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Abstract

C-type lectins (CTLs) are a large family of Ca2+-dependent carbohydrate-binding proteins 

recognizing various glycoconjugates and functioning primarily in immunity and cell adhesion. We 

have identified 34 CTLDP (for CTL-domain protein) genes in the Manduca sexta genome, which 

encode proteins with one to three CTL domains. CTL-S1 through S9 (S for simple) have one or 

three CTL domains; immulectin-1 through 19 have two CTL domains; CTL-X1 through X6 (X for 

complex) have one or two CTL domains along with other structural modules. Nine simple CTLs 

and seventeen immulectins have a signal peptide and are likely extracellular. Five complex CTLs 

have both an N-terminal signal peptide and a C-terminal transmembrane region, indicating that 

they are membrane anchored. Immulectins exist broadly in Lepidoptera and lineage-specific gene 

duplications have generated three clusters of fourteen genes in the M. sexta genome, thirteen of 

which have similar expression patterns. In contrast to the family expansion, CTL-S1~S6, S8, and 

X1~X6 have 1:1 orthologs in at least four lepidopteran/dipteran/coleopteran species, suggestive of 

conserved functions in a wide range of holometabolous insects. Structural modeling suggests the 

key residues for Ca2+-dependent or independent binding of certain carbohydrates by CTL 

domains. Promoter analysis identified putative κB motifs in eighteen of the CTL genes, which did 
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not have a strong correlation with immune inducibility in the mRNA or protein levels. Together, 

the gene identification, sequence comparisons, structure modeling, phylogenetic analysis, and 

expression profiling establish a solid foundation for future studies of M. sexta CTL-domain 

proteins.
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1. Introduction

Insect innate immune systems utilize soluble and membrane-bound receptors to recognize 

pathogen-associated molecular patterns (Kanost et al., 2004; Lemaitre and Hoffmann, 2007). 

Peptidoglycan recognition proteins, β-1,3-glucanase-related proteins, and an array of lectins 

bind to polysaccharides, glycoproteins and glycolipids on pathogen surface to induce 

defense responses (Charroux et al., 2009; Jiang et al., 2010; Weis et al., 1998). Lectins are 

classified based on the domain architectures and action mechanisms (Gallagher et al., 1984). 

C-type lectins (CTLs) constitute one of the largest and most diverse families of lectins in 

animals. They require Ca2+ for maintaining carbohydrate-binding activities and structures 

(Cambi et al., 2005). Each CTL contains one or more carbohydrate recognition domains 

(CRDs), known as CTL domains. A CTL domain is composed of β-sheets, α-helices, and 

loops (Weis et al., 1991). CTL domains may participate in protein interaction and binding to 

lipids and inorganic surfaces, which does not always require Ca2+ (Zelensky and Gready, 

2005).

Specificity of CTLs is governed by key residues in the CRDs, which interact with the 

cognate oligosaccharides through Ca2+ coordination and a network of hydrogen bonds. In 

the Ca2+ binding site-2 of rat mannose-binding lectin A, Glu185, Asn187, Glu193, Asn205 and 

Asp206 are implicated in specific interactions (Weis and Drickamer, 1994; Weis et al., 

1992). CTLs containing a Glu-Pro-Asn (EPN) motif in the CRD are characteristic of 

mannose-binding and thus called mannose-type CTLs. CTLs with a Gln-Pro-Asp (QPD) 

motif are generally galactose-type CTLs (Zelensky and Gready, 2005). Most CTLs contain a 

single CTL domain. Immulectins (IMLs) from lepidopteran insects have two. CTLs with 

dual CTLDs are also found in Tribolium castaneum (Zou et al., 2007) and crustaceans (Yu 

and Kanost, 2001), but it is unknown whether they share a common ancestor or arose 

independently.

Genome-wide analyses in insects revealed a number of genes encoding proteins with one or 

more CTL domains (Dodd and Drickamer, 2001; Christophides et al., 2002; Waterhouse et 

al., 2007; Zou et al., 2007; Tanaka et al., 2008). Drosophila melanogaster, Anopheles 

gambiae, Aedes aegypti, T. castaneum, and Bombyx mori have 34, 25, 39, 17 and 21 such 

genes, respectively. Since it is unclear whether these proteins bind carbohydrates or not in 

the presence or absence of Ca2+, we suggest that they be named CTL-domain proteins 

(CTLDPs) instead of CTLs. Individual immulectins have been identified and characterized 

in lepidopteran species (Yu and Kanost, 2008) (Table 1). In Manduca sexta, functions of 
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IML-1~4 have been characterized biochemically. IML-1 can induce agglutination of Gram-

positive and -negative bacteria and yeast in a Ca2+-dependent manner (Yu et al., 1999). 

