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Abstract

Insects secrete antimicrobial peptides as part of the innate immune response. Most antimicrobial 

peptides from insects have antibacterial but not antifungal activity. We have characterized an 

antifungal peptide, diapausin-1 from hemolymph of a lepidopteran insect, Manduca sexta (tobacco 

hornworm). Diapausin-1 was isolated by size exclusion chromatography from hemolymph plasma 

of larvae that were previously injected with a yeast, Saccharomyces cerevisiae. Fractions 

containing activity against S. cerevisiae were analyzed by SDS-PAGE and MALDI-TOF MS/MS 

and found to contain a 45-residue peptide that was encoded by sequences identified in M. sexta 
transcriptome and genome databases. A cDNA for diapausin-1 was cloned from cDNA prepared 

from fat body RNA. Diapausin-1 is a member of the diapausin family of peptides, which includes 

members known to have antifungal activity. The M. sexta genome contains 14 genes with high 

similarity to diapausin-1, each with 6 conserved Cys residues. Diapausin-1 was produced as a 

recombinant protein in Escherichia coli. Purified recombinant diapausin-1 was active against S. 
cerevisiae, with IC50 of 12 μM, but had no detectable activity against bacteria. Spores of some 

plant fungal pathogens treated with diapausin-1 had curled germination tubes or reduced and 

branched hyphal growth. Diapausin-1 mRNA level in fat body strongly increased after larvae were 

injected with yeast or with Micrococcus luteus. In addition, diapausin-1 mRNA levels increased in 

midgut and fat body at the wandering larval stage prior to pupation, suggesting developmental 

regulation of the gene. Our results indicate that synthesis of diapausin-1 is part of an antifungal 

innate immune response to infection in M. sexta.
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1. Introduction

Insects synthesize antimicrobial peptides as part of the immune response to infection by 

microorganisms (Casanova-Torres and Goodrich-Blair, 2013; Jiang et al., 2010; Hultmark et 

al., 1980; Yazdi et al., 2013; Zhang et al., 2014). Some small α-helical peptides from insect 

hemolymph have antibacterial and antifungal activity. These include some cecropins 

(Boulanger et al., 2002; Cavallarin et al., 1998; Delucca et al., 1997; Ekengren and 

Hultmark, 1999; Kim et al., 2010; Vizioli et al., 2000; Xia et al., 2013) and moricins (Brown 

et al., 2008; Dia et al., 2008; Hemmi et al., 2002). Proline-rich peptides with antifungal 

activity include lebocins (Chowdhury et al., 1995; Rao et al., 2012) and metchnikowin 

(Levashina et al., 1995; Rahnamaeian et al., 2009; Rahnamaeian and Vilcinskas, 2012). 

Glycine-rich antifungal peptides include Manduca sexta gloverins (Xu et al., 2012), attacin 

B from Hyphantria cunea (Kwon et al., 2008), holotricin from Holotrichia diomphalia (Lee 

et al., 1995), and tenecin-3 from Tenebrio molitor (Kim et al., 1998).

Most insect antifungal peptides characterized so far are 4-6 kDa cysteine-stabilized 

molecules, with structures consisting of an α-helix connected to a β-sheet, triple-stranded 

antiparallel β-sheets, or two-strand hairpin-like β-sheet (Bulet and Stocklin, 2005). Insect 

defensins have in common an α-helical structure connected to a β-sheet, stabilized by three 

disulfide bridges, including two that connect the α-helix to the β-sheet, forming a cysteine-

stabilized alpha beta structure (CSαβ) (Landon et al., 1997). Drosomycin, from Drosophila 
melanogaster contains four disulfide bridges and differs from the defensins in the pattern of 

disulfide connectivity (Landon et al., 1997). Drosomycin and some defensins are strictly 

antifungal (Da Silva et al., 2003; Fehlbaum et al., 1994; Lamberty et al., 1999; Lamberty et 

al., 2001; Landon et al., 2004; Landon et al., 1997; Lee et al., 1995), whereas some 

defensins have both antifungal and antibacterial activity (Rees et al., 1997; Vizioli et al., 

2001; Hwang et al., 2009; Wang et al., 2009). An antifungal peptide named diapause specific 

peptide isolated from hemolymph of a leaf beetle, Gastrophysa atrocyanea, has three 

disulfide bridges, but its fold and disulfide connectivity differ from the defensins and 

drosomycin (Kouno et al., 2007; Tanaka et al., 2003). cDNA sequences similar in sequence 

to the beetle diapause specific peptide have been identified from some Lepidopteran species 

(Wan et al., 2012), and this group of peptides is known as the diapausin family (Tanaka et 

al., 2003; Tanaka and Suzuki, 2005; Kouno et al., 2007).

Several antibacterial proteins from the tobacco hornworm, Manduca sexta have been 

investigated, including: lysozyme (Mulnix et al., 1994), attacins (Kanost et al., 1990), 

cecropins (Dickinson et al., 1988), a lebocin-related precursor protein (Rayaprolu et al., 

2010), moricin (Dai et al., 2008), and gloverin (Zhu et al., 2003). Among these, gloverin and 

lebocin C have both antifungal and antibacterial activities (Xia et al., 2012; Rao et al., 2012). 

Genomic and transcriptomic studies have identified large numbers of putative antimicrobial 

peptides in M. sexta (Gunaratna and Jiang, 2013; He et al., 2015), but most lack 

experimental verification.

