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The entomopathogenic fungus Beauveria bassiana acts slowly on insect pests through cuticle infection.
Vegetative insecticidal proteins (Vip3A) of Bacillus thuringiensis kill lepidopteran pests rapidly, via per os
infection, but their use for pest control is restricted to integration into transgenic plants. A transgenic B.
bassiana strain (BbV28) expressing Vip3Aal (a Vip3A toxin) was thus created to infect the larvae of the oriental
leafworm moth Spodoptera litura through conidial ingestion and cuticle adhesion. Vip3Aal (~88 kDa) was
highly expressed in the conidial cytoplasm of BbV28 and was detected as a digested form (~62 kDa) in the
larval midgut 18 and 36 h after conidial ingestion. The median lethal concentration (LCs,) of BbV28 against
the second-instar larvae feeding on cabbage leaves sprayed with conidial suspensions was 26.2-fold lower than
that of the wild-type strain on day 3 and 1.1-fold lower on day 7. The same sprays applied to both larvae and
leaves for their feeding reduced the LC;, of the transformant 17.2- and 1.3-fold on days 3 and 7, respectively.
Median lethal times (LT,s) of BbV28 were shortened by 23 to 35%, declining with conidial concentrations. The
larvae infected by ingestion of BbV28 conidia showed typical symptoms of Vip3A action, i.e., shrinkage and
palsy. However, neither LC, nor LT;, trends differed between BbV28 and its parental strain if the infection
occurred through the cuticle only. Our findings indicate that fungal conidia can be used as vectors for

spreading the highly insecticidal Vip3A protein for control of foliage feeders such as S. litura.

Entomopathogenic fungi, such as Beauveria bassiana and
Metarhizium anisopliae, infect hosts through the cuticle and are
classic biocontrol agents used against insect pests with either
chewing or sucking mouthparts (3, 10, 25, 31). However, their
action on target pests is quite slow due to a latent period of
several days. This slow action is an obstacle to commercial
development of mycoinsecticides (11, 29).

Fungal infection starts from the adhesion of conidia to the
host cuticle, followed by germination and cuticle penetration
into the hemocoel, where fungal cells are propagated by bud-
ding until the mycosis-affected host dies from nutrition deple-
tion (10). Conidia ingested by foliage feeders, such as cater-
pillars, rarely cause substantial infection before excretion due
to the lack of intestine-specific virulence factors (29). For this
reason, fungal agents are often not very effective against leaf-
ingesting insects, which are still able to cause considerable
damages before dying of mycosis. Thus, efforts have been in-
creasing to enhance fungal virulence by genetic manipulation.
Fungal infection of aphids was accelerated by overexpressing a
silkworm chitinase or a hybrid chitinase in B. bassiana (6, 8).
Integration of a scorpion neurotoxin in M. anisopliae for spe-
cific expression in insect hemolymph after cuticle penetration
resulted in 22-, 9-, and 16-fold increases of fungal toxicity to
the tobacco hornworm Manduca sexta, the yellow fever mos-
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quito Aedes aegypti, and the coffee berry borer Hypothenemus
hampei, respectively (21, 33). Similarly, B. bassiana expressing
the scorpion neurotoxin showed a 15-fold increase of insecti-
cidal activity against Masson’s pine caterpillar (Dendrolimus
punctatus), and its action on the larvae of D. punctatus and
Galleria mellonella was accelerated 24 and 40% (17), respec-
tively. These studies have shed light upon the feasibility of
enhancing fungal biocontrol potential by gene transformation.
However, none of the genes transformed into the fungal patho-
gens was an intestine-specific virulence factor to enhance fun-
gal infection per os, although foliage feeders may ingest a large
number of conidia sprayed on crop leaves.

