and CH) / lower of the 

sums of contig numbers of the two groups] × 100 and F/H = [(sum of contig numbers of CF and 

IF - sum of contig numbers of CH and IH) / lower of the sums of contig numbers of the two 

groups] × 100. Similar calculations were performed using sums of NRNs from CF, IF, CH, and 

IH. Percentage increases in numbers of reads from a specific tissue (e.g., fat body) were 

calculated as I/CF = [(sum of IF NRNs - sum of CF NRNs) / lower sum of the two NRNs] × 100. 
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Data generated in above steps were merged, and mining of specific data were performed 

using SQL scripts in Microsoft Access, and default functions in Microsoft Excel. 

Phylogenetic analysis of insect attacins  

Amino acid sequences of attacins found in Antheraea mylitta, Antheraea pernyi, Bombyx 

mori, Drosophila melanogaster, Hyalophora cecropia, Hyphantria cunea, and T. castaneum were 

retrieved from the genbank protein database at NCBI. The amino acid sequences were aligned 

using MUSCLE 3.7 (Edgar, 2004) at www.phylogeny.fr. The multiple sequence alignment was 

manually edited to improve the quality of the alignment. The phylogenetic tree was constructed 

using JTT substitution matrix in Protdist+/FastDist+ neighbor with a bootstrap replicates of 1000 

(Dereeper, et al., 2008, Dereeper, et al., 2010). 

http://www.phylogeny.fr/
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CHAPTER IV 
 

 

RESULTS 

 

Distribution of M. sexta immunity-related genes 

Here we report the repertoire of and changes in transcripts involved in multiple facets of 

innate immunity in M. sexta, such as pathogen recognition, signal transduction/modulation, and 

hemocyte adhesion. We identified 129 new immunity-related genes (i.e. 204 contigs) in this 

study, apart from 103 highly regulated genes (i.e. 179 contigs) found in the previous study (Zhang 

et al., 2011). Taken together, genes for intracellular signal transduction account for 32% of the 

entire set; extracellular signaling molecules and their modulators make up 22% (Fig. 1). Gene 

products for pathogen recognition constitute 16%, whereas highly induced AMPs represent 13% 

of the total. 

Global changes in level 2 GO categories 

At GO level 2, expression of immunity-related genes is variable in fat body and 

hemocytes from naïve (C) and injected (I) larvae in terms of cellular component (CC), molecular 

function (MF), and biological process (BP). Since total numbers of the identified genes in each 

category do not significantly change between control and induced fat body (F) or hemocytes (H) 

(data not shown), we took advantage of the known read numbers for each contig in our datasets 

(Zhang et al., 2011), calculated summation of normalized read numbers (NRNs) for each gene 

(some
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concatenated from two or more contigs), and compared the sums of CF, IF, CH, and IH NRNs in 

each of level 2 GO categories (Fig. 2). In twelve of the thirty categories, their totals of all NRN 

sums were lower than 10% of the single highest NRN sum in the respective CC (51074), MF 

(67960), or BP (65296) group and, therefore, omitted for statistical analysis. Five of the 

remaining eighteen had significant differences (t < 0.05): enzyme regulator activity (MF, p = 

0.001, IC), molecular transducer activity (MF, p = 0.008, FH), cellular component organization 

(BP, p = 0.001, FH), developmental process (BP, p = 0.024, FH), and signaling (BP, p = 0.015, 

FH). Differences in the following five groups are less pronounced but worth mentioning, since 

level 2 GO terms are so general that a higher p value (e.g., 0.05~0.20) may still reflect important 

changes: cell (CC, p = 0.107, FH), extracellular region (CC, p = 0.143, IC), macromolecular 

complex (CC, p = 0.060, FH), immune system (BP, p = 0.145, IC), and response to stimulus (BP, 

p = 0.161, IC). 

We further inspected percentage changes of NRNs in the eighteen level 2 GO categories. 

When IC and FH comparisons were performed, we observed >50% changes in the following 

fifteen categories: extracellular region (CC, I > C: 106%), macromolecular complex (CC, H > F: 

160%), catalytic activity (MF, I > C: 93%), enzyme regulator activity (MF, I > C: 74%), 

molecular transducer activity (MF, H > F: 381%), biological adhesion (BP, C > I: 72%, H > F: 

89%), biological regulation (BP, H > F: 65%), cell wall organization or biogenesis (BP, I > C, 

300%; F > H, 767%), cellular component organization (BP, F > H, 403%), developmental process 

(BP, F > H: 83%), immune system (BP, I > C: 300%), localization (BP, I > C: 95%), metabolism 

(BP, I > C: 118%, F > H: 90%), response to stimulus (BP, I > C: 392%, F > H: 59%), and 

signaling (BP, H > F: 276%). 

While differences were observed in more categories between fat body and hemocytes, it is 

perhaps more interesting from the perspective of immunity to document major increases in total 

NRNs in either tissue before and after the immune challenge. Therefore, we studied the dataset 

and detected over 50% changes in extracellular region (CC, F: 155%, H: 59%), binding (MF, F: 
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95%), catalytic activity (MF, F: 243%), enzyme regulator activity (MF, F: 77%; H: 71%), 

biological regulation (BP, F: 111%), cell wall organization or biogenesis (BP, F: 297%; H: 

329%), cellular process (BP, F: 69%), immune system (BP, F: 756%, H: 99%), localization (BP, 

F: 265%), metabolism (BP, F: 246%), and response to stimulus (BP, F: 1015%, H: 126%). The 

most dramatic increases in NRN occurred in the categories of extracellular region (CC, F: 31,038, 

155%), catalytic activity (MF, F: 48,149, 243%), and metabolism (BP, F: 46,433, 246%). The 

increase in extracellular protein transcripts was consistent with the highly induced synthesis of 

defense molecules (e.g., AMPs) in fat body after the immune challenge.  

Pathogen recognition 

Pathogen detection is essential in subsequent measures taken to counteract the invasion. 

In insects, recognition proteins sense the pathogen presence by binding to their surface 

components known as pathogen-associated molecular patterns. We previously reported highly 

regulated β-1,3-glucan recognition proteins (βGRPs), peptidoglycan recognition proteins 

(PGRPs), lectins, hemicentins, leureptin, nimrod B, scavenger receptor C-like protein (Zhang et 

al., 2011). Here we show sixteen new genes for putative pattern recognition proteins: leureptin-2, 

Dscam, thioester-containing protein (TEP)-1 and -2, galectin-2 and -4, Nimrod A, Draper, PGRP-

L2, -L5, -LC, -S5, βGRP-3 and -4, immulecttin-3a and -3b (Table 1). 

M. sexta leureptin (IF/CF 2.2) contains thirteen Leu-rich repeats (LRRs) and binds 

lipopolysaccharide for subsequent phagocytosis and encapsulation (Zhu et al., 2010). Leureptin-

2, encoded by contig 2194 (IF/CF: 0.7) and 56% similar in sequence to leureptin, contains a 

signal peptide, conserved N- and C-cap Cys residues, and eleven LRRs, together with a tail rich 

in Asp and Glu residues. 

Dscams constitute a group of closely related proteins with immunoglobulin (Ig) and 

fibronectin (FN3) domains, whose vast sequence diversity comes from mutually exclusive usage 

of alternate exons. These molecules may govern the efficiency of phagocytic engulfment of 
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bacteria by hemocytes (Watson et al., 2005). M. sexta Dscam is encoded by three contigs: 7892 

and 5244 contain Ig and FN3 domains with conserved interdomain connections and cytokine 

receptor motifs, whereas 9670 codes for a C-terminal region highly similar to its counterpart in A. 

mellifera, B. mori, and D. melanogaster Dscams. 

Secreted TEPs, related to mammalian α2-macrogobulins (α2M), may promote 

phagocytosis of bacteria by plasmatocytes (Blandin and Levashina, 2004). Among the five 

contigs encoding MsTEPs, two are highly similar to BmTEP1 and three to BmTEP2. Contigs 

9741 and 10503 encode α2M receptor-binding domain; Contigs 8026, 8870, and 12298 encode 

only N- and C-terminal portions of the domain essential for triggering phagocytosis. Contig 

12298 also codes for a portion of the N-terminal region of α2M domain whereas contig 8870 

encodes an α2M and thioester-containing domains with the canonical thioester motif (GCGEQ) 

and a functionally important His residue located ~100 residues after the motif (Janssen et al., 

2005). 

β-galactoside-binding galectins play a role in microbial recognition or phagocytosis (Pace 

and Baum, 2004). BmGalectin-2 and MsGalectin-2 share a highly similar N-terminal region 

whose function is unclear. In contrast, contig 2140 encodes two carbohydrate recognition 

domains identical to those in BmGalectin-4 (Tanaka et al., 2008). 