Injection of IML-2 antiserum into M. sexta larvae inhibits clearance of a Gram-negative 

bacterial pathogen, Serratia marcescens, and decreases larval survival after bacterial 

infection (Yu and Kanost, 2003). Recombinant CRD2 of IML-2 directly binds to 

Caenorhabditis elegans and a human filarial nematode Brugia malayi and enhances 

encapsulation and melanization of C. elegans in vivo (Yu and Kanost, 2004). CTLD2 of 

IML-2 interacts with proPO, and the extended loop of CTLD2 is important for ligand 

binding and proPO activation (Shi and Yu, 2012). IML-3 is translocated into hemocytes in 

response to microbial stimulation (Ling et al., 2008). IML-4 can bind to immobilized LPS 

and lipoteichoic acid (LTA) in the absence of Ca2+, but agglutinate Escherichia coli, 

Staphylococcus aureus and Saccharomyces cerevisiae in a Ca2+-dependent manner (Yu et 

al., 2006).

To acquire an overview of M. sexta CTLDPs, we annotated CTLDP genes in the M. sexta 

genome based on the RNA-Seq data. Multiple sequence alignment and phylogenetic 

analysis revealed orthologs in other insects and lineage-specific expansion of the immulectin 

genes in lepidopterans. Analysis of the RNA-Seq reads provided expression patterns of the 

CTLDP genes in different tissues and stages. Putative immune responsive elements in the 

promoter regions were identified, and we examined whether presence of these elements 

correlates with mRNA and protein level changes in larval hemolymph before and after the 

immune challenge (Zhang et al., 2011 and 2014). We also studied sequence conservation 

and structure-function relationships via molecular modeling and discuss their potential roles 

insect physiological processes.

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 1.0 and 

Cufflinks Assembly 1.0 (X et al., 2014) were downloaded from Manduca Base (ftp://

ftp.bioinformatics.ksu.edu/pub/Manduca/). CTL sequences from M. sexta and other insects 

were used as queries to search Cufflinks 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 (ORFs) 

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 the RNA-Seq data (http://darwin.biochem.okstate.edu/blast/blast_links.html). The two 

genome-independent RNA-Seq assemblies (X et al., 2014) were developed to cross gaps 

between genome scaffolds/contigs and detect errors in the gene models. The manually 

improved sequences were incorporated into OGS 2.0. To uncover all genes in a cluster, 

which were often too similar to distinguish by Cufflinks 1.0, the relevant genome contigs 

were manually examined to identify exons based on the GT-AG rule and sequence 

alignment. All improved sequences were further validated by BLASTP homolog search of 

GenBank (http://www.ncbi.nlm.nih.gov/). Conserved domains and transmembrane regions 
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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/).

2.2 Sequence alignment and phylogenetic analysis

Multiple sequence alignments of CTLs 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), at the following settings: refining alignment, gap opening penalty 

= −2.9, gap extension penalty = 0, hydrophobicity multiplier = 1.2, maximum iterations = 

100, clustering method (for iterations 1 and 2) = UPGMB, and maximum diagonal length = 

24. The aligned sequences were used to construct neighbor-joining trees with bootstrap 

method for the phylogeny test (1000 replications, Poisson model, uniform rates, and 

complete deletion of gaps or missing data).

2.3. Protein structure modeling

Amino acid sequences of the M. sexta CTL domains were submitted to the I-TASSER server 

(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) for protein 3D–structure prediction 

(Zhang, 2008). Models were built based on multiple-threading alignments by LOMETS and 

iterative TASSER simulations (Roy et al., 2010). A representative model was chosen for the 

production of molecular graphics using PyMol (DeLano Scientific, Palo Alto, CA).

2.4. Gene expression profiling and promoter analysis

The 52 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 (Section 2.1) 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(FPKM+1) values was 

performed using MultiExperiment Viewer (v4.9) (http://www.tm4.org/mev.html) with the 

Pearson correlation-based metric and average linkage clustering method. To study transcript 

changes after immune challenge, the entire set of CTL 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 
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(WGATAR), R1 (KKGNNCTTTY), and CATTW boxes were documented. NF-κB motifs 

(GGGRAYYYYY) with 0, 1 or 2 mismatches were also identified.

3. Results

3.1. Occurrence and general properties of M. sexta CTL domain proteins

We identified 34 CTLDP genes in Manduca Genome Assembly 1.0, which encode proteins 

with 1~3 CTL domains (Table S1). Nine of the protein products (CTL-S1~S9) have a simple 

structure, nineteen (IML-1~19) belong to the immulectin (IML) family with two tandem 

CTL domains, and the remaining six (CTL-X1~X6) contain one or two CTL domains along 

with other structural units (Fig. 1). M. sexta CTL-S1~S9, IML-1~8, and IML-10~18 contain 

an N-terminal signal peptide and are likely secreted into plasma, as previously demonstrated 

for IML-1~4 (Table 1). In addition to the secretion signal, CTL-X1~X4 and X6 have a 

transmembrane (TM) region near the carboxyl-terminus, which may anchor them to cell 

membrane. The extracellular portion of these complex CTLs may interact with ligands or 

protein partners. In contrast, CTL-X5 and IML-19 lack a signal peptide and are probably 

cytosolic proteins. The IML-9 gene, lacking a translation start codon preceding the CTL 

domain-1, could be a pseudogene.

