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SUMMARY: Inducible cecropin-like and attacin-like proteins were isolated from
immune hemolymph obtained from vaccinated Heliothis virescens larvae. The attacin-
like protein had a molecular weight of approximately 25,000 daltons and was not
dialyzable. The cecropin-like peptide had an estimated molecular weight of 6,000-
7,000 daltons and was dialyzable, heat-stable and sensitive to trypsin digestion. The
cecropin-like peptide showed bactericidal activity against Escherichia coli and
Enterobacter cloacae, and the attacin-like protein showed bactericidal activity against
E. coli. The immune hemolymph was bactericidal against E. coli, E. cloacae and
Pseudomonas aeruginosa. Ultrastructural cell envelope damage to E. coli, produced
by the immune hemolymph, was observed by scanning electron microscopy. No
antiviral activity by the inducible cecropin-like and attacin-like proteins was detected
against herpes simplex virus-1 and the vesicular stomatitis virus. o 1994 acagenic press, Inc.

Lepidopteran insects are known to produce antibacterial factors in the
hemolymph in response to injection of bacteria (2,9,13). The best-defined
antibacterial factors have been inducible proteins isolated from Hyalophora cecropia
pupae called cecropins (M.W. 4,000-7,000) (3,4,10) which are bactericidal and
attacins (M.W. 20,000-23,000) (4,10,11) which have iimited antibacterial activity. In
contrast with antibacterial immunity, little has been understood regarding insect
antiviral immunity (5,6,7) until recently (17,18), even though insects can be infected
with DNA and RNA viruses (1,14).

The purpose of this investigation was to demonstrate an inducible antibacterial
humoral response in tobacco budworm (TBW) larvae, Heliothis virescens. Although
the inducible antibacterial peptides of insects are known to have bactericidal activity
against many bacteria, it has not been known if these inducible immune proteins also
have antiviral activity. To accomplish the objectives of this study, cecropin-like and
attacin-like proteins were isolated by gel filtration chromatography from immune
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hemolymph obtained from larvae vaccinated with bacteria. The isolated larval
immune proteins were then characterized and tested in vitro for antibacterial and
antiviral activities against selected Gram-negative bacteria and enveloped viruses.

MATERIALS AND METHODS

Maintenance of Larvae: Tobacco budworm eggs were obtained from the
Bioenvironmental Insect Control Laboratory, U.S. Department of Agriculture,
Stoneville, MS. The eggs hatched after 3-4 days. The larvae were then reared
individually in 30 ml plastic cups with lids; each cup contained 10 ml of diet (16,20).
The cups were held at 24-25°C in a natural photoperiod.

Vaccination of Larvae: Tobacco budworm larvae were injected with live bacteria to
induce an antimicrobial response. The vaccination period was for 24 hrs. An
Enterobacter cloacae (ATCC 23355) vaccine was prepared by growth in tryptic soy
broth for 24 hrs. at 30°C. Each TBW larva was inoculated with 106 viable bacteria at
the base of a proleg; a 28-gauge needle with 0.5 ml syringe was used (16). The
larvae were 14 days old (5th instar) at the time of vaccination and 15 days old at the
time of bieeding (16). Two hundred larvae were inoculated with the vaccine. Two
hundred twenty-four larvae were not injected with the vaccine and served as a normal
hemolymph group.

Collection of Hemolymph: Two pools of normal and immune hemolymph were
collected, respectively, from the unvaccinated and vaccinated TBW larvae with
capillary tubes under ice-chilling conditions (16). Cell-free hemolymph was obtained
by centrifugation at 10,000 rpm for 10 min. at 4°C (16). The hemolymph was stored at
-80°C.

Protein Determination: Hemolymph protein was determined by the Lowry method (15)
using a standard curve. Bovine serum albumin was used as the protein standard.
Bactericidal Assay: To conduct the bactericidal assay, the same E. cloacae culture as
used for vaccination was grown in tryptic soy broth for 24 hrs. at 30°C. The

bactericidal assay was performed as previously described (16) using 25 ul of a culture
dilution of E. cloacae in saline and 25 pl of hemolymph or 25 pul of a column purified

protein fraction or 25 pl of saline. The incubation time of the mixture was 90 min. at
27°C. The tryptic soy agar plates were incubated for 48 hrs. at 25°C and the bacterial
colonies then counted. An equation was used to calculate the percent bactericidal
activity of the hemolymph and hemolymph fractions (19). Besides E. cloacae, cultures
of Escherichia coli (ATCC 11229), E. coli (K-12, D31 strain) and Pseudomonas
aeruginosa (ATCC 27853) were tested for their sensitivity to the immune and normal
hemolymphs. Escherichia coli (ATCC 11229) and E. cloacae were tested for their
sensitivity to the antibacterial activity of the cecropin-like and attacin-like hemolymph
factors.