In this study we investigated antifungal activity in hemolymph of the caterpillar, Manduca 
sexta, which has been used as a model system for biochemical studies of insect immunity 

(Kanost et al., 2004; Kanost and Nardi, 2010; Ragan et al., 2009). We found that antifungal 
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activity is induced in hemolymph after microbial exposure, and we isolated and 

characterized a 5 kDa antifungal peptide from the diapausin family. This peptide, M. sexta 
diapausin-1, affected the growth and morphology of yeast and fungal hyphae. Diapausin-1 

mRNA level increased after injection of larvae with microorganisms and during normal 

development at the wandering larval stage prior to pupation.

2. Materials and methods

2.1. Insects

M. sexta larvae were fed with artificial diet and reared at 25 °C as described by Dunn and 

Drake (1983).

2.2. Sequence analysis

Sequence similarity searches were performed using Blast software (http://

www.blast.ncbi.nlm.nih.gov/Blast.cgi) from the National Center for Biotechnology 

Information. Searches of the Manduca sexta genome sequence were carried out using a blast 

server at the Manducabase web site (http://agripestbase.org/manduca/?q=blast). Multiple 

sequence alignment was done using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/

clustalo/) (Sievers et al., 2011). Signal peptides were predicted using the SignalP 4.1 server 

(http://www.cbs.dtu.dk/services/SignalP/) (Petersen et al., 2011).

2.3. Yeast injection and hemolymph collection

Saccharomyces cerevisiae strain SUB62 was grown in suspension in YPD medium (1% 

yeast extract, 2% peptone, 2% dextrose) at 30 °C with shaking at 200 rpm to OD600 nm of ~ 

0.6. Day two fifth instar M. sexta larvae were injected with 1.5×106 cells of S. cerevisiae. 
Uninjected larvae were used as control. After 24 h, hemolymph was collected from a cut 

proleg into a tube containing few crystals of diethyldithiocarbamate (DETC). The 

hemolymph was centrifuged at 7000×g for 25 min at 4 °C to remove hemocytes. The 

supernatant (plasma) was stored at −80 °C until use in protein preparations or assays.

2.4. Protein analysis

Diapausin concentration was measured by absorbance at 280 nm (calculated ε = 7815 M−1 

cm−1). Hemolymph and recombinant protein samples were analyzed by SDS 

polyacrylamide gel electrophoresis (SDS-PAGE), using 16% acrylamide gels and tricine 

buffer and stained with Coomassie brilliant blue R-250 (Invitrogen, USA). Recombinant 

proteins were analyzed by SDS-PAGE with NuPAGE 4-12% polyacrylamide Bis-Tris gels 

(Invitrogen, USA), and stained with Coomassie blue. Immunoblotting analysis was 

performed with mouse anti-His antibody as primary antibody (1: 2000 dilution) (Bio- Rad, 

USA), and goat-anti mouse conjugated to alkaline phosphatase (1: 3000 dilution) (Bio- Rad) 

as the secondary antibody.

2.5. Antimicrobial activity assays

2.5.1. Anti-yeast activity assay—Measurement of activity against yeast was performed 

as described by Fai and Grant (2009) with minor modifications. Briefly, S. cerevisiae grown 
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in YPD medium at 30 °C to OD600 of about 0.6. The cultures were diluted with YPD to 

OD600 of 0.1. Samples (100 μl) of the diluted culture were added to wells of a 96-well plate. 

Samples of hemolymph or recombinant protein were added, and the final volume was 

brought to 200 μl with YPD medium. The plates were incubated 16 h at 30 °C with shaking 

at 200 rpm, and then OD600 was measured using a microplate reader (BioTek, USA).

2.5.2. Bacterial strains and antibacterial activity assays—Listeria fleischmannii 
(DSM24998), Listeria grayi (DSM 20601), Listeria marthii (DSM 23813), Staphylococcus 
aureus (DSM 2569), Escherichia coli (D31) and Pseudomonas aeruginosa (DSM50071) 

were used to assess the antibacterial properties of M. sexta recombinant diapausin-1 peptide. 

Growth inhibition assays were performed as described by Rahnamaeian et al ( 2015) and 

Tonk et al (2015) in diapausin-1 concentrations ranging from 0.03 μM to 250 μM using 384-

well plates (Griener Bio One, Germany). Bacterial strains in mid-logarithmic phase were 

used for these assays. The initial OD600 nm of the bacterial culture was set to 0.01 for 

Listeria spp. and 0.001 for other strains. We used Brain Heart Infusion Broth (BHIB) 

medium for Listeria spp. and Tryptic Soy Broth (TSB) (Roth, Germany) for other strains 

(Tonk et al, 2014). The assays lasted 16 h and the OD600 was recorded every 20 min using 

an Eon™ Microplate Spectrophotometer (BioTek Instruments, USA). Each assay included 

an untreated control bacterial culture.

