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Abstract

Although Manduca sexta has significantly contributed to our knowledge on a variety of insect
physiological processes, the lack of its genome sequence hampers the large-scale gene discovery,
transcript profiling, and proteomic analysis in this biochemical model species. Here we report our
implementation of the RNA-Seq cDNA sequencing approach based on massively parallel
pyrosequencing, which allows us to categorize transcripts based on their relative abundances and
to discover process- or tissue-specifically regulated genes simultaneously. We obtained 1,821,652
reads with an average length of 289 bp per read from fat body and hemocytes of naive and
microbe-injected M. sexta larvae. After almost all (92.1%) of these reads were assembled into
19,020 contigs, we identified 528 contigs whose relative abundances increased at least 5- and 8-
fold in fat body and hemocytes, respectively, after the microbial challenge. Polypeptides encoded
by these contigs include pathogen recognition receptors, extracellular and intracellular signal
mediators and regulators, antimicrobial peptides, and proteins with no known sequence but likely
participating in defense in novel ways. We also found 250 and 161 contigs that were preferentially
expressed in fat body and hemocytes, respectively. Furthermore, we integrated data from our
previous study and generated a sequence database to support future gene annotation and proteomic
analysis in M. sexta. In summary, we have successfully established a combined approach for gene
discovery and expression profiling in organisms lacking known genome sequences.
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1. Introduction

Insects possess an effective defense system to control pathogen invasion, which includes a
physical barrier intertwined with biochemical and cellular mechanisms to block penetration
and proliferation of infectious agents (Gillespie et al., 1997; Strand, 2008; Lemaitre and
Hoffmann, 2007). These mechanisms are mediated by molecules that recognize pathogens,
relay or modulate immune signals, and kill the invading pathogens. Most of the molecules
are proteins in body fluids (e.g. plasma) and tissues/cells (e.g. fat body and hemocytes),
either constitutively produced for responses occurring within minutes or induced within
hours to days after the initial encounter of pathogens. Fat body is a major source of plasma
proteins, some of which participate in humoral immunity, whereas hemocytes are mainly
involved in cellular responses such as phagocytosis and encapsulation.

The tobacco hornworm, Manduca sexta, has been used extensively as a model species to
study the biochemical basis of insect immunity (Jiang, 2008; Regan et al., 2009), as well as
other physiological processes. Pathogen recognition proteins, hemolymph proteinases (HPs),
serpins, phenoloxidases (POs), and antimicrobial peptides (AMPSs) have been isolated from
larval hemolymph of this insect for functional analysis. A differential expression study
uncovered 120 expressed sequence tags (ESTSs) identical or similar to immunity-related
genes (Zhu et al., 2003). Pyrosequencing of cDNA fragments using the RNAseq approach
(Morin, et al. 2008; Mortazavi et al., 2008) from a mixture of eight total RNA samples
revealed 218 new EST contigs coding for defense proteins (Zou et al., 2008). Additional
immunity-related genes were identified in a gut EST project that combined Sanger and 454
sequencing technologies (Pauchet et al., 2010). Sequences provided by these studies, albeit
useful, are limited by the methods used to obtain them, such as low throughput (Zhu et al.,
2003), high rate of indels (Zou et al., 2008), gene discovery solely based on homology
(Pauchet et al., 2010), and lack of information on relative gene expression levels in all the
cases. While these problems can be overcome by the genome sequence and microarray
analysis yet to come, is it possible to efficiently discover genes along with their expression
profiles using next-generation RNA-Seq technologies without resorting to the reference
genome and thereby directly uncover process-related gene expression in non-model
organisms whose genome sequences are not yet determined?

Here, we report the results of our ongoing studies aimed at discovering alterations in gene
expression in M. sexta larvae before and after a bacterial injection and characterize genes
based on their tissue-preferential expression patterns in fat body and hemocytes using the
RNAseq approach (Morin, et al. 2008; Mortazavi et al., 2008). Therefore, instead of relying
on a priori knowledge of the genome, our approach contributes to future genome annotation,
cDNA cloning, and protein identification in this insect and, through extremely deep RNA-
Seq studies, reveals novel genes that likely play a role in insect defense, and provides useful
leads for functional elucidation of unknown defense proteins in this biochemical model
insect. More importantly, this method is applicable to gene discovery and study of process/
tissue-related transcriptome changes in all non-model species with no known genome
sequences.

2. Methods and materials

2.1. Insect rearing, bacterial injection, RNA isolation, and library construction

M. sexta eggs, purchased from Carolina Biological Supply, were hatched and reared on an
artificial diet as described by Dunn and Drake (1983). Each of day 2, 5™ instar larvae (60)
was injected with a mixture of Escherichia coli (2x107 cells), Micrococcus luteus (20 pg)
(Sigma-Aldrich), and curdlan (20 pg, insoluble -1,3-glucan from Alcaligenes faecalis)
(Sigma-Aldrich) in 30 ul H,O. Total RNA samples were extracted from induced hemocytes
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(IH) and fat body (IF) 24 h later using TRIZOL Reagent (Life Technologies Inc.). Control
hemocyte (CH) and fat body (CF) RNA was prepared from day 3, 5" instar naive larvae
(60). PolyA+ RNA was separately purified from the total RNA samples (1.0 mg each) by
binding to oligo(dT) cellulose twice in the Poly(A) Purist™ Kit (Ambion). First strand
cDNA was synthesized using mRNA (5.0 ug), random dodecanucleotides (100 pmol), and
SuperScript™ 111 reverse transcriptase (1000 U, Life Technologies Inc.). RNase H treatment,
second strand synthesis, and gap joining were performed according to the published protocol
(Zou et al., 2008). After shearing via nebulization, the four samples were end-repaired (Roe,
2004) and ligated to double-stranded adaptor A and biotinylated adaptor B (Margulies et al.,
2005).