Antiviral Assay in Tissue Culture: The TBW normal and immune hemolymph protein
fractions were tested for their antiviral activity jn vitro in tissue culture against the
herpes simplex virus (HSV) type 1, a DNA virus, and against the vesicular stomatitis
virus (VSV), an RNA virus. Antiviral activities were determined as previously
described (18) using a quantitative (TCID50) cytotoxicity/virus inhibition test done in
Vero cell tissue cultures that demonstrates viral cytopathic effects (CPE) and plaque
formation (18,21,22). Cytotoxicity testing using uninfected Vero cells was also done.
Purification of Antimicrobial Factors from Hemolymph: Hemolymph from the
inoculated TBW larvae was purified by gel filtration chromatography as follows.
Hemolymph (0.5 ml) was applied to a Sephadex G-75-50 gel column (Pharmacia,
Piscataway, NJ) in phosphate buffered saline (PBS), pH 7. After an initial large void
volume peak, one very small peak and then two poorly-separated larger peaks of low
molecular weight were seen. The latter two peaks were combined and concentrated,
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and then 1 ml was applied to a Sephadex G-50-50 column (Pharmacia, Piscataway,
NJ) in PBS, pH 7. Two ml of eluate were collected per tube from a column (1.5 cm x
30 cm) containing 50 ml of packed gel. Two well-separated peaks were obtained. The
second peak was recycled by Sephadex G-50-50 gel filtration. These two protein
peaks, isolated by gel filtration chromatography, were then tested for antibacterial and
antiviral activities.

Three mg each of a-chymotrypsin (M.W. 21,000), lysozyme (M.W. 14,300) and
insulin (M.W. 5,800) were used as molecular weight protein standards (Sigma, St.
Louis, MO). Two ml fractions were collected from the Sephadex G-50-50 column, and
the peak tube number was plotted against the log of the molecular weight standards to
construct a standard curve. The molecular weights of the two isolated peaks were
then determined.

Low mol. wt. hemolymph fractions of <10,000 and <3,000 were obtained by
ultrafiltration and centrifugation using Ultrafree-MC filter units (Millipore Corp., Bedford,
MA). These two protein fractions were also tested for antiviral activity.

High Pressure Liquid Chromatography (HPLC): An HPLC gel filtration column (Bio-Sil
TSK-250, BioRad, Richmond, CA) and Beckman HPLC instruments Model 332
(Beckman Instruments, Fullerton, CA) were used to determine the purity and molecuiar
weight of the cecropin-like immune hemolymph peptide. The column was eluted with
0.2 M NagHPO4, pH 7 and had a flow rate of one ml/min. The molecular weight of the
cecropin protein factor isolated by Sephadex G-50-50 gel filtration was determined by
comparing its HPLC retention time with Bio-Rad gel filtration molecular weight
standards (Bio-Rad, Richmond, CA) of thyroglobulin, 670,000; 1gG,158,000;
ovalbumin, 44,000; myoglobin, 17,000 and vitamin B-12, 1350.

haracterization of Hemolymph Cecropin Factor: The following experiments were
done to obtain data on the chemical nature of the hemolymph antibacterial cecropin-
like factor (8,10).
(a) The hemolymph cecropin factor was tested to determine if it was dialyzable
(12,000 M.W. cut-off dialysis membrane).
(b) The hemolymph cecropin factor was tested to determine if it was heat-stable
(heated at 60°C for 30 min.).
(c) The hemolymph cecropin factor was tested for its resistance to trypsin digestion
(1 mg/ml trypsin treatment for 30 min. at 30°C) and the reaction then stopped by
adding 1 mg soybean-trypsin inhibitor.

After each of the above experiments (a-c), the hemolymph cecropin factors were
tested by the bactericidal assay to determine if they retained their antibacterial activity
to E. coli versus untreated hemolymph.