Proteins in the nimrod superfamily possess characteristic EGF-like repeats known as 

NIM repeats, with six conserved Cys residues and one CCxGY motif (Kurucz et al., 2007; 

Somogyi et al., 2008). Three members of this family, Draper, NimC1 and Eater, are involved in 

receptor-mediated phagocytosis and microbe binding/recognition (Fauvarque and Williams, 

2011). Proteins encoded by contigs 1849 and 10216 closely resemble BmDraper and DmDraper, 

respectively. The former has an N-terminal region (nearly identical to BmDraper), an EMI 

domain, a CCxGY motif, and NIM repeats; the latter aligns with DmDraper isoform A and shows 

a moderate global similarity as well as conserved NIM repeats. Contig 858 encodes an 

incomplete ORF of MsNimA with its NIM repeats highly similar to BmNimA’s. 
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PGRPs recognize peptidoglycans (PGs) and stimulate prophenoloxidase (proPO) 

activation system as well as Toll and IMD pathways (Dziarski and Gupta, 2006). Contigs 309, 

3259, and 5684 all encode an amidase domain, including two closely spaced Cys residues, PG-

binding sites, and Zn-binding residues. Contrarily, contig 151 encodes one of the three Zn-

binding residues, seven of the thirteen PG-binding residues, and two of the five catalytic residues 

in the amidase domain. Contigs 309 and 3259 encode MsPGRP-L5 and -LC that lack a signal 

peptide, while contigs 151 and 5684 encode secreted proteins highly similar to BmPGRP-L2 and -

S2, respectively. 

M. sexta βGRP1, 2, and 3 (i.e., microbe binding protein) contain a β-1,3-glucan-binding 

domain and a GH16-like domain (Jiang et al., 2010). With the catalytic residues missing in 

GH16, these proteins do not have a hydrolase activity. Yet they possess an RGD motif that might 

be recognized by integrin receptors (Ma and Kanost, 2000). M. sexta βGRP4, encoded by contig 

4114 contains a signal peptide and a GH16 domain with the catalytic residues (Glu, Asp, and 

Glu) but no RGD motif. 

Immulectin (IML)-1, -2, -3, and -4 in M. sexta are receptors that belong to a group of C-

type lectins (Yu et al., 1999; Yu and Kanost, 2000; Yu et al., 2006; Yu et al., 2005). They have 

characteristic carbohydrate recognition domains (CRDs) which binds to surface sugars of 

pathogens to induce phagocytosis, nodulation, encapsulation as well as melanization (Jiang et al., 

2010). IML-3a and IML-3b are two new variants of IML-3 we identified in M. sexta. Both IML-

3a and -3b contain two characteristic CRDs in each gene. Contigs 13452 and 16454 encode IML-

3a, whereas contigs 6630, 7642, 13397, and 18062 encode IML-3b (IF/CF 2.1).  

Extracellular enzymes and their regulation 

Many members of the serine proteinase family have been cloned and characterized from 

M. sexta. Some comprise an extracellular enzyme system that leads pathogen recognition to 

killing mechanisms. These proteinases are sequentially activated and later down-regulated by 
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inhibitors in the plasma (Jiang et al., 2005). We have identified contigs encoding the signal 

mediators and modulators (Table 2), including nineteen hemolymph proteinases (HPs), scolexin 

A, a Zn protease, twelve serpins, and two other protease inhibitors, as well as proteins actively 

involved in melanin synthesis such as punch, Phe hydroxylase, Tyr hydroxylase, dopa 

decarboxylase, proPOs, proPO-activating proteinases (PAPs), and serine proteinase homologs 

(SPHs) (Jiang et al., 2010; Krishnakumar et al., 2000; Zhang et al., 2011).  

Melanogenesis also plays a role in cellular immunity by killing entrapped pathogens and 

healing wounds (Cerenius and Soderhall, 2004). In M. sexta, the serine proteinase cascade 

produces active PO that catalyzes the synthesis of quinones and melanin (Kanost et al., 2004). 

HP14 (IF/CF 2.9) initiates the cascade by autoactivation and activating proHP21 (Wang and 

Jiang, 2007). HP21 then cuts proPAP2 (IF
ARN

 50.0) and proPAP3 (IF
ARN

 23.0) (Gorman et al., 

2007; Wang and Jiang, 2007). The other branch stems from HP6 (IF/CF and IH/CH 1.6) that 

activates proHP8 (IF/CF 1.9) and proPAP1 (IF/CF 3.3). HP8 converts proSpätzle to Spätzle that 

activates the Toll pathway (An et al., 2010). PAP1, PAP2, or PAP3 cleaves proPO to form active 

PO in the presence of a complex of SPH1 and SPH2 (Jiang et al., 2010; Wang and Jiang, 2008). 

We identified several SPHs: SPH1a (IF/CF 18.1), SPH1b (IF/CF 1.5), SPH2 (IF/CF 0.9), and 

SPH4 (IF/CF 26.9). 

In M. sexta, five serpins are known to regulate the HP cascade at multiple steps (Jiang et 

al., 2010). Different variants of serpin-1 (A, E, and J) inhibit PAP2 and HP8 (Ragan et al., 2010). 

The Serpin-1 transcript level is high (NRN >7000) in fat body and does not change after immune 

challenge. Serpin-3 has a 7.5-fold increase in mRNA levels in fat body, suggesting an enhanced 

control of the PAPs. Serpin-4 (IF/CF 4.0) inhibits HP6 and HP21; serpin-5 further attenuates HP6 

(Tong et al., 2005). Serpin-6 (IF/CF 2.0, IH/CH 2.8) contributes to the negative regulation of 

PAP3 (Zou and Jiang, 2005). 

PO is one member of the enzyme system for melanin synthesis – Phe hydroxylase (IF/CF 

2.4) converts Phe to Tyr which is further o-hydroxylated to become dopa by Tyr hydoxylase or 
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PO (Cerenius and Soderhall, 2004). The Tyr hydroxylase needs a co-factor (tetrahydrobiopterin), 

whose synthesis is mediated by a GTP cyclohydrolase I named Punch (IF/CF 1.5) (Thony et al., 

2000). Dopa decarboxylase (DDC, IF
ARN

 106.6) converts dopa to dopamine; PO oxidizes 

dopamine to dopamine quinone that polymerizes to form eumelanin (Nappi and Christensen, 

2005). 

In addition to the aforementioned HPs and their inhibitors, we found: HP2, HP3 (IH/CH 

0.5), HP4 (IH/CH 0.8), HP5 (IH/CH 5.8), HP12 (IF/CF 1.3), HP13 (IH/CH 1.0), HP15 (IH/CF 

6.5), HP20 (IF/CF 4.4), serpin-7 (IF/CF 2.0) and serpin-11. Functions of these proteins are not 

elucidated to date. 

 

Signal transduction via major signaling pathways 

The Toll, IMD, JAK-STAT, JNK, and p38 signal transduction pathways (Table 3) govern 

the production of effector molecules to eliminate pathogens and, hence, have been in the limelight 

of insect innate immunity research (Boutros et al., 2002; Dostert et al., 2005; Han et al., 1998; 

Kallio et al., 2005; Kim and Kim, 2005). We have identified orthologs of the pathway members 

and assume their functions and modes of action are conserved among insects. 

a. Toll pathway 

Components of Gram-positive bacteria and fungi activate the Toll pathway (Lemaitre et 

al., 1996), which is triggered by the binding of a cytokine named Spätzle (LeMosy et al., 1999) 

(Fig. 3A). Contig 2287 (IH/CH 4.0) (Table 3) encodes Spätzle-1B that was characterized in M. 

sexta (An et al., 2010) – its Cys
106

 is essential for the receptor binding. Toll receptor contig 

(IF/CF 2.2, IH/CH 1.5) shows high similarities to portions of the C-terminal region of a Toll 

receptor gene found in M. sexta (Ao et al., 2008). Each contig encodes a TIR domain that Toll 

receptors utilize to relay intracellular signals (Takeda and Akira, 2001). A complex of MyD88, 

Tube and Pelle may form upon binding of Spätzle to Toll receptors (Weber et al., 2003). Contig 
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864 (IF/CF & IH/CH 1.5) encodes MsMyD88 that has a TIR domain for interacting with Toll’s 

TIR domain and a death domain for interacting with Tube. Contig 1313 encodes M. sexta Tube 

that has a death domain and a protein kinase domain. The death domain may interact with both 

MyD88 and Pelle, a kinase that triggers the complex activation by auto-phosphorylation 

(Moncrieffe et al., 2008). Contig 2038 encodes Pelle that has two death domains and a protein 

kinase domain. Activation of the above complex leads to Cactus phosphorylation, ubiquitination, 

and degradation in the proteasome. A homolog of BmCactus in M. sexta (IF/CF 10.0, IH/CH 1.7) 

has two sets of three ANK repeats. Phosphorylation of Cactus sets free Dorsal or Dif that moves 

into the nucleus and transcriptionally activates AMP genes. Contig 2384 (IF/CF 1.3, IH/CH 1.2) 

shares a nearly identical N-terminus with MsDorsal (Genbank accession: ADK39025) but has a 

very long and different C-terminus. 

Sumoylation plays a regulatory role in innate immunity by posttranslational covalent 

modification of proteins in the NF-κB signaling pathways (Mabb and Miyamoto, 2007). Contig 

4591 encodes a ubiquitin-conjugating domain (UBC) protein similar to Lesswright or Ubc9, a 

SUMO-conjugating enzyme that stabilizes Cactus (Table 3) (Abraham, 2007; Huang et al., 2005). 