2.2. PCR amplification, pyrosequencing, and sequence assembly

The cDNA with adaptor B attached on one or both ends was isolated using streptavidin-
coated magnetic beads, end repaired, and quantified on an Agilent 2100 Bioanalyzer
(Agilent Technologies). Diluted DNA molecules, individually captured by beads, were
amplified using emulsion PCR with the two primers complementary parts of A and B
adaptors (Margulies et al., 2005). After removal of the second strand and empty beads, the
sequencing primer identical to another part of A adaptor was used for sequencing. Two full
plates were run with one-half plate for each library on a 454 GS-FLX pyrosequencer (Roche
Applied Science) using long-read GS-FLX Titanium chemistry. Reads were assembled
separately for each library (CF, CH, IF, IH) and collectively (CIFH) using Newbler
Assembler (Roche Applied Science) into five datasets: CF, CH, IF, IH, and CIFH (Fig. 1).
To improve coverage and quality of the sequence sets, data from our previous run on a 454
GS20 (Zou et al., 2008) were assembled into two datasets (06 for the 2006 data and 06CIFH
for the 2006 and 2009 data) using the updated Newbler software. The resulting contigs and
singletons from the seven datasets were compared against the NCBI nr/nt and KEGG
databases using BLASTN, BLASTP, and BLASTX with a maximum E-value of 1x107°.
For the combined library CIHF, numbers of CH, CF, IH, and IF reads assembled into each
contig were extracted from the standard Newbler Assembler output and tabulated using
Microsoft Excel.

2.3. Read normalization and ratio calculation

Based on frequencies of several commonly used standards in each of the four libraries (e.g.
number of rpS3 reads in CH + number of total reads in CH), a set of six ribosomal protein
genes were selected as internal standards, which had high total read numbers and low
coefficients of variation (i.e. SD/mean) in their frequencies. The sums of their read numbers
for specific libraries, or library normalization factors (LNFs), which already reflected the
differences in library sizes, were directly used to calibrate other read numbers in the
corresponding libraries. For a specific contig in CIFH, its relative abundance (RA) in
libraries X and Y is defined as: RAyy, = (actual read # in library X + LNFy)/(actual read # in
library Y = LNFy). In case read # in library Y is zero, adjusted read number (ARN), instead
of RA, is calculated as: ARN, = actual read # in library X x LNF,/LNFy. Some of the
contigs in CIFH, whose RAs or ARNSs are above certain thresholds, are categorized into UP,
DN, HC, and FB: UP for up-regulated genes (RAr/cr >5, RA|n/cH >8, ARNjg >10 when
RNcr =0, or ARN|y >10 when RNcy =0), DN for down-regulated genes (RAcgF >10,
RAcH/H >10, ARNcg >20 when RNy =0, or ARNcH >20 when RNy =0), HC and FB for
genes preferentially expressed in hemocytes (RAn/iE >40, RAcH/ce >40, ARN;y >80 when
RNg =0, or ARNcH >80 when RN¢g =0) and fat body (RAr/ 14 >100, RACE/cH >100,
ARN|g >200 when RNy =0, or ARN¢cg >200 when RN =0), respectively.
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2.4. Sequence extension, database search, and domain prediction

3. Results

CIFH contigs in UP, DN, HC, and FB categories were used as queries to search local
databases of 06CIFH_contigs/singletons, UK _gut_contigs by BLASTN
(http://darwin.biochem.okstate.edu/blast/blast.html). The M. sexta midgut ESTSs (i.e.

UK _gut_contigs) (Pauchet et al., 2009) were kindly provided by Dr. Yannick Pauchet at
University of Exeter, UK. The search results were used to extend the CIFH contigs or, in
some cases, fill a gap between two contig sequences. The extended sequences were searched
against NCBI using BLASTX as described above. For UP CIFH contigs lacking BLAST
hits, a set of more stringent conditions was applied to select sequences for further analysis:
a) RA|r/ce >15, RA|H/cH >15, ARNE >30 when RN¢g =0, or ARNjy >30 when RNy =0,
b) total read number >70, and ¢) GC content >35% (i.e. coding region-including). Open
reading frames in a chosen contig were examined for leader peptide using SignalP 3.0
(http://www.cbs.dtu.dk/services/SignalP/), which is commonly found in proteins highly
induced upon immune challenge (Jiang, 2008; Ragan et al., 2009). The polypeptide
sequences were then analyzed to detect conserved domain structures by SMART
(http://smart.embl-heidelberg.de/smart/set_mode.cgi).

3.1. Identification of differentially regulated genes in M. sexta by pyrosequencing

In order to find immunity-related genes expressed in fat body or hemocytes based on their
expression profiles, we isolated mMRNA of these two tissues from naive and bacteria-injected
larvae of M. sexta, a lepidopteran insect whose genome sequence has not yet been
determined. Using random dodecanucleotide primers that annealed to different regions of
MRNA molecules, we generated four cDNA libraries: CF, CH, IF and IH. To facilitate
assembly and ORF identification, we adopted long-read Titanium chemistry to sequence
these libraries on a 454 GS-FLX pyrosequencer and obtained a total of 227,302 reads from
CF, 647,587 reads from CH, 405,739 reads from IF, and 541,024 reads from IH (Table 1).
The total number of reads from two plates (0.5 plate per library) was 1,821,652, which was
19.1-fold higher than that from one plate (95,358 reads) sequenced on a 454 GS20 in 2006
(Zou et al., 2008). There also was a substantial increase in average read length from 185 bp
to 289 bp, but that was still much lower than what the manufacturer claimed (>400 bp)
(http://454.com/about-454/index.asp).

We assembled the reads into five datasets: CF, CH, IF, IH, and CIFH (Fig. 1). The first four
each came from its respective library, whereas the 5 dataset was assembled from the
1,821,652 reads in the four libraries sequenced in 2009. In CF, CH, IF and IH, 84.1~86.6%
of the total reads were incorporated into contigs at average sizes of 764~832 bp; In CIFH,
1,677,738 (92.1%) of the 1,821,652 reads were assembled to 19,020 contigs at 923 bp per
contig (Table 1). These assemblies were better than the previous one, that integrated 69,429
(72.8%) of the 95,358 reads into 7,231 contigs at an average length of 300 bp (Zou et al.,
2008). To improve the transcriptome coverage, we used the latest version of Newbler to re-
analyze the previously generated flowgrams, assembling 64,874 of the reads into 1,471
contigs with an average of 391 bp per contig in the 6t dataset (“06”) (Table 1). Finally we
assembled all the source libraries (2006, CF, CH, IF, and IH) into “06CIFH”, which
contained 19,504 contigs (average size: 911 bp) and 120,670 singletons.