Vegetative insecticidal proteins (Vips) are a novel class of
toxins secreted by Bacillus thuringiensis at the stages of vege-
tative and stationary growth and show insecticidal activities
only in insect intestines (26). Among these, Vip3A has been
proven to kill a broad spectrum of lepidopteran insects (2, 5,
18, 19, 26) and may overcome pest resistance to Bacillus thu-
ringiensis endotoxins (Bt endotoxins) (4, 5). As an intestine-
specific virulence factor, Vip3A lyses midgut epithelium cells
of insects after ingestion (38), forming pores on the cell mem-
brane (12, 13). Not surprisingly, the Vip-encoding genes are
considered excellent candidates for new generation of trans-
genic crops (34). Transgenic plants expressing Vip3A not only
exhibit high efficacy against the cotton bollworm Helicoverpa
armigera (16, 32) but also are safe to vertebrates (1, 22). How-
ever, none of the Vip toxins has been developed commercially
like Bt endotoxin formulations, perhaps largely due to their
limited yield in cell cultures and an instability of their noncrys-
tal structure. Thus, a new approach is needed to develop Vip-
vectoring products for pest control.



4612 QIN ET AL.

Fungal conidia can readily be mass produced on solid sub-
strates, such as small grains (36), and usually are formulated as
active ingredients of mycoinsecticides (3), making them poten-
tial vectors to carry the Vip toxins onto crop foliages by field
spray. This study sought to express Vip3Aal toxin (a Vip3A
member) in a wild-type strain of B. bassiana. Our goal was to
enhance the insecticidal activity of transgenic conidia by per os
infection in addition to normal cuticle infection. A genetically
stable transformant expressing the toxin was generated and
assayed for its oral and cuticle infectivity to the larvae of the
oriental leafworm moth Spodoptera litura (Noctuidae) in par-
allel with the wild-type strain.

MATERIALS AND METHODS

Microbial strains and media. The wild-type strain B. bassiana 2860 (ARSEF
accession number; R. W. Holley Center for Agriculture and Health, Ithaca, NY)
(denoted BbW in this report) was maintained on Sabouraud dextrose agar
(SDA) at 4°C for preservation and at 25°C for colony growth. Escherichia coli
DHS5a and BL21(DE3) (Invitrogen, Carlsbad, CA), used for DNA manipulation
and protein expression, were cultured in Luria-Bertani medium containing 100
pg/ml ampicillin or 50 pg/ml kanamycin.

Construction of a binary vector. The full-length, 2.37-kb vip3A4al gene, flanked
with Ncol and BamHI sites, was synthesized based on the sequence retrieved
from GenBank (accession no. DQ539887.1). The gene was excised with Ncol and
BamHI and inserted between the gpdA promoter (PgpdA) and the trpC termi-
nator (TtrpC) of Aspergillus nidulans in plasmid pAN52-1N (23), forming pAN52-
vip3Aal. A phosphinothricin (PPT) resistance gene (bar), excised with Xbal
from pET29b-bar (37), was then linked to the Xbal site of pAN52-vip3Aal in the
same transcriptional direction, yielding the binary plasmid pAN52-vip3Aal-bar.

Fungal transformation. The binary plasmid was transformed into BbW by
blastospore transformation as described elsewhere (37). Transformants were
grown sequentially on plates of Czapek’s medium containing 200 and 400 ug PPT
per milliliter. Putative transformants were subcultured three times on SDA at
25°C. Genomic DNAs were extracted from 3-day-old SDA colonies from the last
subculture by using the method of Raeder and Broda (24) and then were
examined for the presence of bar and vip34al by PCR with primers BarF and
BarR (5'-AGAACGACGCCCGGCCGACAT-3" and 5'-CTGCCAGAAACCC
ACGTCATGC-3', respectively) or primers Vip3aF and Vip3aR (5'-CTGCCA
TGGACAAGAACAACACC-3' and 5'-GCTGGATCCCTACTTGATGCTCA
CGTCGT-3', respectively). A stable transformant, named BbV28, was selected
for the subsequent experiments.

To verify transcriptional expression of vip34al in the transformant, RNAs
were extracted from 3-day-old SDA colonies (mycelia) of BbV28 and BbW
grown at 25°C, following a documented method (39), and were subjected to
reverse transcription-PCR (RT-PCR) analysis with the primers RTVF and
RTVR (5'-CCAGAGCGAGCAAATCTACTAC-3' and 5'-TTGTTGATGGTC
TGGTAGTCCTCC-3', respectively).

Preparation of aerial conidia. Aerial conidia of BbW and BbV28 were pro-
duced on steamed rice in 15-cm-diameter petri dishes. Rice cultures were incu-
bated at 25°C for 7 days, followed by drying under ventilation at 33°C for 24 h.
Subsequently, conidia were harvested with a vibrating sieve, vacuum dried to
~5% water content at ambient temperature, and stored at —20°C for future use.