In contrast, Smt3 (IF/CF & IH/CH 1.6) may activate Dorsal by sumoylation (Bhaskar et al., 2002; 

Xu et al., 2010). Uba2 and Aos1 together activate Smt3 (Bhaskar et al., 2000). Contigs 890 

(IH/CH 1.5) and 5438 (IH/CH 1.7) are related to Uba2 and Aos1, respectively, and encode the 

characteristic Uba2-SUMO and Aos1-SUMO domains. 

Apart from the aforementioned components, Pellino, Tollip-d, Tollip-v, TRAF, atypical 

PKC (aPKC), Ref(2)P, and ECSIT are associated with the Toll pathway as well (Valanne et al., 

2011). Contig 292 (IF/CF 2.5, IH/CH 1.3) encodes a protein highly similar to BmPellino (Table 

3). Drosophila homolog of aPKC is encoded by contigs 5708 and 7433, each covering a protein 

kinase domain followed by PKC C-terminal domain. Contig 5971 encodes PBI and ZZ-type zinc 

finger domains that are highly similar to DmRef(2)P-PB. MsTollip-d includes a CUE domain; 

MsTollip-v has a C2 domain before the CUE domain. ECSIT is proposed to relay signal from 
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TRAF6 to MEKK1 (Kopp et al., 1999; Xiao and Ghosh, 2005) and contig 4177 encodes a part of 

M. sexta ECSIT. 

b. IMD pathway 

Gram-negative bacterial components, diaminopimelic acid-PGs, activate the IMD 

pathway via PGRP-LC, -LE, and IMD in Drosophila (Choe et al., 2002; Gottar et al., 2002; 

Kaneko et al., 2006) (Fig. 3B). Contig 2368 (IF/CF 2.2) partially encodes a MsIMD that contains 

a death domain to interact with the death domain in FADD (Table 3) (Naitza et al., 2002). 

MsFADD has a death effector domain in addition to the death domain. Recruitment of MsDredd 

may activate down-stream signaling via the effector domain (Leulier et al., 2000). Contig 1615 

partially encodes MsDredd (IF/CF 2.0, IH/CH 1.3) with a caspase domain, whereas contigs 14535 

and 15028 cover the MsDredd’s N-terminal portions with moderate similarity. Dredd’s caspase 

activity cleaves IMD and exposes its inhibitor of apoptosis (IAP)-binding motif (Shi, 2002). 

The cleaved IMD may then bind to MsIAP2, which has an N-terminus nearly identical to 

BmIAP2’s and a BIR (baculoviral IAP repeat) or IAP domain (Paquette et al., 2010) (Table 3). 

IMD, ubiquitinated by Uev1 and Ubc13, may act as a scaffold to bind downstream kinases TAK1 

and IKK. MsTAK1 contains a protein tyrosine kinase domain (Ganesan et al., 2011; Paquette et 

al., 2010). MsTab2 has a CUE domain and may form a complex with MsTAK1 to further activate 

an IKK signaling complex consisting of IKKβ and IKKγ (Iwai and Tokunaga, 2009; Kanayama et 

al., 2004; Zhuang et al., 2006). MsIKKγ has a protein kinase domain at the C-terminus, highly 

similar to BmIKKγ’s. Dredd, upon phosphorylation of Relish by the IKK complex, may cut off 

Relish ANK repeats and cause it to translocate into the nucleus (Stoven et al., 2003). We found 

three contigs coding for different regions of Relish. Contig 4802 (IF/CF 6.4, IH/CH 1.9) contains 

a Rel homology domain in the N-terminus. Contigs 15531 and 15532 cover a 90-residue region 

next to the N-terminus of Relish-2A (IH/CH 1.2). This region contains nuclear localization signal 

(KKRK) and a PEST domain followed by a Ser-rich region. 
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The transcription factor Serpent activates AMP gene expression by binding to cognate cis 

regulatory elements (Petersen et al., 1999). Contigs 4249 and 17496 encode a ZnF-GATA 

domain highly similar to that in DmSerpent (Table 3). Among regulators of  IMD pathway 

signaling, Sickie, Caspar, and POSH are identified. Contigs 5128 and 7157 encode a homolog of 

DmSickie that positively regulates Dredd-mediated Relish cleavage (Foley and O'Farrell, 2004). 

Contig 2428 (IH/CH 1.9) encodes Caspar. POSH governs the IMD pathway activation and 

termination, as well as JNK pathway activation via regulation of TAK1 degradation (Lee and 

Ferrandon, 2011). MsPOSH has two SH3 domains. Mutations in nuclear translocation factor-2 

(Ntf-2) prevent Dorsal, Dif, or Relish from translocation to the nucleus (Bhattacharya and 

Steward, 2002). Contigs 6033 and 8947 encode MsNtf-2 (IH/CH 2.0) with a characteristic NTF2 

domain. 

c. MAPK-JNK-p38 pathway 

In Drosophila, components of the Ras/MAPK pathway (Fig. 3D) activate JNK and p38, 

down regulate the IMD pathway, and induce lamellocyte formation as well as hemocyte 

proliferation (Dong et al., 2002; Lee and Ferrandon, 2011; Ragab et al., 2011). PDGF/VEGF 

receptor (PVR) and Alk receptor trigger the MAPK pathway and Rac1 activation (Zettervall et 

al., 2004). Contig 222 (IH/CH 1.3) encodes MsPVR and contig 8785 encodes MsAlk (Table 7). 

Binding of an unknown ligand may trigger a series of phosphorylation events through Ras85D as 

well as Rac1. Ras85D (IF/CF 0.9, IH/CH 1.5) contains a Ras domain. Contig 6185 encodes 

another member of the kinase cascade, Dsor1. Homologs of DmLicrone/MKK3 and DmMEKK1 

activate p38 that contains a protein kinase domain (Han et al., 1998; Inoue et al., 2001). 

JNK, a branch of the MAP kinase pathway, mediates stress-related responses and controls 

AMP gene expression (Ragab et al., 2011). In Drosophila, TAK1, Rac1, mixed-lineage kinases 

(MLKs), or MKK4 could initiate the JNK pathway (Gallo and Johnson, 2002; Park et al., 2004; 

Silverman et al., 2003; Williams et al., 2006). MLK1 (IF/CF 1.4, IH/CH 1.7) is a mitogen-

activated protein kinase kinase kinase (MAP3K) with PK, PTK, and SH3 domains. Contig 3605 
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encodes MsRac1, whereas contig 3655 encodes MsMKK4 with a PK-Mkk4 domain (Table 3). 

Activation of Hemipterous (Hem/MKK7) triggers the JNK pathway (Geuking et al., 2009) and 

MsHem, partly encoded by contig 4608, contains a PKc-Mkk7 domain. Contig 3082 encodes a 

part of MsJNK that has a protein kinase domain. JNK then activates both FOS and Jun-related 

antigen (Jra) that are transcription factors (Sluss et al., 1996). FOS (contig 4904: IH/CH 1.9) and 

Jra (IF/CF 1.5, IH/CH 1.0) both contain bZIP regions important for their interaction with DNA. 

The JNK pathway also activates the transcription factor, Aop (Anterior open), that mediates 

lamellocyte formation in Drosophila (Zettervall et al., 2004) and contig 1136 codes for MsAop. 

Both Cdc42 and multiple ankyrin repeats single KH domain (MASK) are involved in relaying 

signals in the above processes (Bokoch, 2005; Hall, 1998; Kleino et al., 2005). The Cdc42 

homolog is encoded by contig 647 while contigs 225 and 4036 encode the MASK homolog. 

d. JAK-STAT pathway 

Binding of Unpaired (upd), a cytokine, to its receptor Domeless initiates the JAK-STAT 

pathway (Arbouzova and Zeidler, 2006) (Fig. 3D),but we did not find upd homolog in our 

dataset. Instead, we identified two contigs coding for a homolog of BmDomeless in M. sexta: 

contig 7557 encodes a highly similar N-terminus and contig 9588 has a partial FN3 domain 

(Table 3). Upd-bound Domeless phosphorylates receptor-associated JAK/Hopscotch (contig 20), 

which then activates the transcription factor STAT. STAT, encoded by contigs 2221 and 14109, 

contains a partial protein-interacting domain, a partial DNA-binding domain, and an SH2 domain 

(Baeg et al., 2005). Protein inhibitor of activated STAT (PIAS) and suppressor of cytokine 

signaling (SOCS) negatively regulate the JAK-STAT pathway (Agaisse and Perrimon, 2004). 

Contig 602 encodes MsPIAS that has a MIZ/SP RING. MsSOCS contains an N-terminal region 

highly similar to BmSOCS, an SH2 domain, and an identical SOCS box. 

Hemocyte adhesion 

During an infection, usually non-adherent hemocytes tend to aggregate to trigger cellular 
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immune responses against invading pathogens (Lavine and Strand, 2002). We identified three 

hemocyte-specific integrin α subunits (α1, α2, and α3), two β subunits (349 and 1850-13553-

18269), and an integrin-related protein (Table 4). They play key roles in transforming hemocytes 

to an adherent state (Levin et al., 2005). Two other cell surface molecules, neuroglian (IF/CF 0.6, 

IH/CH 1.7) and tetraspanin (IF/CF 1.8, IH/CH 1.4), also contribute to integrin-mediated 

aggregation of hemocytes (Nardi et al., 2006; Zhuang et al., 2007a; Zhuang et al., 2007b). 

