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a b s t r a c t

Pattern recognition receptors (PRRs) detect microbial pathogens and trigger innate immune responses.
Previous biochemical studies have elucidated the physiological functions of eleven PRRs in Manduca
sexta but our understanding of the recognition process is still limited, lacking genomic perspectives.
While 34 C-type lectin-domain proteins and 16 Toll-like receptors are reported in the companion papers,
we present here 120 other putative PRRs identified through the genome annotation. These include 76
leucine-rich repeat (LRR) proteins, 14 peptidoglycan recognition proteins, 6 EGF/Nim-domain proteins, 5
b-1,3-glucanase-related proteins, 4 galectins, 4 fibrinogen-related proteins, 3 thioester proteins, 5
immunoglobulin-domain proteins, 2 hemocytins, and 1 Reeler. Sequence alignment and phylogenetic
analysis reveal the evolution history of a diverse repertoire of proteins for pathogen recognition. While
functions of insect LRR proteins are mostly unknown, their structure diversification is phenomenal: In
addition to the Toll homologs, 22 LRR proteins with a signal peptide are expected to be secreted; 18 LRR
proteins lacking signal peptides may be cytoplasmic; 36 LRRs with a signal peptide and a transmembrane
segment may be non-Toll receptors on the surface of cells. Expression profiles of the 120 genes in 52
tissue samples reflect complex regulation in various developmental stages and physiological states,
including some likely by Rel family transcription factors via kB motifs in the promoter regions. This
collection of information is expected to facilitate future biochemical studies detailing their respective
roles in this model insect.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Pathogen recognition is the essential first step of effective im-
mune responses. Since insects possess only innate immunity, they
must rely on a repertoire of germline encoded proteins to recognize
diverse groups of invading pathogens from the environment
(Gillespie et al., 1997; Lemaitre and Hoffmann, 2007). After path-
ogenic bacteria, fungi, protozoa, and metazoa cross the external or
internal barrier lining insect body (e.g. cuticle, trachea, midgut) and
enter the hemocoel, they encounter soluble or membrane-bound
receptor proteins that may bind and trigger humoral and cellular
immune responses. Humoral responses involve the activation of a
serine protease system to generate phenoloxidase for melanization
and cytokines for intracellular signaling to induce the synthesis of
antimicrobial proteins and other immune factors (Jiang et al., 2010).
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Hemocytes can sense the pathogen presence through receptors on
their surface, leading to phagocytosis, nodulation and encapsula-
tion responses that eliminate or sequester the invading organisms
(Strand et al., 2008). Hemocytes and fat body produce receptors,
mediators, regulators and effectors of the innate immune system.
The receptor proteins recognize conserved molecular patterns of
microbes (e.g. peptidoglycans (PGs), lipopolysaccharide (LPS), lip-
oteichoic acid (LTA), b-1,3-glucan), therefore, termed pattern
recognition receptors (PRRs) (Pal and Wu, 2009; Yu et al., 2002). In
comparison, the recognition of protozoan and metazoan parasites
or parasitoid wasps is less understood, but binding to glycolipids
and glycoproteins is considered to be critical (McGuinness et al.,
2003; Schmidt et al., 2001). The PRR structures, functions, and
mechanisms have been investigated in various insects. In Manduca
sexta, hemolin, peptidoglycan recognition protein-1 (PGRP1), b-1,3-
glucanase-related proteins (bGRP1e3), microbe binding protein
(MBP), immulectin-1e4, and leureptin-1 were found to be PRRs
(Jiang et al., 2010; Zhu et al., 2010; Wang et al., 2011; Rao et al.,
2014). In other arthropods, PGRPs, bGRPs, C-type lectins, galec-
tins, Leu-rich repeat (LRR) proteins, Nimrods, fibrinogen-related
proteins (FREPs), thioester proteins (TEPs), hemocytins, Dscam,
and Reeler may recognize pathogens or parasites (Pal and Wu,
2009; Yassine and Osta, 2010; Wang et al., 2005; Est�evez-Lao and
Hillyer, 2014). Based on the experimental data, genome analyses
have uncovered putative PRR genes in Drosophila melanogaster,
Anopheles gambiae, Apis mellifera, Tribolium castaneum, and Bombyx
mori (Christophides et al., 2002; Evans et al., 2006; Zou et al., 2007;
Tanaka et al., 2008).

As a model for insect biochemical research, M. sexta has sub-
stantially contributed to our understanding of insect immunity
including pathogen recognition. This species also represents a
model for serious lepidopteran agricultural pests that can be
controlled by entomopathogens or parasitoid wasps. Therefore,
knowledge on how PRRs recognize infectious agents may be useful
in the development of biological control measures. To establish a
solid foundation for future M. sexta PRR research, we took advan-
tage of its recently determined genome sequence and RNA-Seq
datasets (http://www.ncbi.nlm.nih.gov/nuccore/384358938) to
identify putative PRR genes, study evolutionary relationships with
their homologs from other insects, and examine their expression
profiles in 52 tissue samples taken at various developmental stages.
We also explored putative immune responsive elements in the
promoter regions of these genes and checked whether presence of
these elements correlates with themRNA and protein level changes
in larval hemolymph before and after immune challenge (Zhang
et al., 2011, 2014). In summary, we have generated a collection of
basic information on these putative PRRs to facilitate the elucida-
tion of their physiological functions in the future.