2.5.3. Antifungal activity assays—Fusarium culmorum and Fusarium graminerum 
were grown on Spezieller Nahrstoffarmer agar (SNA) medium for 7 days, and conidia were 

washed with 1 mL of sterile water. To assay antifungal activity ~50 conidia in 30 μl of sterile 

water were supplemented with 4 μM of diapausin-1, and the germination was examined after 

24 h by phase contrast microscopy. To assess the effect of diapausin-1 against Magnaporthe 
oryzae spores, 1×105 spores were incubated with 15 μM of diapausin-1 for 4 h, then the 

spores were examined by the phase contrast microscopy. For Beauveria bassiana, 1×103 

spores/well in a 96-well plate were incubated with 0, 10, 20 or 30 μM diapausin-1 in 200 μl 

B-medium (4% glucose, 2% yeast extract). The plates were incubated at 25 °C, 200 rpm for 

24 h, and then OD600 was measured using the microplate reader and wells were examined 

using an inverted phase contrast microscope.

2.6. Size exclusion chromatography

A 20 mL sample of M. sexta plasma collected 24 h after injection of larvae with S. 
cerevisiae as described above was subjected to size exclusion chromatography on a column 

(120 × 2.5 cm) of Sephacryl S-200 (GE healthcare) and eluted with 20 mM Tris, 150 mM 

NaCl, pH 7.5 at 2 mL/min, with collection of 8 mL fractions. Protein content of the fractions 

was assessed by absorbance at 280 nm. Samples of each fraction (100 μL) were assayed for 

anti-yeast activity as described above.

2.7. Peptide mass fingerprinting

Size exclusion chromatography fractions 56-58, containing peptides with activity against 

yeast, were pooled and concentrated from 24 ml to 3.5 ml by vacuum centrifugation. Then, 

10 μL was added to 22 μL 5 mM dithiothreitol, 20 mM ammonium bicarbonate. The mixture 

was heated at 95 °C for 10 min, and then after reduced cystein residues were alkylated by 
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iodoacetate, 250 ng of proteomics-grade Trypsin Gold (Promega) was added, and incubated 

at 30 °C overnight. The digestion products were analyzed using a Bruker Daltonics Ultraflex 

III MALDI TOF/TOF Mass Spectrometer in MS mode (Dittmer et al., 2012). The peak lists 

were analyzed using Mascot software v 2.2.04 (Matrix Science Ltd.) and compared with 

protein sequences from the M. sexta official gene set 1.0 obtained from genome sequencing 

(http://agripestbase.org/manduca/), and with the NCBI nonredundant database (NCBInr 

2008.10.24.08, restricted to Metazoa).

2.8. Preparation of recombinant diapausin-1

cDNA made to a sample of RNA isolated from fat body of M. sexta larvae collected 24 h 

after injection with 100 μg M. luteus was used as a template for PCR using forward (5′-

GCCATGGCTATCAACAACTG-3′) and reverse (5′-AAGCTTTTAACGTCTGTAACA-3′) 

primers containing NcoI and HindIII restriction sites, respectively, to amplify the sequence 

encoding the diapausin-1. The diapausin-1 cDNA and pET32a (Novagen, USA) were 

digested with NcoI and Hind III (New England Biolabs, USA). The digested fragments were 

separated by electrophoresis on a 1% agarose gel, purified using a QIAquick Gel Extraction 

Kit (Qaigen, USA), and then fragments were ligated using T4 DNA ligase (New England 

Biolabs, USA) and used to transform E. coli strain Rosetta gami (Novagen, USA). A single 

colony containing the expected sequence was grown in 1 L of LB medium, and recombinant 

protein expression was induced with 1mM isopropyl β-D-1-thiogalactopyranoside for 4 h. 

Bacteria were pelleted at 4000 × g for 20 min at 4 °C. The pellet was suspended in lysis 

buffer (0.05 M sodium phosphate buffer containing 10 mM imidazole and 300 mM NaCl, 

pH 8.0) and 50 μl inhibitor cocktail (P 8849, Sigma) per gram of cell pellet. Cells were lysed 

by sonication, and then centrifuged at 4000 × g for 20 min at 4 °C. The fusion protein 

consisting of diapausin-1 with an amino-terminal thioredoxin and 6-His tag was purified 

from the supernatant by nickel affinity chromatography. The supernatant was applied to 

Econo-column® (1.5 cm ID, 7 cm long) (Bio- Rad, USA). The column was washed three 

times with 5 mL 20 mM imidazole, 300 mM NaCl in 0.05 M sodium phosphate buffer, pH 

8.0. The fusion protein was eluted with 5 ml of 250 mM imidazole in 0.05 M sodium 

phosphate buffer, pH 8.0. Fractions were analyzed by SDS-PAGE with NuPAGE 4-12% 

polyacrylamide Bis-Tris gels (Invitrogen, USA). Fractions contain the fusion protein were 

pooled and dialyzed against 10 mM sodium phosphate buffer, pH 7.4. The amino-terminal 

thioredoxin tag was removed by incubating 100 μg of fusion protein with one unit of 

recombinant enterokinase (Novagen, USA) at room temperature for 16 h according to the 

manufacturer’s instructions. Then, nickel affinity chromatography was used to separate the 

His and thioredoxin tags sequence from the mature diapausin-1, which flowed through the 

column. Fractions containing diapausin-1 were concentrated and buffer was exchanged to 10 

mM Sodium Phosphate buffer pH 7.4, using Amicon centrifugal filters with 3000 Da 

molecular weight cutoff (Millipore, USA). The diapausin-1 was further purified by reverse 

phase chromatography on a C18 capillary column (75 μm inner diameter × 15 cm; PepMap, 

Dionex) using a linear acetonitrile gradient using buffer A (0.1% formic acid, 2% 

acetonitrile) and buffer B (0.1% formic acid, 80% acetonitrile) starting from 10% buffer B to 

90% over 45 min at 2 mL/min.
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2.9. Reverse transcription-polymerase chain reaction (RT-PCR) and quantitative PCR 
(qPCR)

Day 2 fifth instar larvae were injected with 100 μg of dried M. luteus (Sigma, USA) 

suspended in PBS or with 1.5×106 cells of S. cerevisiae or left without injection as controls. 