M. sexta CTL-S1 through S8 contain a single CTL domain while CTL-S9 has three. The 

CRD in CTL-S1, S2 and S3, containing the QPD motif, may be galactose-type, and so is the 

2nd CRD in CTL-S9 (Table S1). CTL-S6 may bind mannose since its CRD has the EPN 

motif. It is unclear if the other putative CRDs associate with carbohydrates. In addition to 

their CTL domains, CTL-S3 and S5 contain an N-terminal extension of 77 (12 Arg) and 192 

(36 Pro) residues whereas CTL-S4 and S8 have a C-terminal extension of 166 (20 Pro, 19 

Ser, 19 Ala) and 657 (75 Thr, 56 Ser, 53 Asn, 53 Leu) residues, respectively. These 

extensions, including low complexity (LC) regions that are rich in certain amino acid 

residues, may have significant functions, since their orthologs from other insects share 

similar features (data not shown).

CTLDPs with the dual-CTLD architecture were first reported in lepidopteran insects and 

named immulectins in M. sexta (Table 1). We identified nineteen IML genes in the M. sexta 

genome (Table S1), each encoding two CTL domains. As an exception, IML-6 gene has a 

stop codon in the 2nd domain. The EPN motif is found in the first CRDs in IML-10 and 

IML-12 and in the second CRDs in IML-1, 2, 4, and 5. The QPD motif (which normally 

binds galactose) is found in the second CRDs of IML-3, 9~12, 16, and 17.

The CTL domains of M. sexta CTL-X1~X6 (Table S1), which are a small domain within a 

large complex protein, do not contain a QPD or EPN motif for galactose or mannose 

binding. Instead, they may be involved in protein-protein interactions. Like some of the 

CTL-Ss, CTL-Xs contains long extensions of low complexity sequence (Fig. 1). For 

instance, the C-terminal 292-residue segment (excluding the 23-residue TM region) of CTL-

X1 is rich in Pro, Arg, Thr, and is highly basic (pI: 10.7). In contrast, the same region (106 

residues) in the CTL-X2 C-terminus is rich in Thr, Glu, Ala, and is acidic (pI: 4.82). The N- 

and C-terminal extensions of CTL-X5 are basic (pI: 9.42 and 9.01); those of CTL-X6 are 

acidic (pI: 4.89 and 5.58). The functional relevance of these features is unclear.
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3.2. Phylogenetic relationships and evolution of insect CTLDPs

Alignment of 173 CTLDP sequences from different insects supported their classification 

into the CTL-S, IML and CTL-X groups (data not shown). Based on further BLASTP 

searches of GenBank, VectorBase and other databases, we retrieved more CTLDPs for 

group-specific sequence alignments. M. sexta CTL-S1 through S6 formed tight, 

monophyletic groups with their respective orthologs from the other species in Lepidoptera, 

Diptera, and Coleoptera (Fig. 2A). The CTL-S7 orthologs were only found in lepidopteran 

species. The relationships among M. sexta CTL-S8, B. mori CTL3, T. castaneum CTL9, and 

their dipteran orthologs are not strong, with relatively low sequence identity. The CTL-S9 

and its hymenopteran homologs all have three CTL domains. However, the hymenopteran 

proteins are much longer at the C-terminus, including CCP or von Willebrand A domain and 

LC/TM region(s) (data not shown).

IMLs exist widely in lepidopteran insects (Fig. 2B). We identified 1:1 orthologs of IML-1, 

18, and 19 in other lepidopteran species and found lineage-specific expansions in B. mori, 

H. armigera and M. sexta. For instance, M. sexta IML-3, 4, 6~8, IML-9~12, and IML-13~17 

are three groups of related IMLs that evolved by multiple gene duplications. Identification 

of the gene clusters on Scaffolds 00014, 00017, and 00030 (Fig. 3) provides good support 

for the phylogenetic relationships based on the sequence comparison. M. sexta CTL-S9, 

which contains three CTL domains, is quite different in sequence from the IMLs (Fig. 2B), 

and its CTL domains did not align well with the IMLs (data not shown). Neither did the two 

in CTL3 of T. castaneum. Thus, emergence of the dual-CTLD genes in the lepidopteran 

insects seems independent from that in the beetle.

The alignment of M. sexta CTL-X1~X6 with their homologs in B. mori, D. melanogaster, A. 

gambiae, A. aegypti, and T. castaneum established orthologous relationships within the six 

groups (Fig. 2C), suggesting their ancestral genes existed before divergence of the 

Lepidoptera, Diptera and Coleoptera. In the lineage of D. melanogaster, the ortholog of M. 

sexta CTL-X5 was apparently lost during evolution. Based on the sequence similarity and 

domain organization, we also found A. aegypti AAEL011402 and AAEL011403 are the N- 

and C-terminal fragments of the mosquito CTL-X5, respectively.