Plasmatocyte spreading peptide (PSP) precursor (IF/CF 2.6), three paralytic peptide-binding 

proteins (PPBP-1: IF/CF 1.5, IH/CH 1.1; PPBP-2: IH/CH 0.7; PPBP-3: IF/CF 1.1, IH/CH 2.4), 

thrombospondin (IF/CF 0.8), lacunin (IF/CF 0.1, IH/CH 1.0), and hemolectin (IF/CF 0.1, IH/CH 

0.4) may also modulate hemocyte adhesion (Jiang et al., 2010; Marmaras and Lampropoulou, 

2009). Hemocyte aggregation inhibiting protein (HAIP) (IF/CF 1.0) negatively regulates 

excessive hemocyte aggregation (Kanost et al., 1994). 

Autophagy 

Autophagy governs the lysosome-dependent turnover of proteins or organelles and plays 

key roles in other cellular processes as well as human diseases (Shintani and Klionsky, 2004). 

Among nine different autophagy-related (Atg) molecules found are: two ubiquitin-like proteins, 

Atg8 (IF/CF 3.1, IH/CH 0.6) and Atg12, E1-like Atg5 (IF/CF 0.2), and a Cys proteinase Atg4 

(IF/CF 0.3), and Atg4-like proteins (IF/CF 0.3) (Table 5). These proteins are implicated in the 

process of macroautophagy (Geng and Klionsky, 2008). 

Antimicrobial peptides 

We previously found 25 unique AMPs encoded by 61 highly up-regulated contigs (Zhang 

et al., 2011). Despite near complete coverage in the previous study, we identified other 

antimicrobial molecules, namely M. sexta lysozyme-like protein 1 (LLP1), attacin-2 through -6, 

and four additional proteins containing a WAP domain (Table 6). LLP1 (IF/CF 1.5, IH/CH 1.2) 

contains a LYZ1 domain. Attacin-1 (IF
ARN

 178.5), -2 (IF
ARN

 178.5, IH/CH 161.7), -3 (IF
ARN
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70.4), -4 (IF/CF 125.9), -5 (IF
ARN

 479.5), and -6 (IH
ARN

 59.4) are highly induced particularly in 

the fat body. 

A closer look at the multiple sequence alignment of attacin-coding contigs revealed that 

the attacin family of AMPs comprise six members as opposed to two reported previously in M. 

sexta (Table 6, Fig. 4). There is a cluster of two attacin genes in the B. mori genome, closely 

similar to MsAttacin-2. Similar gene duplications gave rise to 2-3 attacin genes in other 

lepidopteran insects. In M. sexta, a different gene expansion yielded five other genes (MsAttacin-

1, -3, -4, -5, and -6) in a lineage-specific way. A monophylatic group of four D. melanogaster 

attacin genes as well as T. castaneum attacin-1, -2 and -3 was probably generated in a similar 

way. 

Others 

This category comprises other genes involved in signaling, hemocyte proliferation and 

development, reactive molecular species synthesis and regulation, and gene silencing (Table 7). 

Focal adhesion kinase mediates signals from integrin receptors to MAPK pathway and, hence, 

plays a central role in regulating cellular immunity (Sieg et al., 1999). It has characteristic 

functional domains, such as FERM-M, PTK, and Focal-AT. Hematopoiesis produces circulating 

cells in the hemocoel, which are involved in the cellular immune response against pathogen 

invasion (Lavine and Strand, 2002). The ligand Serrate and its receptor Notch mediate signal 

transduction to control hematopoiesis (Williams, 2007). Contigs 49 and 6 encode a part of 

MsSerrate and MsNotch, respectively. A transcription factor (MsBrahma) may also control 

hematopoiesis (Remillieux-Leschelle et al., 2002). Cell migration is important in detecting 

pathogen invasion and involves microtubule reorganization and actin cytoskeleton regulation 

(Marmaras and Lampropoulou, 2009). Both Cdc42 and MASK are involved in relaying signals in 

the above processes (Bokoch, 2005; Hall, 1998; Kleino et al., 2005). 
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ROS play a part in cytotoxic defense against microbes via activating AMPs or enhancing 

melanogenesis (Lavine and Strand, 2002). Nitric oxide synthase (NOS) generates nitric oxide 

(NO) (Nappi et al., 2000). Contigs 6991, 11623 and 11493 cover different portions of MsNOS in 

the given order. These contigs contain the characteristic NO synthase, flavodoxin1 and FAD-

binding domains. Thioredoxin peroxidases and peroxiredoxins regulate amount of ROSs, 

especially after an oxidative burst in the case of an infection, to maintain cellular homeostasis 

(Christensen et al., 2005; Nappi and Christensen, 2005). We found three thioredoxin peroxidases, 

each containing a PRX-Typ2cys domain, and a PRX-1cys containing peroxiredoxin. Contigs 

6299, 8926 (IH/CH 1.3), and 2937 (IF/CF 2.1, IH/CH 1.1) encode thioredoxins while contig 8403 

encodes the peroxiredoxin. 

Homology-based gene silencing is involved in the Drosophila antiviral response (Wang 

et al., 2006). We identified homologs of Argonaute-1 and Dicer-2 that compose a part of the 

RNA Interference Silencing Complex (RISC) (Ding et al., 2004; Wang et al., 2006). Contigs 412 

and 824 encode MsDicer-2 (IH/CH 1.5). 
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CHAPTER V 
 

 

DISCUSSION AND CONCLUDING REMARKS 

 

This extended study of the quantitative transcriptome data unveiled 105 new immunity-

related genes in M. sexta. Along with 127 reported previously (Jiang et al., 2010; Zhang et al., 

2011), the number of such genes summed up to 232. In comparison to the 205, 462 and 184 genes 

retrieved from B. mori, D. melanogaster and A. mellifera, our analysis, not based on annotated 

immunogenome, revealed a similar number of genes. The deep analysis of fat body and hemocyte 

transcriptomes did uncover a large portion of the complete set of immunity-related genes that 

would come from genome analysis. This is a valuable piece of information for researchers doing 

similar transcriptome studies in organisms that lack sequenced genomes. The extensiveness and 

depth of our transcriptome data are further supported by the discovery and analysis of six attacin 

genes in M. sexta (Fig. 4). 

A major goal of this research was not limited to discover sequences similar to the queries; 

rather it was to identify genes most likely related to immunity. For instance, BLAST search using 

aPKC as a query revealed 34 contigs at a commonly used cutoff E-value of 10
-5

, but there is only 

one ortholog (contigs 5708 and 74333) in M. sexta. Twenty-eight of the hits were identified 

because they encode a kinase domain commonly found in genes, which may not be related to 

immunity. As such, many studies yielded inflated lists of homologous genes with limited value in 

orthology-based function predictions. Contrary to that practice, we took measures to reduce false 



29 
 

positives, such as adopting a stringent threshold in the initial BLASTX analysis, 

searching for domain structures, and placing more weight on experimentally proven ontology in 

the GO annotation. Our initial BLASTX search (E-value <10
-15

) against NCBI NR database 

resulted in 411 hits, dominated by lectins (80), proPO subunits (32), attacins (25), serine 

proteinases (30), and serine proteinase inhibitors (37). The parallel, local BLASTX analysis using 

known immunity-related genes from B. mori, A. mellifera and D. melanogaster, along with 

domain searches and multiple sequence alignments, yielded 383 highly scrutinized contigs. 

Although the number difference was only 18, the second list overlapped with the first only in 197 

cases. Over 50% or 214 of the positives in the first list were incorrect: the use of a stringent 

threshold did not greatly reduce false positives; it, instead, yielded a lower number of valuable 

hits. Therefore, we adopted the 2
nd

 list and improved it by merging 383 contigs into 232 groups, 

each of which represents one or more contigs putatively encoded by a single gene (Tables 1-7). 

Based on the categorization of immune functions, we found genes for signal transduction 

and modulation account for 54% or 179 of the 232 genes whose products form pathways which 

crosstalk in multiple steps (Fig. 3). Genes for pathogen recognition and execution account for 

16% and 10% of the gene set and, unlike signaling proteins, their products exert similar functions 

by extensively complementing each other to cope with a broad spectrum of infectious agents. The 

remaining 20% are involved in other processes, such as cell adhesion and autophagy. While this 

function classification provided a good overview of the immune system, general GO analysis at 

level 2 did not yield clear differences in gene counts in the I-C and F-H comparisons (data not 

shown). Only after we took mRNA levels into consideration, could significant differences be 

observed in certain categories of CC, MF, and BP at GO level 2 (Fig. 2). Six of the thirty groups 

are significantly different (p < 0.20) between fat body and hemocytes, whereas four categories are 

in the I-C comparison. Considering the high level of generalization in GO terms at level 2, we 

believe p < 0.20 is remarkable, especially when a large percentage of increase or decrease (>50%) 

is observed. The most dramatic changes occur in the categories of extracellular region (31,038, 
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CC), catalytic activity (48,149, MF), and metabolism (46,433, BP) in fat body after the immune 

challenge. Highly induced expression of AMPs and other plasma defense proteins is partly 

responsible for the increase in total mRNA levels of extracellular molecules. Further analysis is 

needed to test if the enhancements in catalytic activity and metabolism are correlated. 