After 24 h, fat body was collected from each larva and washed three times with anti-

coagulant saline (4 mM NaCl,40 mM KCl, 8 mM EDTA, 9.5 mM citric acid monohydrate, 

27 mM sodium citrate, 5% sucrose, 0.1% polyvinylpyrollidone, 1.7 mM PIPES). Total RNA 

was isolated using TRI reagent (Sigma, USA). RNA (120 ng) was a template for reverse 

transcription using Oligo-dT primer and SuperScriptTM II RT (Invitrogen, USA) following 

the manufacturer’s instructions. Samples of cDNA (1 μL) were used in RT-PCR reactions for 

30 cycles of 94 °C for 30 s, 48 °C for 30 s, 72 °C for 30 s followed by incubation at 72 °C 

for 4 min. The forward and reverse primers for diapausin were -:5′- 

GCCATGGCTATCAACAACTG -3′, and 5′- AAGCTTTTAACGTCTGTAACA -3′), 

respectively. Ribosomal protein small subunit 3 (rps3) was used as a control with forward 

and reverse primers 5′ - GCCGTTCTTGCCCGTTT -3′, and 5′- CGCGAGTTG 

ACTTCGGT- 3′) respectively. The PCR products were analyzed by electrophoresis on 1% 

agarose. For naive larvae in fifth instar feeding stage (day 2 and day 4) or wandering stage 

(days 0, 1, 2, 3) RNA was isolated from fat body and midgut. The cDNA, RT-PCR and 

analysis were performed as mentioned above. Quantitative RT-PCR (qPCR) was performed 

using IQTM SYBER Green supermix (Bio- Rad, USA) in a CFX96 thermo cycler (Bio- Rad, 

USA). The cDNA template was diluted 25 fold (v/v) with nuclease-free water (Ambion, 

USA), then 25 μL reaction volume (12.5 μL 2 × SYBER Green master mix, 1 μL forward 

primer, 1 μL reverse primer and 10.5 μL cDNA template) was incubated at 95 °C for 3 min, 

followed be 40 amplification cycles with 3 steps: 95 °C 10 s, 52 °C for 30 s, 70 °C for 30 s. 

The primers for diapausin-1 were 5′-ACCATGGGCATCAACAACTGG-3′ and 5′-

CTCGAGACGTCGTAACAGTT-3′ for both forward and reverse primers, respectively. The 

rps3 primers were the same as mentioned above. Relative expression of diapausin-1 mRNA 

levels were calculated using delta delta Ct (ΔΔCt) method (Livak and Schmittgen, 2001). 

Statistical analysis was carried out using GraphPad Prism software (GraphPad, USA).

2.10. Fluorescein isothiocyanate conjugated proteins

Diapausin-1 and bovine serum albumin (BSA) were conjugated with fluorescein 

isothiocyanate (FITC; Sigma, USA) as described in the manufacturer’s instructions. The 

labeled proteins were isolated using PD 10 desalting column (GE healthcare, USA), and 

then the FITC-conjugated proteins were dialyzed against 10 mM sodium phosphate buffer, 

pH 7.4. S. cerevisiae cells were incubated with the FITC-labeled proteins each at 5 μM, for 8 

h. After washing with 10 mM sodium phosphate buffer, pH 7.4, cells were examined by 

confocal laser microscopy.

3. Results

3.1. Purification of an antifungal peptide from M. sexta hemolymph

To investigate the presence of antifungal molecules in hemolymph of M. sexta larvae, we 

assayed activity against yeast in hemolymph from control larvae and from larvae 24 h after 

injection of S. cerevisiae. Plasma from larvae that had been injected with yeast had 
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significant activity against growth of yeast in our bioassay (Fig. 1A), whereas plasma from 

control larvae did not. In SDS-PAGE analysis of these samples, plasma from larvae injected 

with yeast contained several protein bands at higher intensity than in controls, including a 

band at ~5 kDa (Fig. 1B).

To isolate and identify antifungal molecules, 20 mL of plasma from larvae collected 24 h 

after injection with yeast was separated by size exclusion column chromatography, and 

fractions were tested for activity against S. cerevisiae (Fig. 1C). Three fractions (56-58) had 

strong anti-yeast activity. In analysis of these fractions by SDS-PAGE, a single band was 

visible at ~ 5 kDa (Fig. 1D). These fractions were pooled, concentrated, and analyzed by 

mass spectrometry. The MALDI-TOF analysis of purified ~ 5 kDa peptide showed the sharp 

ms peak at (m/z) 5165.5, which matched with SDS-PAGE analysis (supplement). Proteomics 

analysis was performed to identify 5 kDa peptide using MALDI-TOF MS/MS technology. 