Western blotting and immunogold localization of expressed Vip3Aal. A poly-
clonal antibody against Vip3Aal expressed in E. coli BL21(DE3) was derived
from rabbits (7) and used to detect the expression of Vip3Aal in the mycelia and
conidia of BbV28 and BbW (negative control) by Western blotting. To prepare
mycelial protein extracts, aliquots of 1 g of fresh mycelia taken from 3-day-old
SDA colonies were ground in a mortar chilled with liquid nitrogen and then
suspended in 3 ml phosphate buffer (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, and 2 mM KH,PO,; pH 7.5). After 10 min of homogenization on ice,
the mixture was centrifuged at 10,000 X g for 10 min at 4°C, and the supernatant
was pipetted into 1.5-ml Eppendorf tubes for another 10 min of centrifugation.
The resultant supernatant, containing soluble proteins, was stored at —20°C for
use. Protein extracts from aerial conidia were prepared following the guide for
Trizol reagent (Invitrogen, Carlsbad, CA), with slight modifications. Briefly, 5 mg
(dry weight) of conidia was suspended in 0.5 ml Trizol reagent and incubated at
ambient temperature for 5 min. The suspension was shaken vigorously after
adding 0.1 ml chloroform, followed by 3 min of incubation. After centrifugation
for 15 min at 4°C and 12,000 X g, the lower, organic phase was extracted with
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0.15 ml 100% ethanol and centrifuged for 5 min at 2,000 X g. The resultant
supernatant was transferred to an Eppendorf tube, followed by 15 min of incu-
bation with 0.75 ml isopropyl alcohol. Protein sediment collected by 10 min of
centrifugation at 12,000 X g was washed three times with 1 ml 0.3 M guanidine
hydrochloride in 95% ethanol and once with 100% ethanol, air dried for 10 min
at ambient temperature, dissolved in 1% sodium dodecyl sulfate (SDS), and
stored at —20°C if not used immediately. The protein concentration was deter-
mined using a bicinchoninic acid (BCA) protein assay kit (KeyGen Biotech,
Nanjing, China).

Aliquots of 20 ul mycelial or conidial extract of each strain were analyzed by
10% SDS-PAGE and electrophoretically transferred to polyvinylidene difluoride
(PVDF) membranes (0.45 wm; Millipore) in a Trans-Blot SD semidry transfer
cell (Bio-Rad Laboratories, Hercules, CA). Western blotting was then per-
formed using a ProtoBlot alkaline phosphatase system kit (Novagen). All blots
were probed with a 1,000X dilution of the polyclonal antibody and were visual-
ized with goat anti-rabbit IgG-alkaline phosphatase conjugate (Novagen). The
lysate of E. coli cells expressing Hisq-tagged Vip3Aal (7) was included as a
positive control.

For immunogold localization, aerial conidia of BbW, BbV28, and a control
transformant integrated only with pAN52-Bar (37) were fixed, dehydrated, and
embedded in precooled Lowicryl K4M resin (Plano, Wetzlar, Germany) under
UV light (360-nm wavelength), as described elsewhere (15). The final resin
pyramids were cut into sections of 50 to 70 nm and mounted on 200-mesh Bioden
Meshcement (Oken Shoji, Tokyo, Japan) coated with nickel grids (TAAB Lab-
oratories, Berkshire, United Kingdom). The obverse side of the grids was treated
for 30 min with a solution containing 50 mM phosphate buffer (pH 7.2), 1%
bovine serum albumin, 0.02% PEG 20000, 100 mM NaCl, and 0.1% NaNO; and
then incubated at ambient temperature with a 150X dilution of the polyclonal
antibody for 1 h and then a 100X dilution of 10-nm colloidal gold-conjugated
goat anti-rabbit IgG (Sigma) for 1 h. The sections were finally stained for
contrast with 1% uranyl acetate for 12 min and then observed under a transmis-
sion electron microscope.