Phagocytosis, nodulation, and encapsulation as a result of pathogen recognition and cell 

adhesion comprise insect cellular immunity. Except for slightly up-regulated Nim A, Dscam and 

Draper, up-regulated leureptin and IML-3, and down-regulated galectin-4, other genes showed no 

significant change at the transcription level (Table 1), suggesting a complex regulation of 

phagocytosis. A majority of the genes involved in autophagy showed low transcript levels (Table 

5). Atg-8, which plays a critical role in autophagy, had a 3.1-fold mRNA level increase in fat 

body, whereas Atg-3, -4, and -5 transcripts reduced to 1/3 in the same tissue after the immune 

challenge. Total NRNs of the Atg genes were 4.4-fold higher in fat body than hemocytes. Since 

active engulfment of microbes occurs in the latter, the regulation of autophagy seems 

complicated, like phygocytosis, nodulation, and encapsulation. Hemolectin had a 2.5-fold down-

regulation of mRNA level in hemocytes. In contrast, the increases in Reeler (IF
ARN

 97.9; IH/CH: 

3.0) and proPSP (IF/IH: 2.6) transcripts may enhance nodulation. 

Melanogenesis plays a key role in immunity by participating in killing of entrapped 

microbes and wound healing. In M. sexta, an extracellular network of serine proteinases generates 

active PO, PSP, and Spätzle by proteolytic processing (Jiang et al., 2011). Many HP-related 

proteins were up-regulated after the immune challenges, including HP14, HP6, PAPs, and SPH1 

(Table 2). Serpin-3, 4, 5, and 6, whose mRNAs became more abundant, negatively regulate some 

of these HPs that activate proPO. PO catalyzes the key steps for quinone and melanin formation, 

whereas other enzymes (e.g. Phe and Tyr hydroxylases, Punch, and DDC) also contribute to 

melanization reactions. Substantial increases in their transcript levels (Table 2) further indicate 

the enzyme system for melanogenesis is highly coordinated and regulated at that level. In 

addition to PAP1 activation, M. sexta HP6 generates active HP8 that processes Spätzle precursor 
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(IF/CF 3.6, IH/CH 4.0) to initiate the Toll pathway (An et al., 2009 and 2010) for AMP 

induction. The increases in HP6 (IF/CF 1.6) and HP8 (IF/CF 1.9) mRNA levels indicate that RT-

PCR is less quantitative than deep sequencing in detecting < 2-fold induction. 

Massively parallel pyrosequencing of transcripts from larval fat body and hemocytes 

allowed us to identify most components of the intracellular signaling pathways and quantify 

changes in their transcript levels after the immune challenges (Fig. 3). Although Dif, TRAF, 

PGRP-LE, and Wengen are missing in our contigs, evidence for the existence of Toll, IMD, 

MAPK-JNK-p38, and JAK-STAT pathways is compelling. We plan to search the genome 

sequence for these genes and profile their expression in the two tissues in the future. The current 

data, however, did not show dramatic mRNA level changes except for Tube (IF/CF: 8.4), Cactus 

(IF/CF: 10.0), and Relish (IF/CF: 7.0). The highly induced production of Cactus and Relish are 

probably related to the fact they are cleaved during immune signaling and need to be replenished 

for a secondary response. Excluding these three genes, the averages and ranges of induction for 

Toll, IMD, MAPK-JNK-p38, and JAK-STAT pathways are 1.8 (1.3-2.2), 1.2 (0.3-2.0), 1.2 (0.8-

1.5), and 0.6 (0.2-0.9) in fat body, as well as 1.4 (0.8-2.2), 1.1 (0.2-2.1), 1.1 (0-1.9), and 0.8 (0.5-

1.1) in hemocytes, respectively. The small increases in the first three pathways appear to be 

sufficient for substantial induction of AMP synthesis (Table 6), whereas the low level of JAK-

STAT suppression could be related to the fact that we did not use any elicitor to mimic viral 

infection. It would be interesting to compare effects of virulent and incompatible viruses on 

transcription of the genes in the antiviral signaling pathway. 

The next-generation sequencing approach we adopted has yielded a set of 19,020 contigs 

and corresponding read numbers from control and induced larval fat body and hemocytes of M. 

sexta. The long average size (923 bp), known immunity-related genes of other insects, and 

extensive sequence comparisons have facilitated the identification of 232 genes (or 383 contigs), 

assign-ment of GO terms and immune processes, and examination of transcriptional regulation of 

the entire system. The results validated our previous study, uncovered genes (e.g., components of 
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signaling pathways), demonstrated the practicality of genome-independent expression profiling of 

a complex process, and paved the way for annotation of the immunogenome.
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Table 1. A list of genes related to pathogen recognition* 

Gene name Domain(s) Contig(s) nCF nCH nIF nIH nIF:nCF nIH:nCH 

CTL10 Lectin-C 
11458, 14515, 14516, 15639, 

17942 
675.4 0.0 1788.3 0.0 2.7 0/0 

Draper 
EMI, NIM 

repeats 
1849, 10216 0.0 83.5 18.1 142.9 1.5 1.7 

Dscam FN-3, Ig 5244, 7892, 9670 0.0 19.6 24.2 35.0 2.0 1.8 

Galectin-2 
β-propeller 

repeats 
7714 0.0 12.3 0.0 8.7 0/0 0.7 

Galectin-4 GLECT 2140 11.8 51.6 24.2 20.4 2.0 0.4 

Hemicentin 1 Ig 131, 465, 14278 1729.9 186.7 2319.9 699.9 1.3 3.8 

Hemicentin 2 Ig 4353 47.4 267.7 163.1 1545.6 3.4 5.8 

Hemolin Ig 3442 11.8 29.5 8868.8 116.6 748.5 4.0 

IML-2  4775 11.8 0.0 537.7 0.0 45.4 0/0 

IML-3 Lectin-C 1097, 13163, 14125 1670.6 800.7 2688.4 673.6 1.6 0.8 

IML-3a Lectin-C 13452, 16454 94.8 1078.2 0.0 985.7 0.0 0.9 

IML-3b Lectin-C 6630, 7642, 13397, 18062 165.9 2149.0 350.4 860.3 2.1 0.4 

IML-4  4808 0.0 0.0 2573.6 5.8 217.2 2.4 

Lectin  6497 651.7 8397.2 30.2 3893.1 0.0 0.5 

Lectin prec. VWD 14570 545.0 4990.7 6.0 2143.4 0.0 0.4 

Leureptin LRR 4012, 8453, 15857 1978.7 9.8 4392.1 58.3 2.2 5.9 

Leureptin2 LRR 2194 177.7 4.9 126.9 0.0 0.7 0.0 

NimA NIM repeats 858 35.5 152.3 0.0 265.4 0.0 1.7 

NimB  8820 11.8 90.9 18.1 81.7 1.5 0.9 

PGRP-1  13190, 14104 343.6 0.0 1752.0 64.2 5.1 26.1 

PGRP-2  14700 0.0 0.0 1105.6 5.8 93.3 2.4 

PGRP-3 Amidase 2 14752 0.0 0.0 712.9 5.8 60.2 2.4 

PGRP-D Amidase 2 575 35.5 0.0 1564.7 14.6 44.0 5.9 

PGRP-L2 Amidase 2 151 47.4 147.4 24.2 195.4 0.5 1.3 

PGRP-L5 Amidase 2 309 201.4 265.3 175.2 268.3 0.9 1.0 

PGRP-LC Amidase 2 3259 0.0 39.3 0.0 23.3 0/0 0.6 

PGRP-S1 Amidase 2 11845 0.0 4.9 54.4 49.6 4.6 10.1 

PGRP-S5 Amidase 2 8467 0.0 0.0 682.7 0.0 57.6 0/0 

PGRP-SA Amidase 2 5684 0.0 2.5 96.7 11.7 8.2 4.8 

SR-C-like 
Somatome-din-
B, Sushi (SCR 

repeat), MAM 

5933, 8686, 13271, 15116, 

15350, 15564 
462.1 4573.1 48.3 4068.1 0.1 0.9 

TEP1 α2M 9741, 10503, 12298 0.0 9.8 0.0 23.3 0/0 2.4 

TEP2 α2M 8026, 8870 23.7 29.5 6.0 37.9 0.3 1.3 

βGRP1 GH16-βGRP 2979 580.6 0.0 555.8 11.7 1.0 4.8 

βGRP2 GH16-βGRP 1326 11.8 22.1 114.8 204.1 9.7 9.2 

βGRP3  14744, 14786 308.1 0.0 296.0 0.0 1.0 0/0 

βGRP4 GH16-βGRP 4114 213.3 4.9 271.9 17.5 1.3 3.6 

MBP  8247 319.9 4.9 737.1 52.5 2.3 10.7 

 