2. Materials and methods

2.1. Gene identification, sequence improvement, and feature
prediction

Manduca Genome Assembly 1.0 and gene models in Manduca
Official Gene Set (OGS) 1.0 were downloaded from Manduca Base
(ftp://ftp.bioinformatics.ksu.edu/pub/Manduca/) (X et al., 2015).
The PRR sequences (Gunaratna and Jiang, 2013) were used as
queries to search M. sexta Cufflinks Assembly 1.0b (http://darwin.
biochem.okstate.edu/blast/blast_links.html) (Cao and Jiang, 2015)
and OGS 1.0 using the TBLASTN algorithm with default settings.
Hits with aligned regions longer than 30 residues and identity over
40% were retained for retrieving corresponding cDNA sequences.
Correct open reading frames in the retrieved sequences were
identified using ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/
gorf.html). Errors resulting from problematic regions (e.g. NNN
…) in the genome assembly were corrected after BLASTN search of
Manduca Oases and Trinity Assemblies 3.0 of RNA-Seq data (http://
darwin.biochem.okstate.edu/blast/blast_links.html). The two
genome-independent RNA-Seq assemblies (Cao and Jiang, 2015)
were developed to cross gaps between genome scaffolds/contigs
and detect errors in the gene models. After the manual improve-
ment, all sequences were further validated by BLASTP homolog
search of GenBank (http://www.ncbi.nlm.nih.gov/) and then
incorporated into OGS 2.0. Conserved domains and transmembrane
(TM) segments were identified using SMART (http://smart.embl-
heidelberg.de/smart/set_mode.cgi) and InterProScan (http://
www.ebi.ac.uk/Tools/pfa/iprscan/). The domain architectures
were plotted using DOG 2.0 (http://dog.biocuckoo.org/). Signal
peptides were predicted using SignalP4.1 (http://www.cbs.dtu.dk/
services/SignalP/) (Petersen et al., 2011).
2.2. Multiple sequence alignment and phylogenetic analysis

Multiple sequence alignments of PRRs from M. sexta and other
insects (http://www.ncbi.nlm.nih.gov/) were performed using
MUSCLE, a module of MEGA 6.0 (http://www.megasoftware.net/)
(Tamura et al., 2013) at the following settings: refining alignment,
gap opening penalty (�2.9), gap extension penalty (0), hydropho-
bicity multiplier (1.2), maximal iterations (100), UPGMB clustering
(for iterations 1 and 2) and maximum diagonal length (24). The
aligned sequences were used to construct neighbor-joining trees by
MEGA 6.0 with bootstrap method for the phylogeny test (1000
replications, Poisson model, uniform rates, and complete deletion
of gaps or missing data).
2.3. Gene expression profiling and promoter analysis

The 52 M. sexta cDNA libraries, representing mRNA samples
from whole insects, organs or tissues at various life stages, were
constructed and sequenced by Illumina technology (Manduca sexta
genome and transcriptome project; http://www.ncbi.nlm.nih.gov/
bioproject/PRJNA81039). Reads from the individual RNA-Seq
datasets were trimmed to 50 bp and mapped to the updated
OGS 1.0 using Bowtie (0.12.8) (Langmead et al., 2009). Numbers of
the mapped reads were used to calculate FPKM (fragments per
kilobase of exon per million fragments mapped) by RSEM (1.2.12)
(Li and Dewey, 2011) for interlibrary comparisons. Hierarchical
clustering of the log2(FPKMþ1) values was performed using Mul-
tiExperiment Viewer (v4.9) (http://www.tm4.org/mev.html) with
the Pearson correlation-based metric and average linkage clus-
tering method. To study transcript changes after immune chal-
lenge, the entire set of PRR sequences were used as queries to
search for corresponding contigs in the CIFH09 database (http://
darwin.biochem.okstate.edu/blast/blast_links.html) (Zhang et al.,
2011) by TBLASTN. The numbers of CF, CH, IF, and IH reads (C for
control, I for induced after injection of bacteria, F for fat body, H for
hemocytes) assembled into these contigs were retrieved for
normalization and calculation of IF/CF and IH/CH ratios. When a
polypeptide sequence corresponded to two or more contigs, sums
of the normalized read numbers were used to calculate its relative
mRNA abundances in fat body and hemocytes (Gunaratna and
Jiang, 2013). Potential transcription factor binding sites in the
1000 bp region before the translation initiation site were searched
using MacVector Sequence Analysis Software (Oxford Molecular
Ltd.). Sequences, positions, and strand polarities of the perfectly
matched GATA (WGATAR), R1 (KKGNNCTTTY), and CATTW boxes
were documented. NF-kB motifs (GGGRAYYYYY) with 0, 1 or 2
mismatches were also identified.
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Fig. 1. Domain architectures of the M. sexta LRRPs. Signal peptide, LRR and TM region are in green, yellow and red, respectively. Low complexity (LC) regions within the gray areas
are not shown. Protein sizes or size ranges are indicated at the end of each bar. The domain, repeat and protein sizes are not in proportion. Other domains including Nimrod (Nim),
laminin G, CT (C-terminal cystine knot-like), PDZ (PSD95-Dlg-ZO1/2), GEL (Ca2þ and actin-binding gelsolin-like), B3_4 (RNA binding), CH (actin-binding calponin homolog), GuKH
(guanylate kinase homolog), PP2Cc (Ser/Thr phosphatase, family 2C, catalytic), FN3 (fibronectin type III), CC (coiled coil), Ig (immunoglobulin), and HR (hormone receptor) domains
are in different colors. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Leucine-rich repeat proteins (LRRPs)