We used numbers of CH, CF, IH, and IF reads for each CIFH contig to identify
differentially regulated genes. Since read numbers depended on library sizes and needed to
be normalized against control genes, we compared frequencies of commonly used internal
standards in each of the four libraries and found that six ribosomal protein genes (rpS2—
rpS5, rpL4 and rpL8) showed low coefficients of variation (<30%) and high total read
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numbers (>1,000). So, we used the sums of their read numbers 825 (CF), 3,980 (CH), 1,618
(IF), and 3,352 (IH) as library normalization factors (LNFs) to calibrate read numbers and
calculate relative abundances (RASs) (Fig. 1). Based on the RA values, 920 or 4.84% of the
19,020 contigs in CIFH were categorized into four groups: UP (Table S1) and DN (Table
S2) for up- and down-regulated genes upon immunization; HC (Tables S3) and FB (Table
S4) for genes preferentially expressed in hemocytes and fat body, respectively.

3.2. Sequence analysis and function prediction of UP genes

We discovered 528 CIFH contigs whose RA|g/ce of RA|w/cH Was greater than 5 and 8,
respectively, or whose adjusted number of IF (or IH) reads (ARN) was >10 when the CF (or
CH) read was zero — the adjustment for IF was read # x 825/1618 and that for IH was read #
x 3980/3352 (Table S1). As we anticipated, these contigs encoded polypeptides either
identical to immunity-related proteins previously isolated from M. sexta (e.g. hemolin), or
similar in sequence or domain structure to defense factors found in other insects (e.g.
Spodoptera frugiperda X-tox), or related to proteins previously not known to play a role in
immune responses (e.g. carboxylesterase), or having no significant sequence similarity to
known proteins. In the following, we describe these contigs in the order of their putative
immune functions.

A. Recognition of molecular patterns associated with microbes—To reinforce
detection of invading organisms, certain pattern recognition receptors (PRRS) are
synthesized in insects at higher levels after the initial encounter of foreign entities or
abnormal host components. For instance, we found an Ig-domain protein (contig 03442) had
an RAg/ce of 748.5 (Table 2). This protein, M. sexta hemolin, was reported previously as a
highly inducible PRR that recognizes LPS of Gram-negative bacteria (Ladendorff and
Kanost, 1991). Other PRRs included M. sexta immulectin-2 (contig 04775, RA|g/ck: 45.4),
immulectin-4 (contig 04808, ARN,g: 217.2), peptidoglycan recognition protein-1 (PGRP1)
(contig 13190, ARN;: 10.7; contig 14104, RA|g/ce: 6.3; ARNy: 15.4), PGRP2 (contig
14700, residues 1-96, ARN,g: 93.3; contig 14752, residues 98-196, ARN,g: 60.2), p-1,3-
glucan recognition protein-2 (BGRP2) (contig 01326, RA|r/ck: 9.7; RA|H/cH: 9.2). These
data not only confirmed the published PRR sequences but also provided information on fold
increases in their transcript abundances. Contig 06630 (RA|g/ce: 11.2), 58% identical to M.
sexta immulectin-3 (Yu et al., 2005) in residues 1-276, represented a previously unknown
immulectin discovered based on its induced expression as well as sequence similarity.
Newly identified PRRs also included PGRP3 (contig 00575, RA|g/ck: 44.0), homologs of
Bombyx mori PGRP5 (contig 11845, RA |4 cH: 10.1) and PGRP-S6 (contig 08467, ARN|g:
57.6), homologs of B. mori CTL10 (contig 14515, residues 54-182, RAg/cg: 8.7; contig
15639, residues 233-308, RA|g/ck: 5.6; contig 11458, residues 54-306, ARN,g: 28.0),
homolog of B. mori Gram-negative binding protein (contig 08247, RA|4/cH: 10.7) (Tanaka
et al., 2008), LPS-binding leureptin (contig 15857, RA|/cH: 10.7) (Zhu et al., 2010), Ig
domain-containing hemicentin-1 (contig 00131, RA|g/ce: 6.4) and -2 (contig 14278,
RAg/ce: 8.7) (Vogel and Hedgecock, 2001). Therefore, expression profiling and sequence
similarity together provided a powerful tool to discover process-related genes without a
priori genome sequence.

B. Extracellular signal transduction and modulation—Hemolymph proteinases
(HPs) in insect plasma form enzyme cascades to detect pathogen-PRR complexes and
activate precursors of defense proteins (e.g. PO, spétzle, serine proteinase homolog (SPH),
and plasmatocyte-spreading peptide (PSP) by limited proteolysis (Jiang and Kanost, 2000).
We found eight HPs in the UP list: M. sexta HP7 (ARN;g: 11.2), HP9 (RA|H/cH: 28.5),
HP17 (ARN|HZ 15.4), HP18 (RAIH/CH: 40.4), HP19 (RA”:/CFZ 7.1), HP22 (RA”:/CFZ 5.1),
proPO-activating proteinase-2 (PAP2) (ARN,g: 50.0), and PAP3 (ARN,g: 22.9) (Table 3).
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Expression profiles associated with the immune inducibility agreed well with the RT-PCR
and northern blot results published earlier (Jiang et al., 2003a, 2003b, 2005). We also found
six contigs encoding isoforms of a strongly inducible protein (scolexin) that contained all
three catalytic residues of S1A proteinases but did not display any amidase activity (Finnerty
et al., 1999). The high ratios and read numbers of these contigs (RA|r/cr: 338.6 and 551.2;
ARN\g: 70.9, 129.5, 145.3, 169.8) suggested that primer binding and reverse transcriptase
pausing were biased at certain sites of the template because, otherwise, there should not
have been any gap for such a short ORF of ~1.36 kb. The exact role of scolexin in defense is
still unclear.

In the reaction of proPO activation, a high molecular weight complex of SPH1 and SPH2
has to be present along with PAP and proPO to generate active PO (Gupta et al., 2005). In
this study, we identified SPH1 (contig 02813, RA|H/cH: 9.5) and SPH2 (contig 6149,
RA|E/cE: 16.7; contig 14393, RAg/ck: 33.7) and confirmed their induced expression (Yu et
al., 2003). Contig 02985 (RA|g/ck: 27) contained a complete ORF coding for a regulatory
clip domain followed by a serine proteinase-like domain. The protein, designated M. sexta
SPH4, is 49% and 92% identical to SPH1 in the amino- and carboxyl-terminal domains,
respectively. Such a disparity in sequence alterations suggests that the selection pressures or
structural constraints for these two regions differ dramatically.