Detection of Vip3Aal released into larval midgut from ingested conidia. Fresh
cabbage leaf discs were soaked in a concentrated suspension of 5 X 10°
conidia/ml in 0.02% Tween 80. After being air dried for half an hour, the leaf
discs with the conidia of BbV28 or BbW (negative control) were placed in
six-well plastic plates. The fourth-instar larvae (starved for 5 h) of S. litura, a pest
very susceptible to Vip3A (2), were then allowed to feed on the leaf discs (one
larva per leaf disc per well). To obtain midgut juice samples, 20 larvae were taken
for dissection after 18 and 36 h of feeding, because Vip3A is known to lyse
midgut epithelial cells within 48 h after ingestion (38). All sampled midguts with
digesting contents were cut into small pieces, washed in cool phosphate buffer
(pH 7.4), and centrifuged at 12,000 X g for 20 min at 4°C. The supernatant was
condensed in a vacuum-freezing drier and then stored at —20°C for Western
blotting. Midgut samples from the same number of larvae feeding for 18 and 36 h
on leaf discs soaked in the lysate (65 wg/ml) of E. coli cells expressing Vip3Aal
(7) were used as a positive control.

Insect bioassays. Three bioassays were conducted to compare the virulence of
BbV28 and BbW against the second-instar larvae of S. litura by infection mainly
through the cuticle (assay 1), by conidial ingestion (assay 2), or both (assay 3).
Each assay included treatments with suspensions of 4 X 10,2 X 107, and 1 X 10%
conidia/ml plus a control (0.02% Tween 80, which was used for suspending
conidia). In assay 1, the larvae in a petri dish were placed on the 11-cm-diameter
specimen dish (~95 cm?) of an automatic potter spray tower (Burkhard Scientific
Ltd., Uxbridge, Middlesex, United Kingdom) and then exposed to a 1-ml spray
of each conidial suspension (or the control) from the nozzle of the tower at a
working pressure of 0.7 kg/cm?. After being air dried for ~30 min, the larvae
were transferred to fresh cabbage leaf discs in 9-cm-diameter petri dishes for
rearing. In assay 2, 8-cm-diameter leaf discs were sprayed with the same volume
of each conidial suspension in the tower and were placed in 9-cm-diameter petri
dishes after air drying. Unsprayed larvae were allowed to feed on the sprayed leaf
discs. In assay 3 (a mimic of field spray), the larvae on a leaf disc in a petri dish
were sprayed as described above. After feeding in situ for 24 h, these larvae were
fed with the leaf discs sprayed with the same conidial suspension. Under each
spray, the conidia deposited onto the larvae or leaf discs were collected with a
glass coverslip (20 X 20 mm) placed in the dish, and the concentration was
determined as the number of conidia per square millimeter, using microscopic
counts from five fields of view (0.2165 mm? per field). All assays were repeated
three times (30 to 40 larvae per treatment each time) within 3 months. All larvae
feeding on daily-changed leaf discs were maintained at 25°C and 12 h of light
with 12 h of dark for 7 days. Mortality was examined daily for each treatment.
Each time, the cadavers found were transferred to a saturated petri dish for
fungal outgrowth and sporulation.
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FIG. 1. Evidence for Vip3Aal expression in transgenic (BbV28) and wild-type (BbW) B. bassiana strains. (a) RT-PCR detection of vip3A4al
transcription in BbV28 and BbW (negative control). (b) Western blot analysis with a polyclonal antibody against Vip3Aal. Lanes 1 and 3, protein
extracts from BbW mycelia and conidia, respectively; lanes 2 and 4, protein extracts from BbV28 mycelia and conidia, respectively; lanes 5 and 6,
lysates of E. coli cells expressing Hiss-tagged Vip3Aal (positive control) and of cells vectoring an empty plasmid, respectively; lane M, molecular
size marker. (¢) Immunogold localization of Vip3Aal expressed in aerial conidia of BbV28. (1) BbW integrated only with empty plasmid
PANS52-Bar (blank control); (2) BbW (negative control); (3) BbV28 expressing Vip3Aal. Note that dense 10-nm colloidal gold particles (expressing
Vip3Aal) labeled with the polyclonal antibody and a goat anti-rabbit IgG antibody were present only in the conidial cytoplasm of BbV28.