3.3. Evolutionary relationships and structural features of the CTL domains

Can the phylogenetic relationships based on alignment of the entire CTLDPs (Fig. 2) be 

recreated by aligning their CTL domains alone? To test the possibility, we compared the 56 

CTL domain sequences and constructed a tree based on the sequence alignment. Eighteen 

CTL domains formed branch A, and eighteen CTL domains formed branch B (Fig. 4). 

IML-1A and IML-18B are more diverged from the two major branches, as they arose in the 

early evolution of IMLs (Fig. 2B). These results suggest, after the ancestor IML gene came 

into being, entire gene duplications and sequence divergence gave rise to multiple tandem 

CTL domain IMLs in moths and butterflies before the radiation of Lepidoptera. Lineage-

specific family expansions occurred more recently. There is no evidence for domain 

shuffling in the evolution of these genes. The three domains of CTL-S9 are not closely 

related to those in the IMLs (Fig. 4). The evolution of CTL-S and X groups mostly occurred 
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before the emergence of IMLs. Nonetheless, the close relationships between CTL-X1 and 

X2 and among CTL-S1~S3 are also reflected at the domain level.

Alignment of the 56 CTL domain sequences with the domain in rat mannose binding lectin 

(MBL) allows a close examination of their sequence features (Fig. 5). The typical CTL 

domain is stabilized by three disulfide bonds between Cys-1 and −2, Cys-3 and −6, and 

Cys-4 and −5. These Cys residues are absolutely conserved in 23 CTL domains [IML-1~3, 

5, 6, 9~19 B domains, CTL-S5, X1~X3, X5 (A, B), X6]. Both Cys-1 and −2 are absent in 26 

other CTL domains [IML-1~19 A domains, CTL-S3, S4, S7, S8, and S9 (A, B, C domains), 

whereas Cys-4 and −5 are both absent in 4 CTL domains (IML-4, 7, 8 B domains and CTL-

X4). The 3–6 and 4–5 linkages are predicted to form in CTL-S1, S2, and S6, but Cys-1 in 

CTL-S1 and S2 may pair with a Cys at the fourth position after Cys-3 based on their 

structure models (see below). The Cys residues in C(D/N)F(K/A)GC of CTL-S1, S2 and S3 

may form a unique disulfide bond. We have also identified the residues corresponding to 

those in MBL involved in Ca2+ sugar binding (Fig. 5). Most of the IML A domains lack 

these residues whereas their B domains possess them. We suggest that CTL-S1, S3, S6, 

S9B, and X1 have the potential for carbohydrate binding.

To further explore the binding sites, we performed structural modeling of 56 CTL domains 

and found their overall folds are predicted to be closely similar (Fig. 6, Table 2). Eighteen of 

the models may contain one or two Ca2+ ions for calcium-dependent sugar binding, and 

twenty-two may bind carbohydrates in a Ca2+-independent manner. Among the remaining 

sixteen CTL domains, one may bind Ca2+ but not sugar and fifteen may bind neither. Future 

analyses are needed to determine whether they bind specific carbohydrates and if Ca2+ 

enhances binding strength or specificity. While sequence alignment of the CTL domains in 

M. sexta CTLDPs and rat MBL allows us to predict residues important for Ca2+ 

coordination and sugar binding (Fig. 5), molecular modeling of the protein-Ca2+/sugar 

complexes provides similar information based on the three-dimensional structures (Fig. 6). 

Therefore, we have compared the results and found the predictions are mostly consistent. 

CTL-S1, S3, S9B, IML-9B, 10B, 11B, 12B, 16B, and 17B, containing the “QPD” motif, 

may form stable complexes with galactose, as suggested by the high C-scores of the models. 

CTL-S6, IML-1B, 4B, and 5B have the “EPN” motif and may bind mannose tightly. 

However, IML-2B, 10A and 12A (“EPN”) may bind mannose, but the C-scores are lower 

than those of the predicted protein-galactose complexes. In contrast, IML-3B (“QPD”) may 

form a more stable complex with mannose than galactose. IMB-15B (“QPD”) may not bind 

galactose at all (Table 2). Consequently, carbohydrate binding specificity of CTL domains 

may not be predicted with 100% accuracy based on the “EPN” or “QPD” signature. 

Experimental evidence will be required to validate the predicted specificities.