* Genes reported by Zhang et al. (2011) are underlined. nCF, nCH, nIF and nIH are 

normalized read numbers and, for genes with two or more contigs, they represent the total 

values. When nCF = 0, adjusted NRN for nIF (italics) is calculated as nIF × 825/9775; when 

nCH = 0, adjusted NRN for nIH (italics) is calculated as nIH × 3980/9775. 
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Table 2. Hemolymph proteases, serpins, and other extracellular signaling molecules (see footnote of Table 1) 

Gene name Domain(s) Contig(s) nCF nCH nIF nIH nIF:nCF nIH:nCH 

HP1 Trypsin 
8524, 12527, 16264, 16288, 

16719, 17102, 18182 
876.8 8709.1 42.3 5849.8 0.1 0.7 

HP2 Trypsin 6333 35.5 24.6 18.1 40.8 0.5 1.7 

HP3 Trypsin 5756 0.0 137.5 0.0 72.9 0/0 0.5 

HP4 Trypsin 5654 23.7 167.0 6.0 134.1 0.3 0.8 

HP5 CLIP, trypsin 2203 0.0 36.8 30.2 212.9 2.6 5.8 

HP6 Trypsin 540 284.4 260.3 447.1 405.3 1.6 1.6 

HP7 Trypsin 3018, 3762 11.8 159.6 175.2 256.6 14.8 1.6 

HP8 CLIP, trypsin 5370, 9086 379.2 4.9 712.9 29.2 1.9 5.9 

HP9 Trypsin 3989 0.0 2.5 48.3 70.0 4.1 28.5 

HP12 Trypsin 11373 23.7 2.5 30.2 0.0 1.3 0.0 

HP13 Trypsin 1094 35.5 191.6 12.1 189.6 0.3 1.0 

HP14 LDLa, CCP, trypsin 3606, 3785 154.0 14.7 447.1 29.2 2.9 2.0 

HP15 Trypsin 4433 0.0 4.9 18.1 32.1 1.5 6.5 

HP17s Trypsin 5186, 14177 0.0 0.0 78.5 55.4 6.6 22.6 

HP18 Trypsin 8231 0.0 2.5 0.0 99.1 0/0 40.4 

HP19 Trypsin 3199, 6539, 14093 35.5 39.3 235.6 81.7 6.6 2.1 

HP20 Trypsin 4242 59.2 0.0 259.8 2.9 4.4 1.2 

HP21 CLIP, trypsin 2439 319.9 12.3 247.7 37.9 0.8 3.1 

HP22 Trypsin 2361 82.9 9.8 422.9 2.9 5.1 0.3 

SPH-1a Trypsin 6149, 14393 272.5 63.9 4941.9 125.4 18.1 2.0 

SPH-1b Trypsin 2813 1279.6 22.1 1891.0 210.0 1.5 9.5 

SPH2 Trypsin 2843 876.8 19.6 809.6 8.7 0.9 0.5 

SPH4 Trypsin 2985 35.5 0.0 954.5 0.0 26.9 0/0 

Serpin1 Serpin 7639 7713.4 0.0 7473.2 40.8 1.0 16.6 

Serpin2 Serpin 
5255, 5821, 14248, 14456, 15111, 15910 

16917, 17048, 17058, 17751, 18441 
106.6 790.8 302.1 9827.5 2.8 12.4 

Serpin3 Serpin 2693 248.8 17.2 1872.8 55.4 7.5 3.2 

Serpin4 Serpin 4422 556.9 334.0 2235.3 615.3 4.0 1.8 

Serpin5  5831, 13453, 13454 94.8 31.9 1039.1 122.5 11.0 3.8 

Serpin6 Serpin 1706 82.9 83.5 163.1 236.2 2.0 2.8 

Serpin7 Serpin 8071, 8076 379.2 7.4 773.3 8.7 2.0 1.2 

Serpin11 Serpin 6359 0.0 4.9 36.2 32.1 3.1 6.5 

Serpin12 Serpin 3776, 6215, 6531, 17814 2417.1 19.6 5799.8 148.7 2.4 7.6 

Serpin13 Serpin 2184 628.0 4.9 670.6 2.9 1.1 0.6 

Serpin22 Serpin 3224 1161.2 0.0 2881.8 0.0 2.5 0/0 

PI6  8286 0.0 0.0 839.8 67.1 70.9 27.3 

PI-like  3674, 10722 118.5 7.4 646.4 70.0 5.5 9.5 

Trypsin inh. B Kunitz-BPTI 13936 0.0 0.0 151.0 0.0 12.8 0/0 

Kazal-type PI Kazal-1, -2 5197 0.0 0.0 120.8 2.9 10.2 1.2 

Punch GTP-cyclohydro1 1029 237.0 0.0 350.4 23.3 1.5 9.5 

Phe hydroxylase ACT 509 864.9 41.8 2036.0 20.4 2.4 0.5 

Tyr hydroxylase Biopterin-H 2023 11.8 0.0 199.4 20.4 16.8 8.3 

DDC DOPA-deC 940 0.0 0.0 1262.7 20.4 106.6 8.3 

PAP1 CLIP, trypsin 3070 94.8 49.1 314.2 61.2 3.3 1.3 

PAP2 CLIP, trypsin 1667 0.0 17.2 592.1 96.2 50.0 5.6 

PAP3 CLIP, trypsin 1818 0.0 63.9 271.9 192.5 23.0 3.0 

ProPO-p1  17085 616.1 5690.6 24.2 4858.3 0.0 0.9 

ProPO-p2  17958 296.2 3249.3 18.1 2741.2 0.1 0.8 

Zn protease Peptidase-M14 915 0.0 51.6 126.9 75.8 10.7 1.5 

Scolexin Trypsin 
10791, 10792, 16520,  18669, 

18670, 18963 
23.7 0.0 16650.2 5.8 702.6 2.4 

Hdd1-like  2382 0.0 4.9 658.5 201.2 55.6 41.0 

Hdd13-like  5606 11.8 0.0 114.8 11.7 9.7 4.8 

Hdd23-like  6581 0.0 0.0 78.5 29.2 6.6 11.9 
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Table 3. Members of the intracellular signaling pathways (see footnote of Table 1) 