LRRPs constitute one of the largest protein families in insects. Of
the 92 LRRP genes identified in theM. sexta genome,16 encode Toll-
like receptors, LRR transmembrane proteins (TMPs) with an intra-
cellular Toll/interleukin-1 receptor (TIR) homology domain (Cao
et al., 2015a). We divided the other 76 LRRPs into three groups
based on their predicted cellular locations: 22 LRRPs containing a
signal peptide are expected to be soluble extracellular proteins (E),
18 lack a signal peptide and are likely intracellular (I), and 36 LRR-
TMPs with a putative transmembrane segment but lacking a TIR
domain are expected to be integral membrane proteins with the
LRRs on the cell exterior (Fig. 1). In addition to LRRs, some of these
proteins contain other domains For instance, ELRRP1e21 encom-
pass 407 to 1421 residues, with 3e28 LRRs, some separated by
regions that do not contain known sequence motifs. ELRRP2e4 (i.e.
leureptin-2e4) are closely related to M. sexta leureptin-1 (i.e.
ELRRP1), a PRR that recognizes LPS (Zhu et al., 2010). ELRRP22
(1523 residues long) has 23 LRRs, 7 Nimrod domains, 1 laminin G
domain, and 1 CT domain (Fig. 1). The eighteen ILRRPs lacking a
secretion signal peptide may reside in cytosol. ILRRP1e12
(238e957 residues) are simple, with 3e18 LRRs; ILRRP13e18
(527e1703 residues) are more complex, containing 3 to 15 LRRs
and other structural units such as PDZ, GEL, B3_4, CH, GuKH, and
PP2Cc domains. Likewise, LRR-TMP1e24 (353e1375 residues) have
a simple domain organization: 4 to 30 LRRs followed by a TM re-
gion; LRR-TMP25e38 (582e1631 residues) contain other domains/
regions (e.g. Ig, coiled coil, FN3, HR). Instead of having a single TM
region, LRR-TMP27, 38 and 28 have 2, 6 and 7 TM segments,
respectively (Fig. 1). LRR-TMP38 has a hormone receptor (HR)
domain.

To study the phylogenetic relationships of the Manduca LRRP
sequences with homologous proteins form other insect species, we
searched FlyBase, VectorBase, BeetleBase and SilkBase using the
M. sexta LRRP sequences as queries and identified 73,130, 90 and 45
homologs in D. melanogaster, A. gambiae, T. castaneum and B. mori,
respectively. Sequence alignment of the 416 LRRPs (data not
shown) revealed major lineage-specific expansions of the gene
family mostly in A. gambiae and T. castaneum, consistent with the
fact that many families of PRRs, extracellular signal mediators/
modulators (e.g. serine protease-like proteins, serpins), and
effectors (e.g. antimicrobial proteins) have undergone gene dupli-
cation and sequence divergence (d'Alencon et al., 2013). After
removing branches that are not closely related to theM. sexta ones,
we generated a simplified tree of 248 sequences (Fig. S1), showing
that M. sexta ELRRP, ILRRP, and LRR-TMP genes form three main
groups. Separation of these groups and further removal of loosely
connected branches yielded three trees exhibiting strong phylo-
genetic relationships (Fig. 2).

M. sexta ELRRP1e4 (leureptin-1e4, containing 10 to 11 LRRs) are
results of a lineage-specific family expansion. Their genes form a
cluster located on Scaffold 00089. ELRRP5, 6, 8, 13, 18 and 19 (with
7e9 LRRs) arose after the radiation of the insect orders but before
the divergence ofM. sexta and B. mori (Fig. 2). ELRRP7, 10, 16/17, 20/
21, 22 have orthologs in the beetle, fly, mosquito and silkworm,
indicating divergence due to speciation. Speciation may also ac-
count for the orthologous groups of ILRR8, 10e14, LRR-TMP5, 9, 11,
12, 18, 22, 23, 27, 34, 35/37, and 36. Alignment of LRRPs can be
misleading due to sequence hypervariation in the non-Leu posi-
tions of repeats (data not shown). To further investigate the
observed orthologous relationships, we also examined the exis-
tence of predicted signal peptide, TM region, other domains, and
the number and distribution of LRRs in members of each group. We
found in nearly all cases the results support the orthology described
above. Five gene pairs likely representing recent duplications
(ELRRP20-21, LRR-TMP5-13, 20e26, 24e25, and 35e37) are located
on the same scaffolds and have high sequence identity. Function of
the members of each orthologous group is probably conserved.
Interestingly, our analysis indicated that LRR-TMP14 and 22 contain
a TIR domain whose score was below the SMART cutoff value (data
not shown). We think, in light of possible function conservation, it
is worth testing their roles as Toll-like receptors.

LRRPs, present in animals, plants, and certain microbes (Kobe
and Kajava, 2001), participate in molecular binding, signal trans-
duction, and cell adhesion. In plants, ILRRPs with nucleotide
binding domains and LRR-TMPs are critical for pathogen recogni-
tion and intracellular signaling (Padmanabhan et al., 2009). In an-
imals including insects, Toll-like receptors are the best known
LRRPs involved in immune responses (Leulier and Lemaitre, 2008;
Pal andWu, 2009). The heterodimer of A. gambiae APL1C and LRIM1
directs TEP1 deposition and subsequent attack on the malaria
parasites (Povelones et al., 2009). These two LRRPs arose from
lineage-specific family expansion, and no orthologs were identified
in M. sexta (data not shown). M. sexta leureptin-1 binds to LPS and