3.4. Expression profiles and transcriptional regulation of M. sexta CTLDPs

To analyze the expression of CTLDP genes, we examined their mRNA levels in 52 tissue 

samples from M. sexta at various developmental stages. Cluster analysis of the expression 

profiles revealed five groups (Fig. 7, Table S2). Group A includes CTL-S4, X4, X6, and 

IML-20 whose mRNA levels were low in muscle, Malpighian tubules and midgut, but 

moderate in head, fat body, ovary and testis. Group B consists of CTL-S1~S3, S6, X2 and 
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X3. Although their mRNA levels are generally higher than those of the group A members, 

especially in muscle and Malpighian tubules, expression patterns of these two groups were 

similar. The CTL-S7, IML-7, 8 and 14~16 in group C are expressed at moderate levels in 

most of the samples. The mRNA levels of IML-1~5 and 9~12 (group D) are much higher in 

fat body and muscle, than in the other tissues. Group E is composed of CTL-X1, X5, S5, S8, 

IML-6, 18, and 19, and in this group transcript levels are low in most of the tissue samples.

We observed high mRNA levels of some CTLs in certain tissues and stages (Fig. 7, Table 

S2). For instance, the FPKM values of CTL-S1 in muscle of 4th instar larvae, CTL-S3 in 

eggs before hatching, CTL-S4 in adult testis, CTL-S7 in fat body of early pupae were 1378, 

980, 484, and 1180, respectively. The FPKM values of CTL-S2 in ovary of late pupae, 

muscle and head of late 4th instar larvae were 926, 944, 820, 944, respectively. The IML-1, 

5, 10, and 4 mRNA levels were high in fat body of early pupae (FPKM: 1268, 769, 414) and 

wandering larvae (3615), respectively. The FPKMs of IML-13 were 665, 515, and 637 in 

head of day 2, 5th instar larvae, muscle of pre-wandering and wandering 1arvae. In 

comparison, the FPKMs of CTL-S5, S6, S9, X1~X6, IML-2, 3, 6~9, 11, 12, and 14~19 were 

<400 (average: 12).

Our studies on mRNA and polypeptide level changes (Zhang et al., 2011 and 2014; 

Gunaratna and Jiang, 2013) provided an overview of the immune system in response to an 

immune challenge. In light of the genome sequence, we reanalyzed the results on CTLDPs 

(Table 2) in conjunction with a search for potential regulatory elements in the 1000 bp 

region upstream of each gene. We identified one R1 binding motif in IML-8, 93 GATA 

boxes, and 247 LPS responsive elements. The R1 binding site is required for Rel protein-

mediated up-regulation of cecropin A1 transcription in D. melanogaster (Uvell and 

Engström, 2003). The search for putative NF-κB binding sites (GGGRAYYYYY) in the 

thirty CTLDP genes uncovered 1, 22 and 290 motifs with 0, 1 and 2 mismatches, 

respectively. M. sexta IML-7 contains all three forms, CTL-S1, S2, S8, X1, X3, X4, IML-1, 

3, 7, 10, 14~16, and 19 have the motifs with 1 and 2 mismatches, and 15 other genes have 2 

mismatches. Five genes (IML-1, 2, 4, 12 and 15) showed increase in mRNA (>4.0 fold) 

and/or protein (≥1.6 fold) levels after immune challenge. However, the dataset is too limited 

to analyze whether the presence of κB elements correlates with inducibility.

4. Discussion

Annotation of the 34 CTLDP genes in M. sexta genome provide insights into structures of 

this diverse family of proteins in insects. Based on their domain organization, we divide 

them into three groups. Simple and complex CTLDPs exist widely in insects and other 

animals including human. Immulectins represent a unique group of C-type lectins with two 

tandem CTLDs (Fig. 1), which independently evolved in lepidopteran insects (Fig. 2). As a 

common structural module of CTLDPs, the CTL domain adopts a double-loop fold. The 

closely located N- and C-termini make the entire domain a “loop”, whereas the region 

between β2 and β3 strands forms another “loop” on the other side of the domain (Fig. 6) 

(Zelensky and Gready, 2005). The “domain loop” consists of β helices, β sheets, and loops; 

the other “interstrand loop” includes most of the residues interacting with Ca + and 

carbohydrates (Fig. 5). While these residues display certain levels of conservation, gaps and 
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inserts are common in this part of the domain in CTLPDs (e.g. CTL-S4, S5, S9A, and X6), 

reminiscent of the complementarity determining regions of antibodies. Such variable 

sequences, may be important for its specific recognition of glycoconjugates. To explore the 

possibility, we constructed three-dimensional models of all the 56 CTL domains and 

observed a similar overall fold (Fig. 6; data not shown). Multiple-threading alignments and 

iterative template assembly simulations allowed us to predict key residues in the structures, 

which may participate in Ca and sugar binding (Table 2). Based on these predictions, 

eighteen CTL domains may bind Ca2+ ion(s) and carbohydrates; 22 may bind sugars in a 

Ca2+-independent manner; 16 may not bind any carbohydrate. In comparison, sequence 

alignment-based predictions are vague (Fig. 5). It would be interesting to determine 

experimentally the calcium-dependence and carbohydrate-binding specificity of these 

domains, especially the ones yielding inconsistent predictions (IML-2B, 3B, 10A, 12A, 

15B) (Table 2). While mannose-binding was suggested by the EPN motif in A. aegypti 

CTLMA15, Anguilla japonica lectin-2, and Spirinchus lanceolatus asialofetunin-binding 

CTL, experimental data supported galactose binding (Cheng et al., 2010, Tasumi et al., 

2002, Hosono et al., 2005), which is consistent with our predictions based on their 3D 

structural models (data not shown).