Functions of serine proteinases are modulated not only by SPHs but also by their inhibitors.
Particularly, some members of the serpin superfamily regulate serine proteinase activities by
forming covalent complexes with their cognate enzymes (Kanost, 1999). We have identified
six serpins in the UP list (Table 3), five of which are known as M. sexta serpin-1 (contig
7639: ARN|y: 16.6), serpin-2 (four contigs, ARNy: 61.7, RA|/cH: 13.3, 15.4, 20.2),
serpin-2 homolog (four contigs, RA|n/cH: 19.8, 38.8, 77.2, 112.8), serpin-3 (contig 2693,
RAF/cr: 7.5), serpin-5 (three contigs, RA: 5.9, 11.9, 16.5). We have found a new serpin
(contig 6215, RA |1 cH: 9.5) and its ortholog in B. mori, SLP or serpin-12. The silkworm
serpin was expressed in fat body of bacteria-injected larvae but not in fat body of naive ones
(Zou et al., 2009). Its transcription in hemocytes also was similar to that of the M. sexta
serpin: the mRNA was low in naive larvae and became higher in induced ones.

Besides serine proteinases, SPHs and serpins, we also have found other proteins that either
mediate or regulate immune responses in M. sexta or other moths (Table 3). These include:
tyrosine hydroxylase (contig 2023, RAg/ck: 16.8) (Gorman et al., 2007), dopa
decarboxylase (contig 00940, ARN,g: 106.6) (Noguchi et al., 2003), PSP-binding protein
(contig 15055, RA|g/c: 8.2) (Matsumoto et al., 2003), and Zn proteinase (contig 0915,
ARN|g: 11) (Altincicek and Vilcinskas, 2008). Four immunity-related proteins, Hdd1,
Hdd11, Hdd13, and Hdd23 (Shin et al., 1998), are included here even though their functions
remain unknown.

C. Intracellular signaling pathways and their components—~Pathogen recognition
and signal transduction can either go through a PRR-SP system in insect plasma (e.g. spatzle
processing for Toll activation) or directly binds to PRRs on the surface of immune tissues/
cells (e.g. PGRP-LC binding for Imd activation in Drosophila). After that, intracellular
proteins are mobilized to relay signals into the cell nucleus where transcriptional regulation
occurs. As shown in Table 4, we have detected increase in transcript levels of the putative
pathway members: Toll-like receptors (contigs 06893 and 18001, 68% and 94% similar in
amino acid sequence to ABO21763) (Ao et al., 2008), cactus (contig 01044) (Furukawa et
al., 2009), relish (contigs 04802 and 15532) (Tanaka et al., 2007), and eiger (contig 01020, a
membrane-bound TNF homolog) (Kauppila et al., 2003). Other intracellular proteins
possibly involved in signal transduction or modulation include a Ser/Thr protein kinase,
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GTP/GDP exchange factors, a receptor Tyr phosphatase, a protein phosphatase 2c, ankyrin
repeat proteins, and vrille transcription factor.

D. Antimicrobial peptides/proteins—Overproduction of effector proteins that
immobilize pathogens, block their proliferation, or directly kill them is a hallmark of insect
immunity (Bulet et al., 2004). Consistent with this notion, we have detected 65 UP contigs
encoding: A) antimicrobial peptides, B) low molecular weight proteinase inhibitors, C)
lysozymes, and D) transferrins (Table 5). In group A, twenty-five contigs (06782, 07203,
08902, 11040, 11711, 13563, 14343, 14380, 14641, 15159, 15732, 15744, 15953, 15997,
16129, 16150, 16576, 17135, 17304, 17350, 17632, 17705, 18324, 18814, 18977) code for
at least six attacins, eight (03746, 14568, 15998, 16292, 17184, 18150, 18699, 18819) for at
least three X-tox (Girard et al., 2008), six (04903, 07116, 10853, 13916, 17301, 17434) for
four lebocin-related proteins (Rayaprolu et al., 2010), four (12151, 13894, 14997, 15041) for
three cecropins (Zhu et al., 2003), two (09484, 17439) for two moricins (Dai et al., 2008),
and one (02067) for gloverin (Zhu et al., 2003). Group B consists of eight contigs (03142,
03674, 04175, 05197, 08286, 10722, 13936, 16018) encoding proteinase inhibitor-like
proteins which may block proteinases released by bacteria, fungi, or parasites (Armstrong,
2006; Zang and Maizels, 2001). Group C has three contigs (08421, 15931, 16133) coding
for two lysozymes (Mulnix and Dunn, 1994) that hydrolyze bacterial peptidoglycans. Group
D includes seven contigs (02145, 11027, 14937, 16606, 17206, 18239, 18308) encoding at
least two transferrins that may sequester iron and, by doing so, prevent bacteria from
proliferation (Nichol et al., 2002).

E. Other up-regulated genes—Among the 528 UP contigs, 177 did not have any
BLAST hits (Table S1), indicating that some of them may encode polypeptides previously
not known to be involved in immunity. To ensure these sequences are indeed up-regulated,
we selected contigs with RA >15 (or ARN >30) and total read numbers >70. We then
extended these contigs, if possible, with sequences in dataset “06” (Table 1) and in the M.
sexta gut EST dataset (Pauchet et al., 2010). After eliminating the contigs with GC-contents
<35% (hence, likely representing 5’ or 3’ AT-rich untranslated regions of up-regulated
genes), we examined the remaining ones in greater detail (Table 6). Contigs 00327, 01714,
04720, 05532, and 07536 contain ORFs with a secretion signal peptide. The putative mature
proteins (41, 61, 37, 86, 179 residues long) could be novel AMPs or in other ways involved
in immunity. Contig 02467 encodes a secreted protein containing ten Cys that may tether the
139-residue polypeptide into a stable domain functioning as a proteinase inhibitor or an
antifungal protein (Kanost, 1999). Contigs 15852 and 17316 encode proteins with 2 and 3
Kazal-type proteinase inhibitor domains, respectively. Contigs 17537 and 17568 encode
proteins with a DM9 domain. Contigs 03381 and 15910, after extension, are found to be a
part of cactus and serpin-2 transcripts. The other contigs encode sequences similar to B.
mori heat shock protein 25.4, SPH, and esterases.