Fig. 2. Phylogenetic relationships ofM. sexta ELRRPs (A), ILRRPs (B), LRR-TMPs (C) and their close homologs in the other insects. Based on the preliminary analysis (Fig. S1), the three
groups of M. sexta LRRP sequences were separately compared with their homologs from D. melanogaster (FB), A. gambiae (Ag), B. mori (BGIBM), and T. castaneum (Tc). Branches in
each closely related group (bootstrap value >700 in 1000 trials, � 3 members) are shown in the same color. Based on stricter standards, each orthologous group (denoted by red
spheres) has to exceed the bootstrap limit of 900 and contain one or two species in Coleoptera, Lepidoptera and Diptera. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)



Fig. 3. Domain organization (A), evolutionary relationships (B) and gene clusters (C) of
M. sexta PGRPs. Signal peptide, TM region, PGRP domain and lepidopteran low Mr li-
poprotein 11 domain are in green, red, cyan and yellow, respectively. Protein sizes are
indicated at the end of each bar. Domain and protein sizes are not in proportion. The
orthologous D. melanogaster PGRPs are indicated. M. sexta PGRP2e4 contain the key
residues (H, Y, H, T, C) for the amidase (“ ”) activity. The exons are shown as red bars;
gene orientation is marked on the last exon. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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certain hemocytes to perhaps enhance cellular responses (Zhu
et al., 2010). These results indicate the roles of LRRPs in insect
immunity and other physiological processes are poorly understood
but worth exploring. The orthology and lineage-specific expansion
provide leads for their functional analyses in the future.
Fig. 4. Phylogenetic relationships of the insect galectins. M. sexta galectin-1e4
(Ms1eMs4), A. aegypti galectin-1 (Aa1, GIj157136839), 2 (Aa2, GIj157131540), 5 (Aa5,
GIj157138456), 7 (Aa7, GIj157109508), D. melanogaster galectin-1 (Dm1, CG11372), 2
(Dm2, CG5335), 3 (Dm3, CG18565), 4 (Dm4, CG11374), 5 (Dm5, CG14879), 6 (Dm6,
CG13950). B. mori galectin-1e4 (Bm1eBm4), A. mellifera galectin-1 (Am1), 2 (Am2),
T. castaneum galectin-4 like (Tc4L), 8 like (Tc8L) sequences are aligned to generate the
tree. Branches in each closely related group (bootstrap value >700 in 1000 trials, � 3
members) are shown in the same color. Based on the bootstrap value and domain
architecture, three orthologous groups (denoted by red spheres) are identified, each
containing one or more species in each of three insect orders. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
3.2. Peptidoglycan recognition proteins (PGRPs)

PGRPs are a family of homologous molecules that recognize
bacterial peptidoglycans. Based on the Drosophila naming system
(Werner et al., 2000), the short (S) PGRPs have a classic signal
peptide and are secreted, whereas the long (L) PGRPs lack a signal
peptide and are associated with cell membrane or reside in cytosol.
We identified 13 PGRP genes in the M. sexta genome (Fig. 3A).
PGRP1, 5e7, 9, 13 are similar to D. melanogaster SA, PGRP2e4 to SB/
SC/SD, PGRP8 to LD, PGRP10/11 to LA, and PGRP12 A/B to LC/LE
(Fig. 3B). The SA homologs appear to be products of a family
expansion resulting in a cluster of six genes (PGRP9, 1, 13, 5e7) on
Scaffold 00320 and another cluster of three genes (PGRP2e4) on
Scaffold 00059 (Fig. 3C). PGRP13 contains a lepidopteran low Mr
lipoprotein-11 domain, which has not been found in any PGRP
before. PGRP12A and 12B are derived by alternative splicing from
the same gene with five exons. The exon 3 is removed during RNA
splicing in PGRP12A production, whereas its inclusion yields
PGRP12B with two instead of one TM region. Consequently, the C-
terminal PGRP domain of 12B may be located inside rather than
outside the cell (as for 12A). Some PGRPs are simple PG binding
proteins, others may have a catalytic activity to cleave the lactyla-
mide bond between N-acetylmuramic acid residues on the glycan
strand and L-alanine in the crosslinking peptides (Mellroth et al.,
2003). Thus, we examined and found PGRP2e4 contain His, Tyr,
His, Thr, and Cys residues at conserved positions, which are
essential for the amidase activity. PGRP2 and PGRP3 are expressed
in midgut (see below).

Our previous study indicated that M. sexta PGRP1 specifically
binds to Lys-type PG from Micrococcus luteus and meso-dia-
minopimelic acid-PGs from Escherichia coli or Bacillus megaterium
(Sumathipala and Jiang, 2010). The recognition triggers a serine
Fig. 5. Phylogenetic relationships of the insect thioester proteins. M. sexta TEP1e3,
B. mori TEP1e3, D. melanogaster TEP1, 2A, 3e6, A. gambiae TEP1e4, 6, 8e15, 17, 19,
A. mellifera TEP, and T. castaneum TEP sequences are aligned to build the tree. Branches
in each closely related group (bootstrap value >450 in 1000 trials) are shown in the
same color. The ones with conserved GCGEQ are marked by a red sphere. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)