Following MASCOT peptide search against NCBInr database, the spectra of tryptic 

fragments revealed significant matches with N-terminal region including 

INNWVRVPPCDQVCSR from psychimicin (NCBI accession P83421), a peptide isolated 

from a lepidopteran insect, Oiketicus kirbyi (Figs. 2 and 3). Psychimicin is a member of the 

diapausin family of antimicrobial peptides (Pfam PF08036), named for its first 

representative, diapause-specific peptide from a beetle, Gastrophysa atrocyanea, which also 

has antifungal activity (Tanaka et al., 2003;Tanaka et al., 1998).

We used the psychimicin sequence for blast searching of official gene set 1.0 from the M. 
sexta genome sequencing project (http://agripestbase.org/manduca/), but no gene models had 

significant matches. However, when we searched using tblastn against the DNA sequences 

of the assembled M. sexta genomic scaffolds, we identified a region on scaffold 6084 with a 

strong match to the psychimicin sequence. MASCOT peptide analysis against scaffold 6084 

showed that all of the predicted tryptic peptides were found from the tryptic mass spectra 

with high MS/MS matching probability (supplemental data). This region contained a single 

exon encoding a predicted signal peptide of 23 residues, followed by a mature peptide of 45 

residues, with mass of 5160.7 Da and theoretical pI of 8.5 (Fig. 3). This gene, named M. 
sexta diapausin-1 (synonym antifungal peptide-1, manually annotated by Haobo Jiang, 

Oklahoma State University) is designated as Msex2.15011 in official gene set 2.0 (http://

agripestbase.org/manduca;https://i5k.nal.usda.gov/Manduca_sexta).

Additional tblastn searching of the scaffold sequences revealed 13 additional single-exon 

genes in the diapausin family, which were not recognized as genes in official gene set 1 (Fig. 

3). Genes 2-10 form a cluster on scaffold 1204 and have very similar sequences (He et al., 

2015). Members of the diapausin family have six absolutely conserved Cys residues. An 

alignment of the M. sexta diapausin-1 amino acid sequence with the original diapause-

specific peptide and some homologous lepidopteran sequences available in transcriptome 

databases is presented in Fig. 3. M. sexta diapausin sequence similarity ranges from 91% 

identity with psychimicin to 49% identity with G. atrocyanea diapause specific peptide. 

Calculated molecular weight of Msex2.15011 is 5169.8, which is slightly larger than the 

MALDI-TOF analysis of purified diapausin-1 (m/z 5165.5), probably due to formation of 

threedisulfide bonds in the hemolymph peptide.
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3.2. cDNA cloning and antimicrobial activity of recombinant diapausin-1.

Primers for PCR amplification of the region encoding the mature form of diapausin-1 (after 

removal of the secretion signal peptide) were designed based on the genomic sequence of 

gene Msex2.15011 and used to amplify the cDNA from RNA prepared from fifth instar 

larval fat body. The resulting cDNA (Genbank accession KT222965) matched exactly with 

the genomic sequence. It was cloned into expression vector pET32a, and a fusion protein of 

an amino-terminal 6-His tag followed by thioredoxin, fused with carboxyl-terminal 

diapausin-1 was expressed in E. coli. The 22.5 kDa fusion protein was purified by nickel-

affinity chromatography and then cleaved with enterokinase to remove the fusion tag. 

Diapausin-1 was separated from the 6-His-thioredoxin by passage through a nickel column, 

which retained the thioredoxin, and the 5 kDa diapausin-1 was collected in flow-through 

fractions (Fig. 4A). Diapausin-1 was further purified by reversed phase HPLC (Fig. 4B), and 

fractions were assayed for activity against S. cerevisiae. The major peak, representing ~50 % 

of the sample, was active against yeast. The sequence and total molecular weight of the 

expressed recombinant Diapausin-1 was confirmed by proteomics analysis. This 

recombinant diapausin-1 blocked yeast growth in a concentration dependent manner, with 

50% inhibition at ~12 μM diapausin-1 (Fig. 5A). The activity of diapausin-1 was stable to 

heating at 90 °C for 10 min (Fig. 5B), perhaps due to structural stability provided by the 

three predicted disulfide bonds.

To examine binding of diapausin-1 to yeast cells, we incubated S. cerevisiae with 

fluorescently labeled (FITC) recombinant diapausin-1 or with FITC labeled BSA as a 

control. Cells were pelleted, washed with 10 mM phosphate buffer, pH7.4, and then 

visualized by confocal laser scanning microscopy. FITC-diapausin was detected at the 

surface of yeast cells, but not in their interior (Fig. 6). In contrast, FITC-BSA did not bind to 

the yeast cells at a detectable level. This result indicates that diapausin-1 may affect yeast by 

binding with a surface component, such as the cell wall or cell membrane. Recombinant 

diapausin-1 lacked detectable activity against tested bacterial species (Staphylococcus 

aureus, Pseudomonas aeruginosa, Escherichia coli, Listeria fleischmannii, Listeria grayi, 

Listeria marthii, Listeria innocua, Listeria welshimeri, Listeria seeligeri, Listeria rocourtiae, 

Micrococcus luteus) (data not shown).