3.3. Sequence analysis and function prediction of DN genes

The analysis of down-regulated genes yielded results that surprised us at first: among the 53
DN CIFH contig groups with BLAST hits, ten were closely related to immune responses
(Table 7). A contig group represents a single contig in most cases but, in other times, has
multiple contigs with the same BLAST hit, which may come from different genes. They
include lectins (06497, 07642, 11280, 13813, 14570, 14760), lacunin (00015), HP1 (16288),
and proPOs (17085 and 17958). A closer inspection of the data indicated that the decreases
in MRNA levels seem to always occur in fat body instead of hemocytes. Since these genes
were all expressed at much higher levels in hemocytes than fat body (RAcH/cF or 1H/1F >40),
we suggest the apparent down regulation in fat body were caused by unequal contamination
of fat body tissue by hemocytes: somehow there was much less contamination in induced fat
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body of these hemocyte-specific transcripts. In hemocytes, their average RAcH; i was only
2.1 — no major down-regulation was observed for these immunity-related genes in cells
mainly expressing them. It is likely that similar contamination of fat body tissue by
hemocytes also resulted in the observation of genes not known to be directly related to
immunity, which includes 11 contig groups (00010, 00248, 00379, 00623, 00628, 03286,
03654, 07139, 08686, 10124, 13842) with RAcH/cF or 1H/1F >40 (hemocyte-specific) and
RAcE/iF >10 (fat body DN) but RAcH/H <3.

After eliminating contigs whose RAcH/ck or 1H/1E Calculated from low read numbers, we
have found four DN contigs: 02730 encodes a p-glucosidase, 11098 a Met-rich storage
protein, 12848 a proteinase inhibitor, and 14781 a phosphoserine amino transferase. Follow-
up studies are needed to confirm their down-regulation and explore physiological relevance
of the decrease in transcript levels.

3.4. Tissue-specifically regulated genes in larval hemocytes

Using the same set of read numbers in CIFH, we found 45 contig groups representing genes
preferentially expressed in hemocytes. Interestingly, this tissue-specific pattern (RA >40 or
ARN,H >80) was only found in the induced samples but not in the control ones (Table 8). A
closer examination of the data uncovered the possible reason for this bias: although fat body
was collected under the same conditions, more hemocytes attached to the control fat body
tissue than the induced one. Consequently, higher read numbers from contaminating
hemocytes in control fat body led to much lower RAccr values than their corresponding
RAH/E’S. While the same reason caused wrong identification of some contigs as down-
regulated ones (Table 7), the skewing of RAs against the control samples (i.e. lower
RAcH/cr) did not seem to affect the correct calling of hemocyte-specificity in a qualitative
term. For the entire contig groups, the sums of CF and CH reads were 2173 and 105143,
respectively. The average RAcw cr of 10.0 was much lower than the cutoff value of 40 but
still substantially higher than 2-5, thresholds commonly used in microarray or qPCR studies
to assess differential expression. In comparison, the sum of IF and IH reads were 302 and
62907, respectively, and their average RA | r was 100.5.

The hemocyte-specific gene expression is, in several cases, supported by previous studies on
M. sexta defense proteins such as lacunin (Nardi et al., 1999), HP1 (Jiang et al., 1999),
serpin-2 (Gan et al., 2001), and proPO (Jiang et al., 1997). Lacunin is an extracellular matrix
protein responsible for transforming circulating non-adhesive hemocytes to adhesive ones
that aggregate on foreign surfaces (Nardi et al., 2005). Contigs 16288, 16719 and 17102
encodes clip-domain HP1; contigs 08524 and 12527 encode an HP1 homolog ~97%
identical in sequence to the published one (Jiang et al., 1999). HP1 may be involved in a
serine proteinase cascade that proteolytically activates proPO in plasma. Hemolymph proPO
is synthesized in oenocytoids only (Jiang et al., 1997): 6 contigs encode proPO subunit-1
and 9 encode proPO subunit-2.

Based on sequence homology, we also discovered 51 contigs that were not known to be
related to hemocyte-mediated immunity in M. sexta (Table 8). Contigs 11280, 13813,
15506, 15594, and 18551 probably encode parts of hemolectin or hemocytin, a >300 kDa
protein participating in hemolymph coagulation (Lesch et al., 2007; Kanost and Nardi,
2010). As many as 37 contigs encode multiple lectins that bind to carbohydrates. Contigs
05933, 08686, 13271, 15116, 15350, and 15564 encode scavenger receptor C-like proteins
that could also recognize carbohydrates. Apparently, hemocytes play critical roles in the
recognition of pathogens that are covered with polysaccharides on the surface. Contig 02473
encodes a protein homologous to Drosophila eater that mediates bacteria phagocytosis by
hemocytes (Kocks et al., 2005). Contigs 03287 and 07139 may be related to antiviral and
antiparasitoid responses, respectively (Abdel-latief and Hilker, 2008; Liu et al., 2010).
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Inside hemocytes, proteins may relay signals in a cell-specific manner. These include
contigs 00541, 00752, 03246, 06319 (G-protein coupled receptors), 00882 (GTP-binding
protein) 00010 (cAMP-dependent kinase), 00839 (receptor-type Tyr-protein phosphatase),
02159 (septin for ubiquitination), 15584 (GTPase atlastin), 14248, 15111, 16917, 17058,
and 17751 (serpin-2 and 2"). It is unclear how these two highly inducible, intracellular
serpins may inhibit a proteinase during apoptosis (Bird, 1998). Nor is it known how the
other proteins may transduce signals dependent on the immune status of hemocytes.

3.5. Specific gene expression in fat body from feeding larvae

Because hemocyte samples collected through cut prolegs of feeding larvae were unlikely
contaminated with fat body tissue, the 132 fat body-specific (i.e. FB) contig groups had high
RACGE/CH or 1IE/1H Values (Table 9). Moreover, since chances for such contamination were
equal for hemocytes from naive and challenged M. sexta larvae, there was no globally
uneven distribution of RAs or ARNs between the CF/CH and IF/IH groups. In other words,
the data on fat body-specific gene expression were unbiased and reliable.

Insect fat body, analogous to combined mammalian liver and adipose tissue, is the site
where most intermediary metabolism takes place (Arrese and Soulages, 2010). It also is the
principal source of plasma proteins, including those participating in innate immune
responses (Jiang, 2008; Ragan et al., 2009). These notions are strongly supported by the
identification of FB contigs and BLAST search: 61 or 46% of the 132 FB contig groups are
metabolism-related, whereas 32 or 24% are immunity-related (Table 9). Since metabolism-
related genes and their transcript level changes after the immune challenge will be reported
elsewhere, we only discuss fat body-specific gene expression involved in antimicrobial
defense responses and the UP contigs covered in Section 3.2 are not repeated here. B-1,3-
glucan recognition protein-1 (02979) (Ma and Kanost, 2000), immulectin-3 (01097) (Yu et
al., 2005), and leureptin (04012 and 08453) (Zhu et al., 2010) are pattern recognition
receptors binds fungi and bacteria (Table 9). HAIP (02947), a chitinase-like protein, inhibits
hemocyte aggregation (Kanost et al., 1994). Contig 05348 encodes a protein with at least
three Ig domains. Contig 00535 encodes a thrombospodin-like protein with eight EGF-like
domains and one coiled coil for protein-protein interaction. Contig 07671, after extension, is
found to encode a >60 kDa protein with at least four EGF domains. Hemicentin (00465) is a
cell adhesion protein containing a von Willebrand A domain (Vogel and Hedgecock, 2001).
Contig 08821 encodes a fibrillin-like nimrod B which may play a role in pathogen
recognition and phagocytosis (Kurucz et al., 2007).