Gene name Domain(s) Contig(s) nCF nCH nIF nIH nIF:nCF nIH:nCH 

Toll pathway 

Spätzle  2287 11.8 68.8 42.3 274.1 3.6 4.0 

Toll  5599, 6893, 14282 106.64 164.6 235.6 247.9 2.2 1.5 

MyD88 Death, TIR 864 118.5 137.5 181.2 201.2 1.5 1.5 

Tube Death, PK 1313 23.7 127.7 199.4 102.1 8.4 0.8 

Pelle Death, PK 2038 0.0 17.2 60.4 37.9 5.1 2.2 

Pellino  292 71.1 147.4 175.2 189.6 2.5 1.3 

Cactus ANK-2 1044, 3381, 15574 118.5 260.3 1190.2 452.0 10.0 1.7 

Lesswright UBC 4591 11.8 167.0 54.4 198.3 4.6 1.2 

aPKC 
PK, 

PK C-domain 
5708, 7433 0.0 39.3 0.0 37.9 0/0 1.0 

Ref(2)P PBI, ZZ Zinc finger 5971 23.7 78.6 24.2 64.2 1.0 0.8 

Rel/Dorsal Rel domain 2384 82.9 198.9 108.7 242.0 1.3 1.2 

ECSIT ECSIT 4177 0.0 14.7 6.0 20.4 0.5 1.4 

Tollip-d CUE 4949 71.1 0.0 72.5 0.0 1.0 0/0 

Tollip-v C2, CUE 731 59.2 311.9 48.3 344.1 0.8 1.1 

Smt3 Sumo 7946 59.2 167.0 96.7 262.5 1.6 1.6 

Aos1 Aos1-SUMO 5438 35.5 56.5 24.2 93.3 0.7 1.7 

Uba2 Uba2-SUMO 890 11.8 140.0 30.2 210.0 2.6 1.5 

Misshapen PK, CNH 289 106.6 311.9 181.2 259.5 1.7 0.8 

IMD pathway 

IMD Death 2368 35.5 61.4 78.5 67.1 2.2 1.1 

FADD Death, DID 342 876.8 122.8 531.6 157.5 0.6 1.3 

Dredd 
Caspase (Pepti-   dase-

C14) 
1615, 14535, 15028 71.1 149.8 139.0 201.2 2.0 1.3 

IAP2 
BIR/Inhibitor 
of apoptosis 

1174, 7327, 8290, 
9234 

106.6 98.2 30.2 110.8 0.3 1.1 

Ubc13/ben UBC 2901 82.9 117.9 96.7 247.9 1.2 2.1 

Uev1A UBC 3326 154.0 368.4 217.5 411.2 1.4 1.1 

TAK1 -PTK 8422 0.0 4.9 6.0 17.5 0.5 3.6 

Tab2 CUE 1637 0.0 44.2 30.2 43.7 2.6 1.0 

IKKβ PK 5609 11.8 14.7 6.0 2.9 0.5 0.2 

IKKγ  1049 11.8 93.3 30.2 107.9 2.6 1.2 

Relish-2A PEST 15531, 15532 11.8 61.4 96.7 72.9 8.2 1.2 

Relish-2B Rel homology domain 4802 23.7 103.2 151.0 192.5 6.4 1.9 

Ntf2 NTF2 6033, 8947 118.5 169.5 157.1 332.4 1.3 2.0 

Serpent ZnF-GATA 4249, 17496 485.8 582.1 163.1 501.6 0.3 0.9 

Sickie  5128, 7157 35.5 2.5 18.1 64.2 0.5 26.1 

Caspar UBX 2428 11.8 27.0 36.2 52.5 3.1 1.9 

POSH SH3 1777, 5429 47.4 338.9 66.5 309.1 1.4 0.9 

MAPK pathway with JNK and p38 branches 

Eiger TNF 1020 497.6 9.8 380.6 78.7 0.8 8.0 

Cdc42 Cdc42 647 130.3 579.6 114.8 621.1 0.9 1.1 

Dsor1 PK 6185 11.8 34.4 0.0 29.2 0.0 0.9 

Rac1 Rac1 3605 0.0 27.0 30.2 35.0 2.6 1.3 

Ras85D Ras 73, 132,   205, 1185 651.7 1350.8 555.8 1991.7 0.9 1.5 

MLK1 PK,PTK, SH3 1825, 1841 59.2 117.9 84.6 198.3 1.4 1.7 

MEKK1 PK 1947 11.8 49.1 0.0 20.4 0.0 0.4 
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Licrone/MKK3 PK-MKK3-6 2351 82.9 108.1 114.8 122.5 1.4 1.1 

p38 PK 7214 23.7 63.9 42.3 93.3 1.8 1.5 

MKK4 PK-MKK4 3655 35.5 63.9 30.2 29.2 0.9 0.5 

Hem PK-MKK7 4608 0.0 24.6 6.0 23.3 0.5 1.0 

JNK PK 3082 23.7 7.4 24.2 40.8 1.0 5.5 

FOS bZIP 4904 23.7 95.8 48.3 177.9 2.0 1.9 

Jra bZIP 13290, 13291 71.1 186.7 108.7 186.6 1.5 1.0 

Aop SAM-PNT, ETS 1136 0.0 125.3 36.2 154.6 3.1 1.2 

MASK ANK, KH-I 225, 4036 106.6 206.3 157.1 265.4 1.5 1.3 

JAK-STAT pathway 

Domeless SH2 7557, 9588 11.8 27.0 30.2 17.5 2.6 0.7 

JAK/Hopscotch PTK, SH2, B41 20 272.5 498.6 241.7 250.8 0.9 0.5 

STAT 
SH2, Protein Interacting , 

STAT_bind 
2221, 14109 106.6 135.1 24.2 102.1 0.2 0.8 

PIAS MIZ/SP RING 602 23.7 113.0 42.3 119.6 1.8 1.1 

SOCS SH2, SOCS box 1187, 6886 11.8 159.6 30.2 125.4 2.6 0.8 

Stam VHS 13543 0.0 19.6 6.0 20.4 0.5 1.0 

 

 

Table 4. Hemocyte adhesion-related genes (see footnote of Table 1) 

Gene name Domain(s) Contig(s) nCF nCH nIF nIH nIF: nCF nIH: nCH 

HAIP GH-18 2947 6137.5 51.6 5926.6 163.3 1.0 3.2 

Hemolectin 
C8, EGF, F5_F8-

type-C, VWD,  
11280, 13813, 14711, 14760, 

15506, 15594, 18551 
2772.5 34035.7 126.9 13458.1 0.1 0.4 

Hemocyte-specific 

integrin α1 

FG-GAP,  

integrin-α 
3997, 4957, 4966 94.8 677.9 36.2 939.0 0.4 1.4 

Hemocyte-specific 

integrin α2 
Integrin- α 2 5800, 5860, 8294, 9106 142.2 0.0 175.2 8.7 1.2 3.6 

Hemocyte-specific 

integrin α3 

Integrin- α, FG-

GAP 
771 71.1 110.5 84.6 113.7 1.2 1.0 

Plasmatocyte-

specific integrin β1 
Integrin-β, EGF-2 1850, 13553, 18269 118.5 975.0 84.6 1463.9 0.7 1.5 

Integrin β1 
Integrin-β, -β  tail, - 

β cyt 
349 343.6 412.6 350.4 662.0 1.0 1.6 

Integrin related-1 Integrin-β-cyt 461 11.8 117.9 84.6 314.9 7.1 2.7 

Integrin-linked 

protein kinase 2 
ANK, PTK 2401 71.1 135.1 24.2 204.1 0.3 1.5 

Lacunin 
Ig, ADAM-spacer1, 

Kunitz-BPTI, 

PLAC 

15, 2717, 15269, 15273 1410.0 12488.9 120.8 12335.4 0.1 1.0 

Laminin Laminin-G2 4 639.8 4452.8 132.9 4578.4 0.2 1.0 

Neuroglian I-set, FN3 163 165.9 365.9 96.7 609.5 0.6 1.7 

Tetraspanin  
92, 3559, 4331, 4687, 5512, 6843, 

7644, 17721 
509.5 1761.0 930.4 2502.1 1.8 1.4 

Reeler1/Hdd11 Reeler 3778 0.0 27.0 1160.0 81.7 97.9 3.0 

Paralytic peptide 
BP1 

Lipoprotein_11 3375, 7873 296.2 852.2 447.1 974.0 1.5 1.1 

Paralytic peptide 

BP2 
Lipoprotein_11 3648, 14107, 15055 35.55 331.6 0.0 236.2 0.0 0.7 

Paralytic peptide 
BP3 

Lipoprotein_11 
4042, 5938, 15696, 16051, 16074, 

16096, 16613, 16615 
2085.3 2512.5 2344.1 5922.7 1.1 2.4 

uENF/PSP 

precursor 
GBP-PSP 2651 284.4 0.0 749.1 0.0 2.6 0/0 

Thrombospondin 
EGF-CA, TSP-C & 

-3 
535 793.8 2.5 604.1 0.0 0.8 0.0 
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Table 5. Autophagy-related genes (see footnote of Table 1) 

Gene name Domain(s) Contig(s) nCF nCH nIF nIH nIF:nCF nIH:nCH 

Atg2 Chorein-N 15384 71.1 0.0 30.2 0.0 0.4 0/0 

Atg2 like Apt1 8264 94.8 2.5 42.3 0.0 0.5 0.0 

Atg3 
Autophagy-N & -C, 

BUD22, act-C 
392 414.7 144.9 145.0 140.0 0.4 1.0 

Atg4 Peptidase-C54 4329 213.3 2.5 60.4 5.8 0.3 2.4 

Atg4-like Peptidase-C54 11947 94.8 4.9 24.2 0.0 0.3 0.0 

Atg5 APG5 5386, 5513 343.6 7.4 78.5 17.5 0.2 2.4 

Atg6 APG6 12191, 14634 201.4 0.0 48.3 2.9 0.2 1.2 

Atg8 Atg8 7383 59.2 105.6 181.2 64.2 3.1 0.6 

Atg12 APG12 12607 106.6 2.5 12.1 2.9 0.1 1.2 

 

 

Table 6. Genes of AMPs and other effector proteins (see footnote of Table 1) 