3.3. Effects of diapausin-1 on other fungi.

We carried out assays to test the activity of diapausin-1 on growth and morphology in some 

species of ascomycete fungi. Diapausin-1 had no apparent activity against growth of the 

insect fungal pathogen Beauvaria bassiana (data not shown). However, diapausin-1 did affect 

morphology and growth of some plant pathogenic fungi. When spores of Magnaporthe 
oryzae were treated with 15 μM diapausin-1and then allowed to germinate for 4 h, we 

observed that germination tubes were curled, with a corkscrew-like appearance, compared 

with the gently curved shape of the germ tubes from control spores not treated with 

diapausin-1 (Fig. 7). We examined the hyphal growth of two Fusarium species: Fusarium 
culmorum and Fusarium graminearum after treatment with diapausin-1. At 15 μM 

diapausin-1, no hyphal growth was apparent after 24 h (data not shown). Lower diapausin-1 

concentration of 4 μM caused abnormal hyphal development after 24 h. In F. culmorum, 

germination was almost completely inhibited and few, very small germ tubes with 
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constriction were observed. In F. graminearum, either strong constriction or destruction of 

septa was observed, which correlated with disintegration of conidia and loss of cell contents. 

In addition to ineffective germination, the hyphal length was significantly reduced compared 

with the controls, with frequent branching and changing in morphology (Fig. 8).

3.4. Change in diapausin-1 mRNA level after exposure to microorganisms and during 
development.

Because we found that activity against yeast increased dramatically in hemolymph after 

injection of larvae with yeast, we carried out experiments to test whether this change is 

correlated with increased level of diapausin-1 mRNA. We analyzed RNA extracted from 

feeding stage fifth instar larval fat body 24 h after injection with S. cerevisiae, M. luteus, or 

uninjected control larvae. cDNA samples prepared from these RNA templates were analyzed 

by quantitative PCR (qPCR). Diapausin-1 mRNA levels increased about 18-fold compared 

with control after injection with M. luteus and increased more than 100-fold after injection 

of yeast (Fig. 9).

Because some hemolymph proteins involved in M. sexta immune responses are known to be 

expressed in the wandering larval stage just prior to pupation in the absence of an immune 

challenge (Russell and Dunn, 1996), we tested whether diapausin-1 may also be expressed 

with a similar developmental pattern. We analyzed RNA extracted from the fat body and the 

midgut of naïve larvae during the feeding stage of the fifth instar and on the first four days of 

the wandering larval stage. Diapausin-1 expression level was low in fat body and midgut of 

feeding stage larvae, but increased dramatically by day one of the wandering stage (Fig. 10), 

with about 100-fold increase in fat body and 18-fold increase in midgut. The diapausin-1 

mRNA level increased further in midgut on wandering days 2 and 3, reaching ~50-fold 

greater than the level in fifth instar day 2.

4. Discussion

Insects can respond to infections by synthesizing antimicrobial peptides with activity against 

bacteria and/or fungi (Bulet et al., 2004; Casanova-Torres and Goodrich-Blair, 2013; Kanost 

et al., 2004; Yi et al., 2014; Rahnamaeian and Vilcinskas, 2015). Most known antimicrobial 

peptides from insect hemolymph are antibacterial, but some antifungal peptides have been 

discovered and characterized (Barbault et al., 2003; Fehlbaum et al., 1996; Kouno et al., 

2007; Landon et al., 1997). M. sexta has been investigated extensively as a model organism 

for studies of innate immunity in insects (Kanost et al., 2004; Kanost and Nardi, 2010). 

Although many antibacterial peptides have been identified from M. sexta (Dai et al., 2008; 

Dickinson et al., 1988; Gorman et al., 2004; He et al., 2015; Zhu et al., 2003), gloverin and 

lebocin C are the only M. sexta plasma proteins so far shown experimentally to have 

antifungal activity (Rao et al., 2012; Xu et al., 2012)

In this study, we present the isolation, cDNA cloning, and characterization of an antifungal 

peptide, diapausin-1, isolated from M. sexta larval hemolymph after injection of the larvae 

with the yeast, S. cerevisiae. Diapausin-1, a slightly basic peptide of 45 amino acid residues, 

is a member of the diapausin family. The diapausin family includes antifungal peptides of 

40-45 residues, with six conserved cysteines (Tanaka et al., 2003). The NMR structure of a 

Souhail et al. Page 9

Dev Comp Immunol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



beetle diapause-specific peptide, the first member of this family, contains a CSαβ - like 

motif stabilized by three disulfide bridges, which differ from the arrangement of disulfide 

bonds in insect defensins (Kouno et al., 2007). A search of the M. sexta genome revealed the 

presence of a family of genes that encode peptides similar to diapausin-1, all containing a 

predicted secretion signal peptide.

Diapausin-1 purified from hemolymph and produced as a recombinant protein had activity 

against S. cerevisiae. It was also active against some ascomycete filamentous fungi, although 

not the entomopathogen B. bassiana, which has perhaps adapted to lack susceptibility to 

insect antifungal defenses. Diapausin-1 lacked activity against all Gram-negative and Gram-

positive bacteria that were tested in vitro. This specificity is similar to the well characterized 

insect antifungal peptide like drosomycin and few other insect antifungal peptides, which do 

not affect bacteria (Fehlbaum et al., 1994; Iijima et al., 1993). However, our data do not rule 

out the possibility that diapausin-1 contributes to antibacterial defenses by displaying 

combinatorial activities with other AMPs in M. sexta. Recent findings from bumble bees 

show at the mechanistic level that co-occurring AMPs can cooperate to fulfill immunity-

related functions (Rahnamaeian et al, 2015).