Fig. 6. Domain organization (A) and evolutionary relationships (B) of proteins containing multiple Ig domains. (A) Signal peptide, TM region, Ig domains, and Leu-rich repeats are in
green, red, cyan and yellow, respectively. Other domains including peroxidase, FN3, Nim, EGF, laminins B and G, and LDLa are shown in different colors. Protein sizes are indicated at
the end of each bar. Domain and protein sizes are not in proportion. (B) Sequences of hemolins from Antheraea pernyi (Ap), B. mori (Bm), Galleria mellonella (Gm), H. cecropia (Hce),
Hyphantria cunea (Hcu), Heliothis virescens (Hv); Lymantria dispar (Ld), M. sexta (Ms), Pseudoplusia includens (Pi), Plutella xylostella (Px), Samia ricini (Sr), Trichoplusia ni (Tn) are
aligned with Dscam Ig domains 1e3 (Ds1e3), 4e6 (Ds4e6), 7e9 (Ds7e9), LRR-TMP29 Ig domains 1e3 (Lt29), neuroglian Ig domains 1e3 (Ng1-3), 4e6 (Ng4-6), perlecan Ig domains
1e4 (Pc1-4), 5e8 (Pc5-8), 9e11 (Pc9-11) and peroxidasin Ig domains 1e4 (Ps), all from M. sexta. All hemolins form a monophyletic group. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Gene structure, pre-mRNA splicing, and protein domain organization of M. sexta Dscam. Exons of the gene are shown as (fused) vertical bars, introns are omitted. Exons 5
(pink), 7 (dark green), 17 (blue) and 33 (red) have 15, 27, 17 and 2 variants, respectively. Exon 35 is optional. Mutually exclusive alternative splicing generates a population of mature
mRNAs with different sequences. The hypervariable regions in the Ig domains 2, 3, and 7 are encoded by exons 5, 7 and 17 while signal peptide, Ig8-Ig9-4FN3-Ig10-2FN3 and TM
regions are encoded by exons 2, 18e32 and 33, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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protease cascade that activates prophenoloxidase (proPO). M. sexta
PGRP2 and 3 also recognize PGs andmodulate melanization (Zhang
et al., unpublished data). B. mori PGRP, as the first insect PRR
characterized, binds PG and elicits the melanization cascade
Fig. 8. Domain architectures of other putative PRRs in M. sexta. Signal peptide, Nim, EGF an
within the gray areas are not shown. Protein sizes are indicated at the end of each bar. The
colors, including FOLN (follistatin N-terminal), PTI (plant trypsin inhibitor), WR1 (worm-s
protein), VWC/VWD (von Willebrand factor C/D), C8 (eight Cys), CBD2 (chitin binding-2), FA
a), CT (C-terminal cystine knot-like), Dys (dysferlin N-terminal), TECPR (teconin b-propell
domains. (For interpretation of the references to colour in this figure legend, the reader is
(Yoshida et al., 1996). Systematic studies of D. melanogaster PGRPs
reveal their implications in various immune responses, such as
phagocytosis (PGRP-LC, SC1), negative regulation (PGRP-SB1, SC1,
LB, LF), melanization (PGRP-SA, LE), and activation of Toll, IMD and
d TM region are in green, cyan, blue and red, respectively. Low complexity (LC) regions
domain, repeat and protein sizes are not in proportion. Other domains are in different
pecific repeat-1), FES (FeeS binding), ZP (Zona pellucida), CCP (complement control
58C (coagulation factor 5/8 C-terminal), LDLa (low-density lipoprotein receptor repeat-
er repeats), Glect (galectin), Reeler, CC (coiled coil), FBG (fibrinogen b and g chains)
referred to the web version of this article.)
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JNK pathways (PGRP-SA, SD, LE, LC) (Charroux et al., 2009;
Ligoxygakis, 2013). Those studies shed light on future exploration
of biochemical functions of M. sexta PGRPs.

3.3. Galectins

Insect galectins are involved in the regulation of immunity and
development (Pace and Baum, 2004). They contain at least one
conserved carbohydrate recognition domain (CRD) that specifically
binds b-galactosides independent of Ca2þ. Evidence exists that
Drosophila and sand fly galectins regulate development and de-
fense against bacterial and parasitic pathogens (Pace and Baum,
2004; Kamhawi et al., 2004). We identified 4 galectins in M. sexta
and 26 in five other insects, all of which lack a classic signal peptide
except for galectin1 from A. gambiae and Aedes aegypti. M. sexta
(Ms) galectin 4 and its orthologs have two CRDs (Fig. 4). MsGa-
lectin1 and BmGalectin3 have one CRD but are most similar to
DmCG13950, DmCG5335, AgGalectin2 and AaGalectin2, all having
two CRDs. The orthologous group containing MsGalectin3, with a
single CRD, expanded in mosquitos. MsGalectin2 and its orthologs
contain a single CRD, 10 teconin b-propeller repeats and 2 dysferlin
N-terminal fragments (Fig. 8). Genetic analysis of DmCG18565 may
reveal conserved function of these interesting mosaic proteins.

3.4. Thioester proteins (TEPs)

Thioester proteins include some complement factors and a2-
macroglobulin in vertebrates and TEPs in invertebrates (Blandin
and Levashina, 2004). Several D. melanogaster TEPs are up-
regulated in larvae upon bacterial immune challenge. A. gambiae
TEP1 opsonizes bacteria for phagocytosis through covalent binding
(Levashina et al., 2001), and this protein also localizes to the
ookinete surface and participates in destruction and sequestration
of the parasite (Blandin et al., 2004). The thioester bond between
Cys and Gln side chains in GCGEQ may react with an amino or
hydroxyl group on its target. We have identified three TEPs in
M. sexta. Only TEP2 contains the GCGEQ motif. Phylogenetic anal-
ysis indicates that the M. sexta and B. mori TEPs form three
orthologous pairs while D. melanogaster and A. gambiae TEPs un-
derwent major lineage-specific expansions (Fig. 5). B. mori TEP1 has
a C-terminal receptor binding domain which may promote hemo-
cyte phagocytosis (Tanaka et al., 2008). Perhaps, M. sexta and
B. mori are useful as biochemical models to explore the mecha-
nisms of insect TEPs in pathogen recognition and opsonization,
proteolytic activation, and association with proteins involved in
phagocytosis and melanization.