The counts of sprayed conidia deposited onto larvae or leaf discs in assays 1 to
3 were transformed to logarithmic values and then subjected to two-factor (strain
and conidial concentration) analysis of variance (ANOVA). The same analysis
was also carried out to differentiate the sources of variation in the final mortal-
ities of the tested larvae (transformed into acrsine squared roots) within each
assay (strain and conidial concentration) or among three assays (inoculation
method and conidial concentration).

Time-concentration-mortality (TCM) data from each bioassay were fitted to a
TCM model by correcting the daily mortality for each treatment with the control
mortality (9, 20). The modeling analysis was performed with updated DPS
software (30), resulting in estimates of parameters for the effects of conidial
concentration, postspray time length (in days), and their interaction on larval
mortality. The estimated parameters were used to compute median lethal con-
centrations (LCsys) and associated 95% confidence intervals (CI) over time
(days) after treatment and median lethal times (LTs,s) over conidial concentra-
tions.

RESULTS

Expression of Vip3Aal in a transgenic strain. Transforma-
tion of the competent blastospores of BbW with the vip3A4al-
vectoring binary plasmid produced 30 transgenic colonies on
plates of Czapek’s medium containing 200 pg/ml PPT. Five
transformants were able to grow on the same medium contain-
ing 400 pg/ml PPT. After three rounds of subculturing on
PPT-free SDA plates, one of the putative transformants,
BbV28, was found to consistently express the vip34al gene, as
determined by RT-PCR analysis (Fig. 1a).

In a Western blot, the 789-amino-acid (aa) protein Vip3Aal
(~88 kDa) was detected by its polyclonal antibody in the pro-
tein extracts from both mycelia and aerial conidia of BbV28
but not from the counterparts of the wild-type strain, BbW

(Fig. 1b). Hiss-tagged Vip3Aal expressed in E. coli cells was
~92 kDa (7). Immunogold localization confirmed the presence
of abundant Vip3Aal in the conidial cytoplasm of BbV28, as
evidenced by dense colloidal gold particles labeled with the
polyclonal antibody and the goat anti-rabbit IgG antibody (Fig.
1c). In contrast, the labeled particles were not present in the
conidial cytoplasm of either BbW or the same strain integrated
with the empty plasmid.

Detection of Vip3Aal in larval midguts after conidial inges-
tion. The fourth-instar larvae of S. litura showed similar symp-
toms of shrinkage and palsy (Fig. 2a) after 18 h of feeding on
leaf discs with BbV28 conidia and Vip3Aal expressed in E.
coli. These symptoms are in accordance with what has been
described for Vip3A action (5, 12, 13). In contrast, those fed
with leaf discs soaked in a suspension of BbW conidia or 0.02%
Tween 80 exhibited no visible symptoms at the same time
point. In addition, the larvae receiving the Vip3Aal treatment
ingested and egested much less than their counterparts in the
control group.

The samples washed off the midguts of the larvae feeding on
the BbV28-treated leaf discs for 18 or 36 h reacted well with
the polyclonal antibody for Vip3Aal in Western blots. The
banding patterns were similar to those for samples from larvae
fed with leaf discs treated with the lysate of Vip3Aal-express-
ing E. coli cells (Fig. 2b). The main band detected for the
midgut samples was ~62 kDa, in agreement with the size of
midgut-digested Vip3A observed in previous reports (12-14,
38). In contrast, no band corresponding to this molecular mass
appeared in the profiles for the same samples from larvae fed
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FIG. 2. Detection of Vip3Aal in samples washed off the larval midgut 18 and 36 h after fourth-instar larvae of S. litura were fed with cabbage
leaf discs soaked in a concentrated conidial suspension of BbV28 or BbW (negative control). (a) Larval symptoms 18 h after conidial ingestion.
(1) BbV28; (2) lysate of E. coli cells expressing Vip3Aal (positive control); (3) BbW; (4) 0.02% Tween 80 (blank control). Bars, 1 cm. (b) Western
blot of midgut samples, using a polyclonal antibody against Vip3Aal (arrow). Lanes 1, 3, and 5, samples washed off larval midguts after 18 h of
feeding on leaf discs soaked in conidial suspensions of BbW and BbV28 and lysate of E. coli cells expressing Vip3Aal, respectively; lanes 2, 4, and
6, same midgut samples as those in lanes 1, 3, and 5, taken after 36 h of feeding.

with BbW-treated leaf discs. All of these results indicate that
Vip3Aal was expressed in the transformant BbV28 and re-
leased into the larval midgut environment from ingested
conidia.