Electron Microscopy: After incubation for 90 min. at 27°C with hemolymph, the E. coli
(ATCC 11229) whole cells were pelleted, resuspended in PBS and filtered onto 0.22
micron-pore Nucleopore PC membranes (Millipore Corp., Bedford, MA). Twenty-four
hr. cultures of E. coli were used. Bacteria on the membrane filters were fixed with
2.5% glutaraldehyde in cacodylate buffer, pH 7, dehydrated in ethanol, critical-point
dried and sputter-coated with 15 nm gold (12). The E coli were imaged using a JEOL
840 scanning electron microscope (SEM). Hemolymphs from vaccinated and
unvaccinated larvae were used. Saline treatment of bacteria was also done. The
SEM study was done in the UM Electron Microscopy Center.

RESULTS
Immune hemolymph from the TBW larvae was purified by gel filtration
chromatography using Sephadex G-75-50 and Sephadex G-50-50 columns
{(Pharmacia, Piscataway, NJ) in PBS, pH 7. Two well-separated peaks were obtained
by Sephadex G-50-50 column chromatography (Fig. 1). Using a-chymotrypsin,
lysozyme and insulin as molecular weight standards to construct a standard curve,
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Figure 1. Sephadex G-50-50 gel filtration in PBS, pH 7, of the last two peaks
obtained from Sephadex G-75-50 gel filtration. Two ml of eluate was collected
per tube. Peak | contained an attacin-like (25,000 daltons) antibacterial factor,
and Peak Il contained a cecropin-like (6,000-7,000 daltons) antibacterial factor.

one peak was estimated to have a molecular weight of 25,000 daltons (attacin-like)
and was not dialyzable. The recycled second peak had an approximate molecular
weight of 7,000 daltons (cecropin-like) and was dialyzable. The 25,000 mol. wt.
attacin-like peak, after dialysis, showed bactericidal activity (30%) against E. coli
(Table 1). The 7,000 mol. wt. cecropin-like peak showed bactericidal activity against
E. coli (44%) and E. cloacae (23%) (Table 1). After dialysis, the second cecropin-like
peak showed 2% bactericidal activity against E. coli. Analysis of the second peak by
HPLC showed it to be 91% pure with a mol. wt. of 6,142 daltons (Fig. 2). After column
purification and concentration, the yield of both the attacin and cecropin purified

Table 1. Percent Bactericidal Activity of Hemolymph and Hemolymph Fractions from

Heliothis virescens Larvae
Normal Immune Cecropin Attacin
Bacteria Hemolymph Hemolymph Fraction Fraction
Escherichia coli K-12 0% 95% ND ND
Escherichia coli 0% 72% 44% 30%
Pseudomonas aeruginosa 2% 46% ND ND
Enterobacier cloacae 3% 41% 23% ND

ND: Not Done
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Figure 2. High pressure liquid chromatography of the
cecropin-like peptide isolated by Sephadex G-50-50
gel filtration. An approximate molecular weight of 6,142
daltons was obtained.

fractions was 2 mg/mi. The two fractions were tested for antiviral activity against HSV-
1 and VSV, but no antiviral activity was found (Table 2).

The bactericidal activity of the cecropin-like peptide was heat-stable, resisting
heating at 60°C for 30 min. However, the cecropin-like peptide was sensitive to

Table 2. Antiviral (AvV) Activity and Cytotoxicity (Tox) of
Hemolymph Fractions from Heliothis virescens Larvae

HSV-1 (mg protein/mlJ*

VSV _(mg protein/ml) *

* % * X

Hemolymph Tox AV R Tox AV R
Attacin Fraction
(25,000 M.W.)

Immune 0.55 >0.55 1 >0.55 >0.55 1
Cecropin Fraction
(6,000 M.W.)

Immune 0.5 >0.5 1 >2.0 >2.0 1
Protein Fraction
(510,000 M.W.)

Immune >1.2 >1.2 1 >1l.1 >l.1 1

Normal >0.72 0.16 4.5 >0.72 >0.72 1
Protein Fraction
(£3,000 M.W.)

Normal 1.5 0.37 4.1 >1.5 >1.5 1

*mg protein/ml which protects S0% of vVero cells from viral
«xCytopathology or is cytotoxic for 50% of noninfected Vero cells.
R is cytotoxicity divided by antiviral activity.
HSV-1: Herpes Simplex Virus-1,
VSV: Vesicular Stomatitis virus,
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trypsin-treatment at 30°C for 30 min. which resulted in loss of bactericidal activity (0%)
to E. coli.

Immune hemolymph from the vaccinated TBW larvae showed bactericidal activity
against E. coli K-12 (95%), E. coli (72%), P. aeruginosa (46%) and E. cloacae (41%)
(Table 1). Normal hemolymph showed little or no bactericidal activity (Table 1).