3.5. b-1,3-Glucanase related proteins (bGRPs)

b-1,3-glucan is a fungal cell wall component that triggers insect
immune responses. Several studies have revealed functions of
proteins in M. sexta that bind to this polysaccharide (Ma and
Kanost, 2000; Jiang et al., 2004; Wang et al., 2011; Rao, 2014;
Fig. 9. Transcript profiles of the putative PRR genes in the fifty-two tissue samples. The
map from blue (0) to red (�10). The values of 0e0.49, 0.50e1.49, 1.50e2.49… 8.50e9.49, 9.5
D, respectively. The 52 cDNA libraries (1 through 52) are constructed from the following tiss
4th L, late; 5. 5th L, d0.5; 6. 5th L, d2; 7. 5th L, pre-W (pre-wandering); 8. P (pupae), late; 9. A
15. 5th L, W; 16. P, d1-3; 17. P, d15-18; 18. A, d1-3; 19. A, d7-9), whole animals [20. E (embryo
12 h; 28. 4th L, late; 29. 5th L, 1e3 h; 30. 5th L, 24 h; 31. 5th L, pre-W; 32e33. 5th L, W; 34. P,
39. A, d1; 40. A, d3),muscle (41. 4th L, late; 42e43. 5th L, 12 h; 44e45. 5th L, pre-W; 46e47. 5
Some libraries (underlined) are from single-end sequencing; the others are from paired-e
method differences. Cluster analysis has revealed 5 distinct groups (AeE), as shown on the le
0 to 4] in nearly all the 52 samples. (For interpretation of the references to colour in this fi
Takahashi, 2014). bGRP1, bGRP2, and microbe binding protein
(MBP, closely related to Gram-negative bacteria-binding proteins
(GNBPs) from other insects) contain two domains, but bGRP3 has
one. Their C-terminal b-1,3-glucanase-like domains lack the cata-
lytic residues needed for glucan hydrolysis. The N-terminal CRD of
bGRP1, bGRP2 and MBP may adopt a b-sandwich structure similar
to an Ig domain (Takahashi et al., 2014). The mRNA levels of bGRP1
and bGRP3 in larval fat body did not change after an injection of
killed bacteria, but those of bGRP2 andMBP increased considerably.
These glucanase-like proteins bind specifically to b-1,3-glucan and
other surface molecules to agglutinate microbes and elicit targeted
proPO activation in the larval hemolymph. Intriguingly, M. sexta
bGRP3 inhibits Bacillus cereus growth (Rao et al., 2014). The ratio of
bGRP2 and laminarin in their complex affects its ability to trigger
melanization (Takahashi et al., 2014). In theM. sexta genome, there
is a b-1,3-glucanase gene, whose expression in themidgut indicates
its involvement in digestion (see below). We also detected low,
induced expression of the b-1,3-glucanase in hemocytes. This raises
an interesting possibility that the enzyme may hydrolyze b-1,3-
glucan to dampen the antifungal response. Last but not the least,
the evolutionary history of insect bGRPs has been investigated in
previous studies (Jiang et al., 2004; Wang et al., 2011; Rao et al.,
2014).
3.6. Hemolin and other immunoglobulin (Ig) domain proteins