We have found six proteinase inhibitor-like proteins, including homologs of B. mori
serpinl2 (or SLP: 03776, 06215, 06531, 17814), serpinl13 (02184) and serpin22 (03224)
(Zou et al., 2009), two Cys-rich secreted protein (06175, 06597), and cationic protein-8
(16281, 17312) (Ling et al., 2009). Contig 02651 encodes three cytokines that may regulate
cellular immune responses (Kanamori et al., 2010).

4. Discussion

Next-generation sequencing has been increasingly used for profiling gene expression in the
past few years (Costa et al., 2010; Marguerat and Bahler, 2010). While its advantages over
microarray analysis are obvious in some aspects, this technique has been so far, to the best
of our knowledge, only applied to species with known genome sequences for transcript
profiling. (It has also been used in other species for general transcriptome analysis but not
for systematically studying mRNA level changes.) In this study, we have extended massive
sequencing and data analysis to a new dimension in which gene discovery, expression
profiling, and function prediction are done at the same time in a lepidopteran insect lacking
known genome sequence. This technical improvement, mathematically simple, generated a
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wealth of information in a cost-effective manner and opens a door for similar studies in non-
model organisms of practical importance.

Using numbers of reads assembled into specific contigs to calculate RAs provides a
genome- independent way of looking at gene expression in relation to specific physiological
processes and tissue/cell types. This perspective becomes more relevant when homology-
based search results are also taken into consideration, even though expression pattern by
itself is an autonomous parameter for gene discovery (Table 6). Systematic examination of
transcript level changes in conjunction with sequence comparison can be extremely
powerful in terms of gene discovery and functional prediction. It is our general impression
that details of microarray data were, in many cases, overlooked when they were merely
considered as spots rather than specific genes associating with functions. This tends to be
true, especially when expression of genes does not strongly correlate with a treatment due to
biological or technical reasons. For example, real expression changes of certain genes are
sometimes too small to be distinguished from background caused by nonspecific binding in
hybridization-based methods. In contrast, since read numbers for individual contigs are
“digital”, their corresponding RAs or ARNSs have a greater dynamic range in measurement
of relative transcript abundance and do not carry noise or artifact and can, thus, be calculated
and compared with high confidence. In this study, we set cutoff RA or ARN values more or
less empirically based on preliminary tests with different thresholds, presence or absence of
immunity-related hits in the results, and number of contigs appropriate for manual checking
and tabulation. If necessary, however, we can conveniently use lower RA cutoffs to increase
detection sensitivity to discover subtle changes in transcript levels. The depth of our datasets
surely allows us to explore in greater details the immunity-relatedness and tissue specificity
of gene expression. For instance, some metabolic enzymes do not change much in their
transcript levels. By mapping their contigs onto metabolic pathways with close-to-one RA
values, we may detect trends from multiple members of specific pathways, which reveal
impacts of immune response on general metabolism of the insect.

In essence, we have projected RA values of our dataset (“CIFH™) onto four surfaces of a
tetrahedron: two for UP and DN, two for HC and FB (Fig. 2). If each contig is represented
by a point, the data we examined are located far away from the axis of immune inducibility
(RAF/CE or 1H/cH =1) or tissue specificity (RA|F/H or cr/cH =1). The remaining >95% of the
19,020 data points are densely packed along these two axes. The large number of such
contigs reflects the depth of our sequence data, as also revealed by studying a number of
selected contigs. For example, we have found in our dataset four lebocin-related sequences:
the first one encodes a precursor protein which is processed by an intracellular processing
proteinase into 4 peptides and 2 are antibacterial (Rayaprolu et al., 2010). The other three
lebocin precursors are anticipated to be processed in the same manner, based on their
sequences and conserved cleavage sites (data not shown). Further evidence in support of
sequence depth came from the detection of highly similar contigs assembled from large
numbers of reads, such as attacins (data not shown).

Our data also indicate that not all immunity-related genes are up-regulated after the injection
of microbes — some of them do not increase much and others may even decrease. For
instance, HP6 and HP8 mRNA levels did not significantly change (RAs for CIFH 00540,
05370, and 09086: 1.6, 2.3, and 1.3, respectively) after the challenge but they are involved
in spéatzle and proPO activation (An et al., 2009 and 2010). In order to identify gene
products that may be involved in pathogen recognition or signal transduction but not
significantly increase in mMRNA levels, we have searched the entire dataset (“06CIFH”)
using the B. mori sequences (Tanaka et al., 2008; Zou et al., 2009) in conjunction with M.
sexta HP1 through HP24 and PAPs. Of the 534 contigs identified, 368 do not belong to the
highly induced (UP: RAr/cr >5 or RA /cH >8) or suppressed groups (DN:

Insect Biochem Mol Biol. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Supplementary Material

Page 11

RACE/IF or cHiiH >20): 119, 193, 62, and 8 contigs have their RA values falling into
moderately induced (RAr/cr: 2~5, RAIH/cH 2~8, or ARN|E o 11: 4~10), no change
(RAIR/CF or 1H/CH: 2~0.5 or ARNIg, 1, cF, or cH <4), slightly suppressed (RACF/IF or cH/IH:
2~6 or ARNcE, or ch: 4~12), and moderately suppressed (RACE/IE or cH/iH: 6~20 or
ARNCcE, or cH: 12~40) groups, respectively. While most of the highly suppressed group
(“DN”) (RACF/IF or chiH: >20 or ARNGE or cH: >40) turned out to be false positive (Table
7), mRNA levels of 48 and 3 contigs were indeed reduced slightly and moderately (data not

shown), respectively.