Diapausin-1 appears to alter morphology when it restricts growth of fungal species. In 

germinating M. oryzae, the germination tube acquired a curled appearance not present in 

controls. With two Fusarium species, conidia germination was totally inhibited by 15 μM 

diapausin-1, and after treatment with only 4 μM of peptide, hyphal growth was severely 

reduced, and the hyphae became much more branched and constricted with abnormal 

morphology. Abnormal hyphae and delayed growth were observed when low concentrations 

of drosomycin were tested against Botrytis cinerea, and extruded cytoplasm observed along 

the hyphae may indicate that drosomycin caused a partial lysis of the cells (Fehlbaum et al., 

1994). In plants, antifungal defensins are grouped based on their effect on hyphal 

morphology into morphogenic or nonmorphogenic. Morphogenic peptides reduce hyphal 

growth and cause morphological change, whereas the nonmorphogenic peptides affect only 

hyphal growth (Ramamoorthy et al., 2007; Sagaram et al., 2011). Diapausin-1 bound to the 

surface of S. cerevisiae (Fig. 6). Perhaps interaction of diapausin-1 with some component of 

the fungal cell surface disrupts growth while causing distortion of cell shape.

Diapausin-1 mRNA levels increased dramatically in the fat body after larvae were injected 

with M. luteus or S. cerevisiae, with particularly strong induction of expression after 

exposure to the yeast (Fig. 9). The elevated expression of diapausin-1 is correlated with the 

appearance of anti-yeast activity in hemolymph after immune stimulation by injection of 

yeast (Fig. 1A). Because diapausin was first discovered in a leaf beetle as a hemolymph 

protein expressed during a quiescent stage, we tested whether M. sexta diapausin-1 might be 

expressed during development in the absence of microbial challenge, particularly at the time 

of pupation, when the insects might be vulnerable to infections. We found that diapausin-1 

was strongly expressed in fat body and midgut during the wandering stage, just prior to 

pupation. This expression pattern is similar to other M. sexta immune proteins, which are 

upregulated in hemolymph and in midgut fluid, beginning at the wandering stage and 

persisting into the pupa. These include hemolin, lysozyme, and phenoloxidase, antimicrobial 

proteins and peptides (Russell and Dunn, 1996; Yu and Kanost, 1999) and a β- 1,3 - glucan 
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recognition protein that can bind to fungal cell walls (Jiang et al., 2004 ; Takahashi et al., 

2014). Expression of diapausin-1 in the midgut and fat body at pupation may be part of a 

developmentally upregulated immune protection, to help block infections during 

metamorphosis. D. melanogaster drosomycin mRNA level is increased during pre-pupal and 

pupal stages (Attrill et al., 2016). Regarding structure and transient expression before 

pupation diapausin-1 displays similarity with the antifungal peptide gallerimycin from the 

greater wax moth Galleria mellonella (Langen et al., 2006). This model host has also been 

used to explore the induction of immune responses prior to pupation in Lepidoptera. The 

expression of a matrix metalloproteinases that mediates digestion of the extracellular matrix 

during metamorphosis has been found to produce fragments of collagen IV, which in turn 

function as danger signals that elicit immune responses (Altincicek and Vilcinskas, 2006, 

Altincicek and Vilcinskas, 2008).

We interpret the results of this study to conclude that diapausin-1 is an antifungal 

hemolymph peptide, which functions in the immune system of M. sexta larvae, likely 

providing protection against fungal infections. Diapausin-1 expression is strongly expressed 

after immune challenge and prior to metamorphosis. It is active against S. cerevisiae and 

some ascomycete fungi, disrupting growth and affecting fungal morphology. Further studies 

are needed to determine the molecular target of diapausin-1 and its mode of action.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• An antifungal peptide, diapausin-1 was isolated from hemolymph of Manduca 

sexta larvae

• Recombinant diapausin-1 was active against yeast and some ascomycete fungi.

• Diapausin-1 expression in fat body was strongly increased after larvae were 

injected with yeast
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Fig. 1. M. sexta larval hemolymph contains inducible anti-yeast activity
Day 2 fifth instar M. sexta larvae were injected with 1.5 ×106 cells of S. cerevisiae 
(induced); control larvae were uninjected. Hemolymph plasma was collected 24 h after 

injection. (A) Control (open circles) and induced (closed circles) plasma samples at different 

volumes were tested for anti-yeast activity as described in Materials and Methods. Error bars 

indicate standard deviation of technical replicates (n = 3). (B) Analysis of control (C) and 

induced (I) plasma samples (1.5 μL) by SDS-PAGE. (C) Separation of plasma by size 

exclusion chromatography. Hemolymph plasma (20 mL) from larvae collected 24 h after 

injection with S. cerevisiae was separated by size exclusion chromatography on a column of 

Sephacryl-S200, as described in Materials and Methods. Protein content of each fraction 

was monitored by measuring absorbance at 280 nm (black or red points). Activity of each 

fraction against yeast was assayed as described in Materials and Methods, with growth of 

yeast measured as turbidity, using absorbance at 600 nm (blue points). Arrows indicate the 

elution volumes of standard proteins. (D) Analysis of the fractions 56-58 with highest anti-

yeast activity, by SDS-PAGE using a 16% acrylamide tricine gel. Size and positions of the 

molecular weight markers are indicated on the left. The arrow indicates the position of the 

band that was analyzed by mass spectrometry of tryptic fractions.