As more insect genomes are sequenced, many proteins con-
taining one or more Ig domains are identified, but their possible
roles in pathogen recognition are mostly unexplored. Ig domain
proteins often function in cell adhesion or immunity (or both).
Here, we report six proteins with tandem Ig domains from M. sexta
(Fig. 6A). Hemolin, first isolated from hemolymph of Hyalophora
cecropia and M. sexta, is highly inducible after exposure to micro-
organisms, and is composed of four Ig domains (Sun et al., 1990;
Ladendorff and Kanost, 1990; 1991). Hemolins have only been
found in Lepidoptera. Other proteins with tandem Ig domains in
M. sexta include neuroglian, Dscam, LRR-TMP29, peroxidasin, and
perlecan. Sequence alignment indicates M. sexta hemolin is closer
to its orthologs from other lepidopteran species than to other
M. sexta Ig domain proteins (Fig. 6B). Hemolin recognizes bacteria
by binding to LPS or LTA and associates with hemocytes to modu-
late phagocytosis and nodule formation (Jiang et al., 2010). RNAi
knockdown of hemolin expression in M. sexta larvae caused a
reduction in cellular responses against E. coli infection (e.g.
phagocytosis and nodulation) (Eleftherianos et al., 2007). The role
of hemolin in antiviral response is unclear but its activity is
inhibited by a bracovirus protein CcV1 that co-localizes with
hemolin on cell membranes (Labropoulou et al., 2008). M. sexta
neuroglian resides on the surface of glial and neuronal cells,
developing embryonic prothoracic gland, and a subgroup of plas-
matocytes (Nardi et al., 2006). This transmembrane protein affects
hemocyte attachment to other hemocytes and to foreign surfaces.
M. sexta LRR-TMP29, peroxidasin and perlecan contain 3, 4 and 13 I-
mRNA levels, as represented by log2(FPKMþ1) values, are shown in the gradient heat
0e10.49 10.50e11.49, 11.50e12.49 and 12.50e13.49 are labeled as 0, 1, 2… 9, A, B, C and
ues and stages: head [1. 2nd (instar) L (larvae), d1 (day 1); 2. 3rd L, d1; 3. 4th L, d0.5; 4.
(adults), d1; 10. A, d3; 11. A, d7], fat body (12. 4th L, late; 13. 5th L, d1; 14. 5th L, pre-W;
s), 3 h; 21. E, late; 22. 1st L; 23. 2nd L; 24. 3rd L), midgut (25. 2nd L; 26. 3rd L; 27. 4th L,
d1; 35. P, d15-18; 36. A, d3-5; 37. 4th L, 0 h), Malpighian tubules (MT) (38. 5th L, pre-W;
th L, W), testis (48. P, d3; 49. P, d15-18; 50. A, d1-3), and ovary (51. P, d15-18; 52. A, d1).
nd sequencing. Note that some synonymous libraries exhibit different FPKMs due to
ft. The group F genes (marked by black dot) are expressed at low levels [log2(FPKMþ1):
gure legend, the reader is referred to the web version of this article.)
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set Ig domains (Fig. 6A), respectively. As an atypical ELRRP, perox-
idasin also includes a peroxidase domain and, like its orthologs in
Drosophila (Nelson et al., 1994), may participate in extracellular
matrix consolidation, phagocytosis, and defense. Perlecan, also
known as Trol or basement membrane-specific heparan sulfate
proteoglycan core protein, controls neuroblast proliferation (Voigt
et al., 2002). Dscam is a mosaic protein with a conserved domain
structure: signal peptide, nine Ig domains, four FN3, one Ig domain,
two FN3, one TM region, and a cytosolic tail (Fig. 7), which can form
a very complex set of isoforms by alternative exon splicing (Neves
et al., 2004). The Ig domains 2, 3 and 7 are partly or completely
encoded by exons 5, 7 and 17, each having multiple variants (15, 27
and 17 variants, respectively). Since exon 33 has two variants and
exon 35 is optional, this gene has the potential to encode, through
mutually exclusive exon splicing, 15 � 27 � 17 � 2 � 2 or 27,540
isoforms, which might provide many binding specificities.
Drosophila Dscam is essential in neuronal wiring (Schmucker et al.,
2007) as well as hemocyte phagocytosis (Watson et al., 2005; Dong
et al., 2006).
3.7. Others

We have identified seven EGF/Nim-domain proteins in M. sexta.
Nimrod A and Draper contain a signal peptide, an EMI domainwith
a CCXG(Y/W) motif, a Nim domain with 6 Cys, 0 or 14 EGF domains
with 8 Cys, and a TM region (Fig. 8). Nimrod B and ELRRP22 (Fig. 1)
are secreted proteins with 6 and 7 Nim domains, respectively.
Holotrichia diomphalia Nimrod B acts as a PRR for LPS in hemo-
lymph (Ju et al., 2006). M. sexta Nimrod C (857 residues) is
composed of a signal peptide, 19 Nim domains, and a TM region,
whereas another form of Nimrod C (1146 residues) has an N-ter-
minal extension of a signal peptide, a Nim, an EGF, two Nim and
another EGF, located before the 19 Nim domains. The longer variant
is similar to Drosophila Eater in domain structure. Some Nimrod A
and C-type proteins mediate phagocytosis (Somogyi et al., 2008).
The former tend to bind apoptotic cells via phosphatidylserine
while Eater binds bacteria directly (Tung et al., 2013). M. sexta
Dumpy is a 1934 kDa protein with 450 domains spanning 18,203
residues (Fig. 8). Its 308 EGF/Nimmodules are interspersed with 52
PTI domains, 78 follistatin N-terminal domains, 9 FeeS binding
domains, and a worm-specific repeat. Drosophila Dumpy maintains
tension at epidermal-cuticle attachment sites (Wilkin et al., 2000).
Like Dumpy, M. sexta hemocytin-1 and 2 are large proteins (4249
residues, 467 kDa) with multiple structural modules: 2 Nim, 1 Su-
shi/CCP, 3 VWD, 9 VWC, 4C8, 2 CBD, 2 FA58C, 1 LDLa and 1 CT
domains (Fig. 8). The two proteins (99.1% identical; 99.7% similar)
are encoded by two genes that are 97.3% identical in the coding
region. Alternative splicing may generate C-terminally truncated
forms (data not shown). As a homolog of won Willebrand factor in
mammals, B. mori hemocytin is stored in granules of granulocytes
and released upon bacteria exposure to form sticky fibrous struc-
ture trapping hemocytes and microbes (Arai et al., 2013). M. sexta
Reeler is a bacteria-induced protein with a single reeler domain
following a signal peptide (Zhu et al., 2003). B. mori Reeler1 is
expressed in hemocytes, fat body, and midgut in response to bac-
terial injection (Bao et al., 2011). RNA interference and injection of
the recombinant protein affected nodule formation and proPO
activation. In addition, there are three fibrinogen-related protein
(FREP) genes in the M. sexta genome. FREP1 and FREP2 contain a
signal peptide, three coiled coil regions, and one FBG domain
(Fig. 8). Through alternate exon usage, FREP3 gene encodes two
isoforms with a signal peptide and an FBG domain. In A. gambiae,
several FREPs exhibit high binding affinity to bacteria, fungi or
parasites and certain FREPs are essential to innate immune
hemostasis (Dong and Dimopoulos, 2009). Specific recognition of
glycoconjugates by the FBG domains is responsible for the binding.