The comparative genomic analysis of insect CTLDPs provides leads for their functional 

studies in the future. The orthologous relationships of CTL-X and S proteins (Fig. 2) suggest 

the orthologs may perform similar functions in diverse groups of insects. For instance, 

mutations in four CTL-X genes lead to phenotype changes in D. melanogaster. The product 

of Drosophila furrowed gene (an ortholog of M. sexta CTL-X2) plays a role in homophilic 

cell adhesion that affects planar cell polarity. Flies deficient in furrowed exhibited disrupted 

development of compound eyes and bristles (Chin and Mlodzik, 2013; Leshko-Lindsay and 

Corces, 1997). Functions of the gene uninflatable (uif, CTL-X3 ortholog) were implied in 

two manners: uif deficient flies displayed deficiencies in tracheal growth, tracheal cuticle 

molting and trachea inflation during embryogenesis; uif antagonizes the Notch signaling 

pathway by modulating ligand accessibility to the extracellular domain of Notch (Xie et al., 

2012; Zhang and Ward, 2009). Acting with neuroglian and neurexin IV, contactin (CTL-X4 

ortholog) is essential for septate junction organization in epithelial and neuronal cells, 

normal blood-nerve barrier in peripheral nervous system, and blood-brain barrier functions 

(Banerjee et al., 2006; Faivre-Sarrailh et al., 2004; Stork et al., 2008). D. melanogaster 

CG3921 product (CTL-X6 ortholog) interacts with the claudin protein megatrachea (Jaspers 

et al., 2012). Due to the three scavenger receptor (SR) Cys-rich domains, CG3921 and its 

orthologs in the mosquitoes may have SR activity. We have also identified orthologs of 

CTL-S1~S6 (Fig. 2A), but little is known about their supposedly conserved functions.

In contrast to these CTLPDs, others have evolved to perform unique functions in diverse 

groups of insects. A 26 kDa regenectin (CTL-S) assists organization or stabilization of 

epidermis during leg regeneration in the American cockroach (Kubo et al., 1993). The 

heterodimer of A. gambiae CTL4 (CTL-S) and CTLMA2 (CTL-S), defending the mosquito 

against Gram-negative bacteria (Schnitger et al., 2009), acts as an agonist of Plasmodium 

berghei development (Osta et al., 2004). A. aegypti CLSP2 (CTL-X), with a CTL domain 

following N-terminal serine protease domain, negatively regulates proPO activation (Shin et 
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al., 2011). West Nile virus induces A. aegypti mosGCTL-1 (formerly CTLMA15, a CTL-S), 

which enables the viral attachment to cells and enhances entry (Cheng et al., 2010). A CTL-

S on the surface of the parasitic wasp embryonic cells may recognize N-linked carbohydrate 

chains with fucose residues on the host embryos for infiltration (Takahashi-Nakaguchi et al., 

2011). Since no ortholog is found in M. sexta, we consider these functions as results of 

evolution under specific conditions by other insects.

Certain immulectins (e.g. M. sexta IML-1, B. mori CTL11, D. plexippus CTL17) form 

ortholog groups in lepidopteran insects. Others (e.g. H. armigera CTL1, 2 and 6; M. sexta 

IML-9~12) seem to be the result of lineage-specific gene duplications (Fig. 2B and Fig. 3). 

Although the functional implications of such evolutionary relationships are unclear, we 

suggest that most of these proteins participate in defense responses, based on the known 

IML functions (Table 1). These functions are pattern recognition, agglutination/nodulation, 

opsonization for phagocytosis, encapsulation, and proPO activation/melanization. As 

recognition molecules, gene duplications and sequence divergence in the loop regions 

facilitate specific binding of carbohydrates and other surface molecules of the invading 

pathogens. Having two CTLDs in one protein may assist dimerization, as observed in certain 

CTL-Ss (Schnitger et al., 2009; Haq et al., 1996), and further increase recognition spectra 

and binding affinity (Watanabe et al., 2006).