Ultrastructural evidence of bacterial cell envelope damage against the E. coli
whole cells by the immune hemolymph proteins, produced by the vaccinated larvae,
was readily seen by SEM (Fig. 3a). The morphological damage to E. coli was
extensive. No structural damage was seen with hemolymph from unvaccinated larvae
(Fig. 3b). Saline treatment of bacteria also showed no structural damage by SEM (Fig.
3c).

Low mol. wt. hemolymph fractions of <10,000 and <3,000 were obtained by
ultrafiltration and centrifugation using Ultrafree-MC filter units. They were tested for
antiviral activity against HSV-1 and VSV but no antiviral activity was detected (Table

Figure 3. Scanning electron microscopy of effect of Heliothis virescens hemolymph on
Escherichia coli bacteria. (a) Immune hemoiymph from vaccinated larvae showing
bacterial cell envelope damage (x16,000). {b) Normal hemolymph from unvaccinated
larvae showing no structural damage to bacteria (x16,000). (c) Saline treatment of
bacteria showing no structural damage (x20,000).
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2). A major low mol. wt. cecropin peak of 6,142 daltons that was 91% pure by HPLC
was isolated that showed bactericidal activity against E. coli and E. cloacae (Table 1;
Fig. 2). The cecropin-like protein was further tested for antiviral activity but none was
found (Table 2). Both the cecropin and attacin inducible responses, although
antibacterial (Table 1), were not antiviral (Table 2). Antiviral activity was therefore not
inducible by vaccination.

DISCUSSION

Heliothis virescens is an important agricultural pest in the U.S.A. and is highly
resistant to nearly all chemical insecticides. Research studies on the development of
insect resistance to bacteria and viruses are needed to better understand the insect
response to microorganisms. Insect immunity should be studied in detail since
biological and chemical agents might be used to inhibit the insect defensive response
for the control of insect pests.

Induced humoral antibacterial proteins have been described before in
lepidoptera (4,9,10). This investigation, however, describes for the first time the
presence of inducible antibacterial activity in H. virescens larvae against E. coli, E.
cloacae and P. aeruginosa (Table 1). Characterization of the hemolymph cecropin-
like antibacterial factor was done. The cecropin-like protein was found to be dializable
as it passed through a 12,000 mol. wt. cutoff dialysis membrane. It was determined to
be trypsin-sensitive and was heat-stable. The cecropin-like peptide had an estimated
mol. wt. of 7,000 daltons by Selphadex G-50-50 gel filtration chromatography and a
mol. wt. of 6,142 daltons by HPLC (Fig. 1 and 2). The attacin-like protein had an
estimated mol. wt. of 25,000 daltons by Sephadex G-50-50 gel filtration
chromatography (Fig. 1).

Antiviral activity of the TBW hemolymph was determined by calculating the
therapeutic index (R value) or the measure of cytotoxicity (mg/ml) divided by the
antiviral activity (mg/ml). An R value of 10 is needed in order for antiviral activity to be
effective in animals (22). The cecropin and attacin fractions both had R values of 1
against the DNA and RNA viruses tested here (Table 2). From the R values obtained,
the data indicate that the inducible cecropin-like and attacin-like proteins were not
antiviral against HSV-1 and VSV (Table 2). We have recently found that the Heliothis
phenoloxidase-activated melanization reaction is antiviral and can inactivate DNA and
RNA viruses (17,18).

Bactericidal activity by insect cecropins is directed against bacterial infections.
Immune hemolymph from the vaccinated TBW larvae was bactericidal against E. coli,
E. cloacae and P. aeruginosa (Table 1). The cecropin-like and attacin-like proteins
isolated from the immune TBW hemolymph demonstrated bactericidal activity against
E. coli and E. cloacae (Table 1). Structural damage to E. coli was produced only by
the immune hemolymph proteins obtained from the vaccinated larvae (Fig. 3a). The
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bactericidal effect of the Heliothis cecropins and attacins against E. coli was readily
observed by SEM. No antiviral activity was detected against HSV-1 and VSV (Tabie
2). The cecropin and attacin hemolymph column preparations and aiso the <10,000
M.W. and <3,000 M.W. protein fractions had R values of 1-4 indicating no antiviral

activity (Table 2) (22).

This investigation describes for the first time the presence of an inducible
antibacterial humoral response by Heliothis virescens lepidopteran larvae. Both
cecropin-like and attacin-like antibacterial but not antiviral responses were seen.
Characterization of the low molecular weight cecropin-like peptide was done.
Bacterial cell damage by the immune hemolymph was observed by SEM.
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