Souhail et al. Page 17

Dev Comp Immunol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. Identification of diapausin-1 by peptide mass fingerprinting
The purified diapausin-1 peptide was digested with trypsin and then analyzed by MADLI-

TOF MS/MS. The mass spectrum is labeled to show sequences of peptides represented by 

peaks with masses and fragmentation patterns that match predicted tryptic peptides from the 

mature diapausin-1 protein encoded in M. sexta gene Msex2.15011 found in the M. sexta 
genome sequence.
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Fig. 3. Alignment of the M. sexta diapausin-1 amino acid sequence with other members of the 
diapausin family from M. sexta and other insect species
The sequence encoded by M. sexta gene Msex2.15011, diapausin-1 (NCBI accession 

number KT222965), after removing the secretion signal sequence, was aligned with mature 

peptide sequences of other members of the diapausin family present in the M. sexta genome 

(He et al., 2014) and several diapausin family members from lepidopteran species as well as 

the original member of this gene family, G. atrocyanea diapause specific peptide. Conserved 

Cys residues are highlighted in yellow. Other residues conserved with M. sexta diapausin-1 

are highlighted in blue. Accession numbers for the sequences retrieved from NCBI are: 

Gastrophysa atrocyanea diapause-specific peptide (GaDSP), Q8T0W8; Spodoptera litura 
diapausin (SlDiapausin), ABU96713; Spodoptera exigua diapause-specific peptide (SeDSP), 

ADM72854; Spodoptera littoralis spodomicin, P83411; Oiketicus kirbyi psychimicin, 

P83421.
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Fig. 4. Isolation of recombinant diapausin-1
(A) The 6-His-thioredoxin-diapausin fusion protein was cleaved with enterokinase, and 6-

His-thioredoxin was removed by nickel-affinity chromatography. Lane 1: reaction mixture 

after enterokinase cleavage; Lanes 2 and 3: first two flow-through fractions containing 

diapausin-1. (B) Reverse HPLC separation of the Diapausin-1 after cleavage with 

enterokinase and purification with Ni-NTA chromatography. The arrow indicates the active 

diapausin-1 which confirmed with anti-yeast activity test (data not shown).
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Fig. 5. Activity of recombinant diapausin-1 against yeast
(A) The concentration dependent activity of recombinant diapausin-1 in decreasing growth 

of S. cerevisiae was assayed by measuring turbidity at OD600 after a 12 hour incubation of 

cultures in a 96 well plate, containing different concentrations of diapausin-1, as described 

in Materials and Methods. The Inhibitory concentration 50% (IC50%) of recombinant 

diapausin-1 against S. cerevisiae was ~12 μM. (B) Heat stability of recombinant diapausin-1 

was tested after treatment of the peptide at 90 °C or 25 °C for 10 min prior to assay against 

yeast at 12 μM diapausin-1. Bars represent mean ± standard deviation (n = 3). There was no 

significant difference in the activity of heated diapausin-1 compared with the unheated 

control (t-test, t > 0.05), indicating heat stability of this antifungal peptide.
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Fig. 6. Binding of diapausin-1 to S. cerevisiae.
FITC-labeled diapausin-1 (A) or FITC-labeled bovine serum albumin (B), each at 5 μM 

incubated with S. cerevisiae for 8 h and then examined by confocal laser scanning 

microscopy (left panels) or phase contrast microscopy (right panels) to detect fluorescent 

protein associated with the yeast.
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Fig. 7. Diapausin-1 alters morphology of M. oryzae germination tubes
M. oryzae spores were incubated with 15 μM diapausin-1 for 4 h, and then examined by 

phase contrast microscopy. Scale bars indicate 50 μm.
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Fig.8. Diapausin-1 alters Fusarium hyphal morphology
Spores of F. graminearum or F.culmorum were incubated in medium with 4 μM diapausin-1 

for 48 h or in medium alone as a control. Resulting hyphae were visualized by phase 

contrast microscopy. Scale bars indicate 100 μm.

Souhail et al. Page 24

Dev Comp Immunol. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. Diapausin-1 levels in the fat body of M. sexta after injection with Micrococcus luteus or S. 
cerevisiae
Total RNA isolated from the fat body of three individual larvae for each treatment was used 

to synthesize cDNA, which was analyzed by qPCR, relative to the level of mRNA for 

ribosomal protein subunit 3 (RPS3). The bars represent the mean ± standard error of the 

mean, n=3.
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Fig.10. Diapausin-1 mRNA levels in fat body and midgut of naïve larvae increase at the 
wandering stage before pupation
Total RNA isolated from the fat body (A) or midgut (B) of three individual larvae at each 

time point was used to synthesize cDNA, which was analyzed by qPCR to determine level of 

diapausin-1mRNA relative to ribosomal protein S3 mRNA. The relative expression level on 

fifth instar day 2 was set as 1.0. 2D5th= day 2 of fifth instar; 4D5th = day 4 of fifth instar, 

W0 to W3 indicates wandering larval stage days 0 to 3. The bars represent the mean ± 

standard error of the mean for three individual larvae.
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