Gene name Domain(s) Contig(s) nCF nCH nIF nIH nIF:nCF nIH:nCH 

Attacin-1 Attacin N&C 8902, 14343 0.0 0.0 2114.5 61.2 178.5 24.9 

Attacin-2 Attacin N&C 
11040, 11711, 

17135 
0.0 49.1 1443.9 7940.7 121.9 161.7 

Attacin-3 Attacin N&C 6782, 16576, 

17705 
0.0 0.0 833.7 102.1 70.4 41.6 

Attacin-4 Attacin N&C 
7203, 14641, 

18324 
23.7 7.4 2984.5 64.2 

125.9 8.7 

Attacin-5 Attacin N&C 13563, 17350 0.0 0.0 5207.7 0.0 439.5 0/0 

Attacin-6 Attacin C 15159, 15744 0.0 0.0 0.0 145.8 0/0 59.4 

Cecropin-6 Cecropin 14997 0.0 0.0 205.4 29.2 17.3 11.9 

Cecropin B precursor  13894 0.0 0.0 290.0 84.6 24.5 34.4 

Cecropin-like peptide B-5  12151, 15041 0.0 0.0 1141.8 0.0 96.4 0/0 

Gallerimycin  10234 0.0 2.5 1504.3 20.4 127.0 8.3 

Gloverin  2067 11.8 0.0 1691.6 239.1 142.8 97.4 

Putative PI TIL 16018 0.0 0.0 241.7 35.0 20.4 14.3 

Immune related protein  
15998, 17184, 

18819 
0.0 39.3 821.6 2519.6 69.4 64.1 

IMPI  3142 11.8 17.2 2537.4 352.9 214.2 20.5 

Lebocin-A precursor  
13916, 17301, 

17434 
35.5 0.0 8017.0 0.0 225.5 0/0 

Lebocin-B precursor  10853 0.0 0.0 682.7 2.9 57.6 1.2 

Lebocin C precursor  4903 0.0 0.0 1685.6 17.5 142.3 7.1 

Lebocin-D precursor  7116 11.8 9.8 5449.4 8.7 459.9 0.9 

Lysozyme-like protein 1 LYZ1 1285 284.4 113.0 428.9 140.0 1.5 1.2 

Lysozyme LYZ 
8421, 15931, 

16133 
1078.2 235.8 19640.7 2633.3 18.2 11.2 

Moricin  9484 11.8 0.0 809.6 163.3 68.3 66.5 

Moricin-like  17439 0.0 0.0 592.1 90.4 50.0 36.8 

Possible AMP Toxin_2 
3746, 14568, 

16292,  

18150, 18699 
0.0 19.6 507.5 1816.8 42.8 92.5 

Secreted peptide 30  6597 710.9 0.0 1208.3 0.0 1.7 0/0 

Salivary Cys-rich peptide WAP 4175 0.0 17.2 241.7 131.2 20.4 7.6 

Peptidase inhibitor precursor WAP 12848 0.00 39.3 0.0 2.9 0/0 0.1 

Peptidase inhibitor-like WAP 14536 71.09 0.0 48.3 0.0 0.7 0/0 

Antileukoproteinase precursor WAP 15064 0.00 0.0 90.6 0.0 7.7 0/0 

Putative WAP-2 isoform 1 WAP 13827 0.00 0.0 42.3 0.0 3.6 0/0 

Transferrin Transferrin 

2145, 11027, 

14937, 16606, 

17206, 18239, 

18308 

1196.7 36.8 8542.6 277.0 7.1 7.5 
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Table 7. Other putative immunity-related genes (see footnote of Table 1) 

Gene name Domain(s) Contig(s) nCF nCH nIF nIH nIF:nCF nIH:nCH 

FAK 
FERM-M, PK-Tyr, 

Focal-AT 
82 11.8 365.9 42.3 355.8 3.6 1.0 

Alk SH3 8785 0.0 12.3 0.0 0.0 0/0 0.2 

Pvr Ig, PTK 222 94.8 385.6 90.6 501.6 1.0 1.3 

Serrate EGF-Lam, LDLa 49 7109.1 830.1 4428.4 793.2 0.6 1.0 

Notch ANK, EGF-CA 6 35.5 808.0 24.2 842.8 0.7 1.0 

Dicer-2 
ResIII, Helicase C, dsRNA 

binding, PAZ 
412, 824 71.1 275.1 90.6 402.4 1.3 1.5 

Argonaute 1 PAZ-argonaute-like 10180 0.0 7.4 6.0 17.5 0.5 2.4 

NOS NO synthase, flavodoxin1 
6991, 11493, 

11623 
0.0 22.1 48.3 29.2 1.4 1.3 

Peroxiredoxin PRX-1cys 8403 11.8 14.7 18.1 17.5 1.5 1.2 

Thioredoxin POD1 PRX-Typ2cys 6299 35.5 31.9 30.2 52.5 0.8 1.6 

Thioredoxin POD2 PRX-Typ2cys 8926 82.9 498.6 48.3 650.3 0.6 1.3 

Thioredoxin POD3 PRX-Typ2cys 2937 59.2 147.4 126.9 166.2 2.1 1.1 

Brahma 
HSA, BRK, SNF2-N,  

HELIC, Bromodomain, TCH 
291 142.2 218.6 102.7 189.6 0.7 0.9 

Cationic peptide-8 precursor amfpi-1 16281, 17312 4241.8 0.0 3268.4 0.0 0.8 0/0 

DVA-AP3  7139 248.8 1883.8 12.1 764.0 0.0 0.4 

Aminoacylase Peptidase-M20 3287 82.9 1210.8 0.0 691.1 0.0 0.6 

Hypoth. protein Destabilase 6175 130.3 0.0 314.2 2.9 2.4 1.2 

GL21066  7671 2689.6 7.4 2718.6 8.7 1.0 1.2 

~ GA16498-PA Ig 5348 592.4 0.0 404.8 0.0 0.7 0/0 

Protein PTase-2c  11311 0.0 2.5 18.1 26.2 1.5 10.7 

Ral G-exch factor RasGEF-N, RasGEF, RA 671 11.8 29.5 60.4 134.1 5.1 4.6 

G-exch factor RhoGEF, SH3 1970 11.8 39.3 72.5 84.6 6.1 2.2 

Arf6 G-exch factor  11356 0.0 2.5 24.2 20.4 2.0 8.3 

Vrille βZIP-2 1390 11.8 76.1 84.6 55.4 7.1 0.7 

Ankyrin repeat pr.  13966 0.0 2.5 0.0 26.2 0/0 10.7 

Ankyrin domain 54  6868 0.0 2.5 6.0 32.1 0.5 13.1 

Dipeptidyl peptidase 4 DPPIV-N 6304 11.8 0.0 66.5 2.9 5.6 1.2 

TcasGA2-TC008649  537 11.8 78.6 60.4 93.3 5.1 1.2 
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Figure 1. Distribution of 232 M. sexta immunity-related genes.  The pie chart shows 

gene number, contig number, and percentage of genes in each functional category relative 

to the entire set. 
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Figure 2. Expression analysis of cellular components (CC, top), molecular functions 

(MF, middle), and biological processes (BP, bottom) at GO level 2.  The bar graph is 

generated using data from the sum of NRNs for each annotated gene. Each GO term is 

comprised of four values, each from a particular library (CF: yellow, IF, orange, CH: 

green, and IH: blue). Bar height represents sum of sums of NRNs in a library within a 

specific GO group. p value (< 0.20) and percentage (>50%) increase or decrease 

(underlined) of immune inducibility (red, IF-IH vs. CF-CH) and tissue specificity (green, 

CF-IF vs. CH-IH) are indicated on the top. Of the eleven GO categories in which NRN 

sums have >50% differences in either or both tissues, three increase most dramatically 

and are marked with “*”.  
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Figure 3. Identification and profiling of transcripts involved in the Toll (A), IMD 

(B), JAK-STAT (C) and MAPK-JNK-p38 (D) signal transduction pathways. The 

intracellular signaling processes, based mostly on Drosophila research, are described in 

the text assuming the pathways are conserved among insects. Genes that are not found in 

our dataset are shown in red. Immune inducibilities (i.e., NRN ratios or ARNs) in fat body 

(yellow) and hemocytes (blue) are indicated near the corresponding genes. Underlined 

number or 0/0 denotes low RNCF or RNCH (0 ~ 4) and, hence, less reliable NRN ratio.
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Figure 4. Phylogenetic relationships among insect attacins.  Amino acid sequences of 

M. sexta attacin-1 through -6 (Mse-1, 2, 3, 4, 5, 6, green); Antheraea mylitta attacin-A, B, 

C (Amy-A, B, C), Antheraea pernyi attacin-A, B, C (Ape-A, B, C), B. mori attacin-1 and 

2 (Bmo-1, 2), D. melanogaster attacin-A (Dme-A), Hyalophora cecropia attacin-B and E 

(Hce-B, E), Hyphantria cunea attacin-A and B (Hcu-A, B), T. castaneum attacin-1 (Tca-

1) are incorporated into generating the phylogenetic tree. The bootstrap values (%) are 

indicated at nodes in red. 
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Scope and Method of Study: As a biochemical model, Manduca sexta substantially 

contributed to our knowledge on insect innate immunity. The RNA-Seq approach 

based on massively parallel pyrosequencing was implemented in three studies to 

examine tissue immunotranscriptomes of this species. With the latest and largest 

focusing on highly regulated process- and tissue-specific genes, we further analyzed 

the same set of data using BLAST2GO to explore functional aspects of the larval fat 

body (F) and hemocyte (H) transcriptomes with (I) or without (C) immune challenge. 

Findings and Conclusions: Using immunity-related sequences from Drosophila 

melanogaster, Apis mellifera, and Bombyx mori, we identified 383 homologous 

contigs and compared them with those discovered based on relative abundance 

changes and BLASTX analyses. By concatenating the contigs, we established a 

repertoire of 232 immunity-related genes encoding proteins for pathogen recognition 

(16%), signal transduction (53%), and microbe killing (13%).  

We examined their expression levels along with attribute classifications and 

detected prominent differences in nine of the thirty level 2 GO categories, such as 

enzyme regulator (IC), cellular component organization (FH), signaling (FH), and 

extracellular region (IC). The increase in extracellular proteins (155% or 31,038 

normalized read number) was consistent with the highly induced synthesis of defense 

molecules (e.g., antimicrobial peptides) in fat body after the immune challenge.  

We identified most members of the putative Toll, IMD, MAPK-JNK-p38, and 

JAK-STAT pathways and detected 1.1~1.8-fold increases in the first three and ~30% 

average decrease in the fourth. The minor increases in the antibacterial and 

antifungal pathways led to dramatic elevations of transcripts for all antimicrobial 

peptides as well as some proteins involved in recognition, extracellular signaling, 

and cellular responses. Most importantly, this study sets the stage for on-going 

analysis of M. sexta immunogenome. 