3.8. Expression profiles

We further examined expression profiles of the putative PRRs in
the 52 RNA-Seq libraries constructed from tissue samples collected
at different developmental stages. Cluster analysis of the expres-
sion profiles revealed six groups (Fig. 9). Group A includes b-1,3-
glucanase, PGRP2, 3, 10, 11, ILRRP8, LRR-TMP1e7, 10, 15, and 16.
Their mRNA levels in midgut are higher than Malpighian tubules
and fat body. While b-1,3-glucanase, PGRP2 and PGRP3 may digest
fungal and bacterial cell walls, it is surprising that the LRR-TMP
mRNAs are highly abundant in midgut. We speculate that their
potential binding to commensal bacteria in the gut may diminish
host immune responses against non-pathogenic bacteria in this
compartment. Transcripts of the Group B genes (ELRRP8, ILRRP5,
LRR-TMP12, 21, 27, Nimrod C, hemocytin-1, TEP3, PGRP13, Dumpy)
in head and muscle in feeding larvae are low (2e6) but higher than
fat body and other tissues. Group C (perlecan, leureptin/ELRRP1,
ELRRP2, bGRP1e3, MBP, PGRP1, PGRP5, Nimrod B, hemolin, Reeler)
is highly expressed (5e13) in fat body and muscle. Their transcripts
are also present in other parts of the insect at different stages but
the levels are lower. ThemRNAs of Group D genes (ILRRP1e4, 9e15,
LRR-TMP18, 19, 29, 30, 32, 38, galectin2e4, PGRP8, Draper, neuro-
glian, peroxidasin, and FREP2) are fairly low and evenly distributed.
Their levels in testis and ovary are somewhat higher. This difference
is more pronounced in Group E (ELRR7, 9, 14, 15, 22, ILRRP16, 17,
LRR-TMP20, 22, 26, TEP1, TEP2, galectin1, Dscam), since the mRNA
levels in other tissues are lower. Transcripts of the 43 Group F genes
are hardly detected (0e4) throughout the 52 libraries.

Our previous expression analyses of non-digestive serine
protease-related protein, C-type lectin-domain protein, and im-
mune effector genes revealed an interesting trend that transcrip-
tion of most immunity-related genes are up-regulated in fat body
and midgut from pre-wandering to early pupal stage (Cao et al.,
2015b; Rao et al., 2015; He et al., 2015). Since immune function
for most of the genes reported herein, especially LRRPs, lacks
experimental support, we tried to use their expression patterns to
predict this feature. Among the 122 genes analyzed, 38 and 53 had
highermRNA levels in fat body andmidgut, respectively, during the
wandering larval/pupal period compared with the feeding stage
5th instar larva. Twenty-eight of them were up-regulated in both
tissues, including PGRP1, 5, 6, 11, bGRP2, MBP, b-1,3-glucanase,
galectin 3, 4, hemolin, neuroglian, peroxidasin, perlecan, Reeler,
Nimrod C, Draper, ELRRP2, ILRRP5, 8,13,18, LRR-TMP1,10,19e21, 26
and 30. While the role of pattern recognition is established for
some of these proteins (e.g. PGRP1, bGRP2, MBP, hemolin), that
function remains to be experimentally examined for the others.

The examination of changes in mRNA and polypeptide levels in
immune challenged M. sexta larvae (Zhang et al., 2011, 2014;
Gunaratna and Jiang, 2013) yielded an overview of the immune
system constituents. In light of the genome annotation, we rean-
alyzed the results on putative PRRs (Table 1) in conjunction with a
search for kB, GATA, CATTW, R1 motifs in the 1000 bp region up-
stream of the longest transcript. There are 57 genes possessing
CATTW, 36 with 1 mismatch in the kB motif and 57 with 2 mis-
matches. LRR-TMP3, 13, 23, 28, and Reeler genes have a perfect
match of the kB element, but only Reeler mRNA and protein show
significant induction. Some genes containing the kB element(s)
with 1 or 2 mismatches are not up-regulated after immune chal-
lenge, while others without such element(s) are significantly
induced. Similar results were obtained from the analysis of C-type
lectin-domain protein genes and antimicrobial peptide genes (Rao
et al., 2015; He et al., 2015). These results indicate that even the



Table 1
Features of the putative M. sexta PRR genes, transcripts, and polypeptides.

X. Zhang et al. / Insect Biochemistry and Molecular Biology 62 (2015) 38e50 47



X. Zhang et al. / Insect Biochemistry and Molecular Biology 62 (2015) 38e5048
loosely defined kB motif (GGGRAYYYYY) from Drosophila may not
be useful for predicting regulation of immunity-related genes in
M. sexta. Perhaps, the responsive elements have undergone
changes in this lineage and co-evolution of the DNA-binding do-
mains allows the transcription factors respond to immune
challenge.
3.9. Conclusions

Aided by the RNA-Seq data, genome assembly and domain
search, we identified and organized 122 putative PRRs in M. sexta.
Phylogenetic analysis of LRRPs and their close homologs in other
species revealed orthologous relationships and lineage-specific
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family expansions, but roles for most of the LRRPs in innate im-
munity are not yet established. Examination of other protein fam-
ilies (i.e. PGRP, bGRP, galectin, Nimrod, multi-Ig domain protein,
TEP, FREP) and comparison with homologs from other insects
provided clues for future functional studies of these molecules.
Based on the RNA-Seq data and upstream sequences, we explored
their expression profiles, immune relatedness, and transcription
regulation. It is likely that some of these gene products have syn-
ergistic or antagonistic effects on the initiation of host defense re-
sponses in hemocoel, midgut, and other tissues of the insect.
Together, this collection of information constitutes a solid founda-
tion for future studies of M. sexta PRRs.
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