Beyond method development, this study has established a foundation for genome
annotation, especially for genes that are induced or suppressed in response to the immune
challenge and for genes preferentially expressed in fat body or hemocytes. As a new version
of the transcriptome analysis, it provided two high-quality cDNA datasets (“CIFH” and
“06CIFH™) that can be used for identification of plasma proteins from naive and induced
feeding larvae. We detected a lot fewer indels in these contigs than those from our previous
work (Zou et al., 2008). The coverage of our datasets, as well as expression profiles from the
read comparisons, is anticipated to not only facilitate proteomic analysis but also assist
cDNA cloning, recombinant expression, and functional elucidation of immunity-related
genes in this biochemical model insect. It is our sincere hope that similar experiments
including data processing will be performed in non-model organisms to discover genes of

critical importance.

Refer to Web version on PubMed Central for supplementary material.
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CF,IF,CHand IH
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HP

PO and proPO
AMP

EST

rpS/Lx

LNF

ARN

UP and DN
FB and HC
ORF

PRR

control and induced fat body or hemocytes
relative abundance

hemolymph proteinase

phenoloxidase and its precursor
antimicrobial peptides

expressed sequence tag

ribosomal small or large subunit protein X
library normalization factor

adjusted read number

up- and down- regulated

fat body- and hemocyte-specific

open reading frame

pattern recognition receptors
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LPS lipopolysaccharide

PGRP peptidoglycan recognition protein

BGRP f3-1,3-glucan recognition protein

CTL C-type lectin

SPH serine proteinase homolog

PSP plasmatocyte-spreading peptide

PAP proPO-activating proteinase

HAIP hemocyte aggregation inhibitor protein

EGF epidermal growth factor

RT-PCR reverse transcription-polymerase chain reaction
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Fig 1. Scheme of library sequencing, dataset assembling, read normalization, contig
categorization, and function prediction

Five cDNA libraries (CF, CH, IF, IH, and 2006) were assembled into seven datasets, one of
which (#5: CIFH) was further analyzed by extracting numbers of CF, CH, IF and IH reads
assembled into each contig. As described in Section 2.3, read numbers were calibrated using
library normalization factors (LNFs) for the calculation of relative abundances (RAS) or
adjusted read numbers (ARNS). Based on thresholds set arbitrarily, contigs were categorized
into four groups: UP and DN for up- and down-regulated; HC and FB for hemocyte- or fat
body-specific.
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Fig 2. Analysis of the CIFH dataset in terms of immune inducibility and tissue specificity
Examination of the RA values is a process of projecting the CIFH dataset onto four surfaces
of a tetrahedron. Two of them represent deviations from 1 (brown line) regarding mRNA
level changes before and after the immune challenge: UP (red) for RA|g/ck or 1H/cH @bove a
set value of greater than 1; DN (green) for RA|r/ck or 1H/cH below a set value of smaller than
1. The other two surfaces represent deviations from 1 (green line) regarding abundance
changes in the two tissues: FB (yellow) for RA|r/1H or cF/icH above a set value of greater than
1; HC (blue) for RA|r/1H or cricH below a set value of smaller than 1. In this study, we used
RA|F/cr >5 and RA,cH >8 as cutoff values for UP (red line), RAcF/F or chiin >10 for DN
(dashed green line), RA11/1F or cHick >40 for HC (blue line), and RA|g/1H or cricH >100 for
FB (dashed yellow line). The regions above these lines contain 528 UP, 148 DN, 161 HC,
and 250 FB contigs (accounting for 2.8%, 0.8%, 0.8%, and 1.3% of the 19,020 contigs,
respectively), whereas the regions below represent >94.3% of the total contigs, not analyzed
in this study.
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Table 6

A list of 22 UP CIFH contigs without BLAST hit”