Mortalities of S. litura larvae in three bioassays. The low,
middle, and high conidial concentrations deposited onto the
sprayed second-instar larvae (for cuticle infection in assay 1) or
leaf discs (for ingestion in assay 2 or both ingestion and cuticle

attachment in assay 3) were 53 to 66, 337 to 390, and 1,242 to
1,397 conidia/mm?, respectively. Significant differences were
found among the concentrations of each assay but were not
detected for a given concentration in the three assays, regard-
less of the presence of BbW or BbV28 (Table 1). The mortal-
ities of S. litura larvae generally increased with conidial con-
centration and posttreatment time for both BbV28 and BbW
(Fig. 3). BbV28-treated larvae tended to die faster than those

TABLE 1. Results of two-factor ANOVA on observations of the fungal strains BbV28 and BbW against S. litura larvae in assays 1 to 3¢

Source of variation

Observation among the three assays dt £ s
No. of conidia/mm? Assay 2,10 0.38 0.6949
Fungal strain 1,10 0.04 0.8551
Conidial concn 2,10 982.86 0.0000
Strain X concn 2,10 0.02 0.9761
BbW-caused mortalities Replicate 2,16 0.68 0.5194
Assay 2,16 8.94 0.0025
Conidial concn 2,16 306.34 0.0000
Assay X concn 4,16 1.71 0.1980
BbV28-caused mortalities Replicate 2,16 2.11 0.1532
Assay 2,16 49.37 0.0000
Conidial concn 2,16 517.14 0.0000
Assay X concn 4,16 5.76 0.0046
Mortalities in assay 1 Replicate 2,10 0.01 0.9891
Fungal strain 1,10 0.02 0.9030
Conidial concn 2,10 128.05 0.0000
Strain X concn 2,10 0.27 0.7704
Mortalities in assay 2 Replicate 2,10 5.73 0.0219
Fungal strain 1,10 58.13 0.0000
Conidial concn 2,10 387.34 0.0000
Strain X concn 2,10 7.29 0.0112
Mortalities in assay 3 Replicate 2,10 0.20 0.8198
Fungal strain 1,10 92.12 0.0000
Conidial concn 2,10 593.82 0.0000
Strain X concn 2,10 1.16 0.3533

@ The logarithms of conidial concentrations (no. of conidia/mm?) and the arcsine square roots of larval mortalities on day 7 after fungal treatment were used in the

analyses.
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FIG. 3. Bioassays of vip3Aal-transformed strain BbV28 and wild-type strain BbW on second-instar larvae of S. litura. (a to f) Cumulative
mortalities caused by BbW (top) and BbV28 (bottom) in assay 1 (left; sprayed larvae feeding on unsprayed leaf discs), assay 2 (middle; unsprayed
larvae feeding on sprayed leaf discs), and assay 3 (right; sprayed larvae feeding on sprayed leaf discs). Symbols denote low, middle, and high
conidial concentrations (no. of conidia/mm?) or a blank control (BC). Each value in parentheses is the total number of larvae in a given treatment.
Error bars are standard deviations. (g) Healthy larvae in blank control (1) or larvae killed by BbW (left) and BbV28 (right) through cuticle infection
(2) and by BbV28 through conidial ingestion (3) on day 4 after treatment. Fungal outgrowths were typical on the larvae killed by both strains
through cuticle infection (4) but sparse on those killed by BbV28 through ingestion (5) after 3 days of incubation at 25°C at saturated humidity.