While the phylogenetic relationships of entire proteins (Fig. 2) and CTLDs (Fig. 4) revealed 

functional conservation of some CTLPDs and diversification of others, the emergence of 

CTLs with two CTLDs in Lepidoptera and their major expansion in B. mori, H. armigera, 

and M. sexta, are truly remarkable. We do not know the exact origins of domains A and B, 

but the CTLD tree (Fig. 4) suggests they are results of a merger of two ancient CTL-S genes 

similar to S7 and S5. Cys-1 and Cys-2, missing in the 19 immulectin A domains and CTL-

S7 CTLD, are present in all the 19 B domains and CTL-S5 CTLD. There are three other 

differences between domains A and B. The gap between α2 and β2 (Fig. 5) results in the 

shortening of a loop connecting the two elements in IML-1 domain A (Fig. 6, C and D, 

arrows). The shorter linker between β2 and β3 causes the α-helix-3 to become a strand in the 

A domain. Substitutions of the key residues for carbohydrate interaction in domain A of 

IML-6~8 and 13~17, together with the two other changes, may lead to potential loss of 

sugar-binding capability (Table 2). Similarly, major expansions of the CTL-S family 

occurred in the lineages of D. melanogaster, A. gambiae and A. aegypti (Christophides et al., 

2002; Waterhouse et al., 2007) to meet the need for pathogen recognition, perhaps.

Temporospatial expression of the CTLDP genes reflects functional importance of their 

protein products (Fig. 7, Table S2). For instance, the low levels of CTL-X1~X4 and X6 

transcripts in the 52 tissue samples seem consistent with their attachment to cell membrane 

via the C-terminal TM region. Unlike most of the hemolymph CTLPDs, these cell adhesion 

molecules, limited in numbers and tissue locations, interact with specific protein partners. 

The IML-6 gene is hardly expressed in all the tissues, perhaps because the protein truncation 

rendered the gene nonfunctional. The increase in IML-1, 2 and 4 mRNA and protein levels 

(Table 3) after immune challenge is consistent with their known roles in defense responses 

(Table 1). It would be interesting to explore the functions of IML-12 and 15, which display 

similar patterns of the induced expression. As reported in Section 3.4, tissue or time-specific 
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expression of CTL-S1~S4, S7, IML13 suggests functions, and so do high mRNA levels of 

IML-1, 4, 5 and 10. Based on its high transcript levels in fat body of early pupae, similar to 

those of IML-1 and 4, we predict CTL-S7 (Fig. 2A and Fig. 4) plays a key role in innate 

immunity of M. sexta.

In summary, we performed an integrated investigation of the 34 CTLDP genes in the M. 

sexta genome. Sequence comparisons and phylogenetic analysis revealed evolution 

dynamics of these genes. We found changes were relatively few in CTL-X and some -S 

genes and, on the other hand, gene merging and duplications gave rise to 19 IMLs in M. 

sexta in a short period of evolutionary time. Structural variations such as indels in IML B 

domains caused conformation changes in the loops that interact with carbohydrates to cover 

a broader range of pathogens, perhaps. Molecular modeling of 3D structures is useful for 

predicting sugar binding specificity and visualizing structural differences between IML A 

and B domains. Gene expression profiling provides new information for functional 

exploration of CTLDPs in this biochemical model species.
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Abbreviations

CTL C-type lectin

CRD carbohydrate recognition domain

CTLDP CTL-domain protein

IML immulectin

LC low complexity

proPO prophenoloxidase

MBL rat mannose binding lectin

FPKM fragments per kilobase of exon per million fragments mapped

C control

I induced

F fat body

H hemocytes

TM transmembrane
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SR scavenger receptor
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• Identified 9 simple and 6 complex CTL-domain proteins and 19 immulectins;

• Analyzed their structural features, evolution dynamics, and expression profiles;

• Modeled 56 CTL domains to predict their carbohydrate binding capability and 

specificity.

Rao et al. Page 15

Insect Biochem Mol Biol. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Domain architectures of the 34 M. sexta CTLDPs. Signal peptide and transmembrane (TM) 

region are in red. C-type lectin domains (CTLDs) are in cyan. Low complexity (LC) regions 

within the grey areas are not shown. Other domains including CCP/Sushi, FTP, LDLa, 

CUB, EGF, FA58C, HYR, GCC, LamG, IG, FN3, SR and PbH1 are in different colors. 

Protein sizes or size ranges are indicated at the end of each bar. The domain and protein 

sizes are not in proportion.
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Fig. 2. 
Phylogenetic relationships of M. sexta CTL-S1~S9 (A), IML-1~19 (B), and CTL-X1~X6 

(C). Based on the preliminary analysis, M. sexta (Ms) CTL-S, IML and CTL-X groups were 

separately aligned with their homologs with similar domain architectures from other insects. 