CIFH Original read number RAOrARN |Length 4o . Protein sequence
contig# | CF CH IF IH total | IFICF IH/CH | (aa)
00327 | 2 9 154 31 196 | 393 41 | 60 MSIISITFILVSIALTIVEGVGYRSFY ANKSSIKSLFAKILKKNHTFITHIYNILNKYNIE®
0714 | 3 2 90 1 9% | 153 06 | 84 MIAFTRLYLLVILASL A R
9 | 220 MAKSVAITLAFLLAVEEIGSCLRCYQCNSQEDPACADPY KSAKAPYDCASQDSINYNQLY LRNMILPPEVEGTVAGAPRY CHKIVTQTGTTVRTCLDA
02467 1 37 45 46 129 | 229 15 | 160 NPADINITCRLIENSSKMASVESKKIKIICS VCDKDNCNGSGTVSLSAPL AALALVASYLYYKQ*
135 Ny YLEMLSLPDNVDPAGEWTYSQGVL KIDFKIKNSFE
. >135 5.4 | FOIM IS DANIYGINVGOAFVGNDNDOMYINVE R
02669 (2 0 158 0 160 | 40, 00 | gi79  hP254 | rvvicsu DRGIAKLOREIEKL VIDNRYTLKMYRNVKFRD
IEVKSKPGT s YSQGVLKIDFKKKNGPL NEYDVEVE®
EGVPSEVLEL PDVPPLADLFHPDNDGDTQLHIASVHGC
5 23 EXSVSTIIRVCPDKEWLDLPNDYGHTPLHLAVMSGNAVVTRMLVIAGASL ARDIVGETLIIKATAMRNOECLKALLAPVFEQMRKLSSILDORNY
03381 32 34 441|173 1.6 322 Sankyrin | \GocCViLAASIGSVETLOTLVYYGADINA RENLAGWTAL
DSDSDDDDMYDSDSETLFEKLRESLSTSINVA'
04720 | 26 1 1025 0 1052| 2001 0.0 | 66 MYSWKAAVLRFRVGOLY WVFLLSISPESGIVPRYGDRLAPHHIMGONTHGEKGMORCASAYSFKDA*
o > MEIVLASLVSLAAAAPRLAPNTRESQSDIEQY ANIY PAMDDEGVTKNQLYLQPNSAPWTVITKDLOY VMSMPMPGY NKEDIEVL ALNKGITVRATT
05532 | 0 0 110 0 110 | 561 00 | 100  hsp2sd [MEL
b I N MEIVLASLVTEAAAAPRVAPY THFSQSDIEQYSNIYPNLDDLGVTKNGFYLOFNSAPWTVSTKDLQY YMSMPMPGYNKEDIEVLALNKGITVRAKGK
06987 0 0 ™ 0 43 0 152 hSP25.4 | LG DDIVKSQIVVTLLPAYVNPLGRWTYDGVLRIAFPIRWFSDDGSSY AIPVIIDA®
MPTIKPYLLFILLGVACAT r
07536 | 7 0 383 2 392|279 24 | 19 TIRLNGPGQADVRLF
VorRRS®
5 5 5 MELKTSVECACIAMIAAQDF NLDVSNKTLAPKPEKFKNIEGCYIPEKDTVIPLNARVAWKDKCLEYRCYSQS VEIAECSTOVPDF KNNPKCEMHRDY
08371 1 00 79 0 79 [ 403 00 | 125 EKPYPECCPKIACYIRSISGVNAFDNIF
b 2 367 MELLLASLVTLA' TS APKOYFQNIFPDKNSLGVINNTINILYDS APWTITSTGTEYTLSMPMSGYQKEDIAVMANTGILAMKABH
08751 1o 2= o0 @ 6. 00 163 hsp25.4 | \raviKsers: LVNPAGWWTYHDGVLKVTFPINGRNTDAGATRDVNASDVEQIVLDGNN
156 MISRVUMNFIAAWTSYY, NHYILQWYL EMLSLPONVDPAG
. 5 5 wr»v.}(\lMmMMmMN\\\mw\wn\vwv\ﬁ»w\ncu\uv4l)\4v~1>0\mr~\m4 d
> 2
1338 [ 31 524 0 28| 80 00 | g hep2sd [T R
IEVRSKPGTVMIKAIYKC st GVLKIDFKKKNGPE NEYDVEVE®
HONSTVLITALONATAT o PSLANSEIGINE
o N 3 . . T0TLLPSDT TPVYQPVCGTNY ATYENM
15850 1 0 0 134 0 134 (R 00 | >375  lkaml mmw,w NRITLERPCLLAVGITSRYOCIASCTKSEDNGPICG Lovoue .
GDNIATLONLLCTQNDNVNGIIIT
A A ST LT TNV ALNL AL TS TOPARTTLLKAL G PDNDOI KRS TEGALNGKLKAKGTLLVANKIV X
5 3 “ (GYEVEPELKKDAEDIFDTEFEKINFKDS, NOWVEHKTKNOIKDLFSSSSFSAFTRLVLYNAL NPKDTIKQVEHLDDKKTVKI
15910 (131 4 472 508 0 18.1 ( 381 Serpin2 | pynirkgQkeNyy ASPDLOAQLLEVSYA DIVGLNAVMONLADGHDLVSIRKMTPT VETEIDLTKLLPQLGIKAIF
NKDDSGLSELLSPAQEVY VIEAIQKY: DGAGIDIRFTSYMADAVTROS AVIRAVIIPHLYLLMGFONTIL FGAYRGN*
16754 [ 2 0 147 0 149 75 00 | =85 MEEVILCLFLL STTAAYTWQQT Q N SMNEFHRGMDELQRSIRKHARETCRRVEHPLKITKQ.
167824 | 10 228 0 229 [ 1163 00 | >85 MEFVILCLELLGTTAAYT v N RRVEHPLKITKO.
5 5 - KOSV AVAAVLEGCACAAPARANDIOLNGKL SIEAKGAK OPIDTRANER VY AVRSTGOFCGUTISPTWILTAGHCSILYAGSGLPAGTN
17200 | 0 0 216 1 217 | 1101 12 | 185 SPH i Yt
SEGINF
FVCOT ATy
173166 | 0 0 98 0 98 [ 500 00 | 496  Kazal AR
YNPVCGTNGITFENLSILRCVQLCGVSVNIHRASACTPAVVTQQETNDKNENKFLNNNSSETIFS TTTEADETIDIDPRILQIANNK
i
MYSVSPDAVEPPGTATSLNVRVSFLSAFPSNTMASHIRWIAATSDDASYLAPIAVVGGEDNY CNDKQALWVIRAKYECDLIPGELNSQRHT AY VFSD
17537 | 0 0 1 320 321 | 05 3800 | 5200 DM9 | GVAIAVKDINVCCAPRDKIOWITAGNGEVET. RIGDAIVFEGNADKNDTKTFSEVAVIGGKT ASGETLYIGRAKHIKSLIFGKIQPSLGILYVITKG
KEIAKKYYEVLCTVN
17568 | 0 0 0 400 400 [ 0.0 4749 | >118  DM9
o 1AGE G
AAIELAGKMGHESMNDDAIKYLARADPV: ST TDPYITONSAKIRAKILIGYNSKETTDTVDKDDAT Y
17610 [ 9 2 82 159 252 | 46 944 484 esterase | GLONAFSERLGOIFTIKKEELETLAKIVRDFYLGGKP! ILAERSVANY VKFGAEKVYKVIFSYIGOSPYKSLSOVGAFITE
ELQYLFQMTONL MWANTAKYGI LIVRWTPVINTE VKNYVNQORMAFWDLIWNQY WKTS
Pal
MIOLLYLLVMAAASDAHRQHGAAPSTDGRL TTSPSGTFRGSWMTTRKGORIEAYRGVRY AEPPVGELRFKPPRLITQYKDVVDATOEGPACPOPVQ
NDVFVDEDCLRL NV THOHKGKLLPVINYMIAGOF LDRDVVLVTINYRLGSL
18018 | 0 5 63 30 98 | 321 TA | 346 CSICTASC | RNIAAFGGDPNLVIITGYSAGSFSVELIMVSPISLKVLEHRAISMSGSPVSQIMIPLHORHLAERQARLLGYSTDSSKAIVDGLKTKT AKELGDSLLG
DY DPYLL VUKD GOL AT TMOPLDAKOGKMIOVPY QTR VRAT

*RA and ARN are calculated using original
ARN|F >30 when RNCFE =0, or ARN|H >30 when RNCH =0. Contigs with total read numbers lower than 70 or GC content lower than 35% are
not listed. Some of the contig sequences have been extended using sequences in dataset “06” (Table 1, Zou et al., 2008) and in the M. sexta gut
EST dataset (Pauchet et al., 2009). RA|F/CF and RA|H/CH Values are shown in red if they are greater than 15, while ARN|F and ARN|H values
are shown in blue if they are higher than 30. In the two columns of RA or ARN, cells shaded yellow and blue represent fat body- and hemocyte-
specific gene expression, respectively. The complete list of 528 UP CIFH contigs is in Table S1. The contigs labeled with the same letter (a to e) in
superscript indicate high sequence similarity between them, as highlighted with different colors at certain key sites of the protein sequences.

Underlined sequences represent putative signal peptides. The * indicates the end of protein sequence (stop codon).
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read numbers as described in Section 2.3. Listed here are contigs with RA|F/CF >15, RA|H/CH >15,
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