Branches in each closely related group (bootstrap value >500 in 1000 trials) are shown in the 

same color. A. aegypti (Aa) AAEL011402 and AAEL011403, corresponding to the amino- 

and carboxyl-terminal regions of A. gambiae (Ag) AGAP000443, were combined prior to 

sequence alignment. The “intergenic" sequence in A. aegypti encodes most of the domains 
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found in the center of AgAP000443 (data not shown). Ap, Antheraea pernyi; Bm, B. mori; 

Dm, D. melanogaster; Dp, Danaus plexippus; Ha, Helicoverpa armigera; Hc, Hyphantria 

cunea, Hs, Harpegnathos saltator; Hv, Heliothis virescens; Lo, Lonomia obliqua; Md, 

Microplitis demolitor; Nv, Nasonia vitripennis, Pp, Papilio polytes; Pr, Pieris rapae; Pxu, 

Papilio xuthus; Pxy, Plutella xylostella; Tc, T. castaneum; p for partial sequence.
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Fig. 3. 
The M. sexta IML gene clusters. Exons 1~5 of IML-14 gene are located between exons 5 

and 6 of IML-13 gene; whereas exon 6 of IML-14 closely follows exon 6 of IML-13.
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Fig. 4. 
Phylogenetic relationships of the 56 M. sexta CTL domains. A neighbor-joining tree was 

constructed based on the sequence alignment, with the branches corresponding to the CTL 

domains A and B in the 19 IMLs colored green and red, respectively. Branches for the 

domains in CTL-S1~S9 and X1~X6 are shown in black.
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Fig. 5. 
Sequence alignment of the M. sexta CTL domains. Based on the domain predictions using 

SMART, the 56 CTL domain sequences are aligned with that of the rat mannose binding 

protein (IK9I). For IML-6, the sequence after the stop codon (*, shaded red) also included. 

In the aligned sequences, ‘EPN’ and ‘QPD’ motifs are highlighted at ‘P’ gray and cyan, 

respectively. Residues involved in Ca2+ binding in site-1 and −2 (labeled “1” and “2”, 

respectively) are shaded yellow. Residues involved in carbohydrate binding (based on the 

models in Fig. 6 and data not shown) are highlighted green, with those also binding Ca2+ 

underlined. Of the six conserved Cys residues, Cys-1 and −2, −3 and −6, −4 and −5 are 

predicted to form three disulfide bonds in 23 CTL domains. The other 30 CTL domains may 

lack the bond between Cys-1 and −2 or Cys-4 and −5. In other parts of the sequences, Cys 

residues (in red font) may form disulfide bridges with other linkage patterns. The 

SIDPLDVPQGSTAPQRTARHGTEHVM between D and T (shaded pink) in CTL-S4 and 

LDILRSEG between A and D (shaded pink) in CTL-S9 domain A are removed along with 

the gaps in the other sequences.
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Fig. 6. 
Structural models of the CTL domains of M. sexta CTL-S2 (A), CTL-X5A (B), IML-1A 

(C), and IML-1B (D). Ca2+ ions, yellow spheres; galactose (panel C) and mannose (panel 

D) containing carbohydrates, red stick; disulfide bonds, yellow sticks linking the side chains 

of paired Cys residues. Key residues involved in Ca2+ coordination and carbohydrate 

binding (Table 2) are indicated in Fig. 5. Regions that differ in IML-1A and −1B are marked 

by black arrows.
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Fig. 7. Transcript profiles of the M. sexta CTL genes in the fifty-two tissue samples
The mRNA levels, as represented by log2(FPKM+1) values, are shown in the gradient heat 

map from blue (0) to red (≥10). The values of 0~0.49, 0.50~1.49, 1.50~2.49 … 8.50~9.49, 

9.50~10.49 10.50~11.49, 11.50~12.49 and 12.50~13.49 are labeled as 0, 1, 2 … 9, A, B, C 

and D, respectively. The 52 cDNA libraries (1 through 52) are constructed from the 

following tissues and stages: head [1. 2nd (instar) L (larvae), d1 (day 1); 2. 3rd L, d1; 3. 4th 

L, d0.5; 4. 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 (adults), d1; 10. A, d3; 11. A, d7], fat body (12. 4th L, late; 13. 5th L, d1; 

14. 5th L, pre-W; 15. 5th L, W; 16. P, d1–3; 17. P, d15–18; 18. A, d1–3; 19. A, d7–9), whole 
animals [20. E (embryos), 3h; 21. E, late; 22. 1st L; 23. 2nd L; 24. 3rd L), midgut (25. 2nd L; 

26. 3rd L; 27. 4th L, 12h; 28. 4th L, late; 29. 5th L, 1–3h; 30. 5th L, 24h; 31. 5th L, pre-W; 32–
33. 5th L, W; 34. P, d1; 35. P, d15–18; 36. A, d3–5; 37. 4th L, 0h), Malpighian tubules (MT) 

(38. 5th L, pre-W; 39. A, d1; 40. A, d3), muscle (41. 4th L, late; 42–43. 5th L, 12h; 44–45. 

5th L, pre-W; 46–47. 5th L, W), testis (48. P, d3; 49. P, d15–18; 50. A, d1–3), and ovary 
(51. P, d15–18; 52. A, d1). Cluster analysis has revealed four distinct groups (A~D), as 

shown on the left. The group E genes (in blue font) are expressed at low levels [log2(FPKM

+1): 0~4] in nearly all the 52 samples. The data for this figure is included in Table S2.
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