Bars, 2 mm.

treated with BbW at each given concentration in assays 2 and
3, but this difference was not observed in assay 1. The final
mortalities of the second-instar larvae caused by the fungal
sprays in assay 1 were 21.2, 36.4, and 70.5% for BbW (Fig. 3a)
and 19.4, 37.4, and 73.0% for BbV28 at the low, middle, and
high concentrations (Fig. 3b), respectively. In assay 2, the mor-
talities of the unsprayed larvae infected by feeding on the leaf
discs sprayed at the three concentrations were 15.2, 35.0, and
66.0% for BbW (Fig. 3c) and 18.2, 54.2, and 82.1% for BbV28
(Fig. 3d), respectively. In assay 3, BbV28 and BbW killed 33.0
and 19.5% of larvae at the low concentration, 54.8 and 42.4%
at the median concentration, and 92.3 and 80.1% at the high
concentration, respectively, when both larvae and leaf discs for
feeding were exposed to the fungal sprays (Fig. 3e and f). As

listed in Table 1, the final mortalities caused by either BbW or
BbV28 differed significantly from one assay to another and
among the three concentrations by two-factor ANOVA. In
assays 2 and 3, significant mortality differences were found
either between BbW and BbV28 or among the three concen-
trations. The control mortalities were observed as 8.1%
(£4.4%), 3.8% (£4.2%), and 6.2% (£3.3%) in assays 1 to 3,
respectively.

Moreover, most larvae killed by BbV28 and BbW in assay 1
showed the typical symptoms of mycosis, being well mycotized
after 3 days of incubation at saturated humidity (Fig. 3g). In
assays 2 and 3, the larvae killed earlier by BbV28 were often
shrunken and smaller (Fig. 3g, panel 3), being poorly myco-
tized at saturated humidity (Fig. 3g, panel 5), while those killed
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by BbW exhibited the same symptoms as those seen in assay 1
(Fig. 3g, panel 4). All of these data suggest that the introduced
foreign gene in BbV28 acts, presumably, by providing an ad-
ditional killing means.

LCss and LT5,s of BbV28 and BbW against S. litura larvae.
All TCM trends in Fig. 3a to e fit very well in the TCM model
(9, 20). No significant heterogeneity was detected for each of
the fitted TCM relationships (P = 0.14 in Hosmer-Lemeshow
tests for the goodness of fit). As a result of the modeling
analyses, the LC,s and associated 95% CI of BbW and BbV28
against the larvae exposed directly to the fungal sprays in assay
1 were estimated to be 2.6 (0.8 to 8.5) X 10* and 1.5 (0.6 to
4.1) X 10* conidia/mm? on day 3 and declined to 750 (571 to
985) and 698 (539 to 900) conidia/mm? on day 7 (Fig. 4a),
respectively. These estimates were not significantly different
between the two fungal strains, with almost all CI overlapping
(35). For assay 2, the LCy, estimates for BbW and BbV28
against the unsprayed larvae feeding on sprayed leaf discs
dropped to 773 (635 to 940) and 374 (283 to 494) conidia/mm?*
on day 7, from 23.9 (4.8 to 120.5) X 10* and 1.1 (0.4 to 2.8) X
10* on day 3 (Fig. 4b), respectively. For assay 3, the same
estimates for the two strains were 5.2 (1.7 to 16.1) X 10* and
3,026 (1,774 to 5,164) conidia/mm? on day 3 and 468 (381 to
576) and 203 (151 to 274) conidia/mm? on day 7 (Fig. 4c),
respectively, when both the larvae and the leaf discs for feeding
were sprayed. The LCy,s with 95% CI not overlapping differed
significantly between BbV28 and BbW in assays 2 and 3, irre-
spective of posttreatment time. The LCs,s of BbV28 conidia
declining with the posttreatment time in assays 2 and 3 were
lowered 26.2- and 17.2-fold on day 3 and 1.1- and 1.3-fold on
day 7, respectively, compared to those of BbW conidia.

The LTs,s estimated by interpolation of the fitted TCM
trends were similar over the conidial concentrations of both

BbW and BbV28 in assay 1 (Fig. 4d). In contrast, the LT,
trends of BbV28 were lower than those of BbW in assays 2
(Fig. 4e) and 3 (Fig. 4f). For instance, the LT5,s of BbV28 and
BbW at a concentration of 1,000 conidia/mm? were estimated
to be 5.56 and 5.61 days, respectively, in assay 1, 4.85 and 6.36
days in assay 2, and 4.29 and 5.63 days in assay 3. The LT,
differences between the two strains reached 26.9 to 34.8% at
800 to 1,500 conidia/mm? in assay 2 and 23.5 to 35.3% at 500
to 1,500 conidia/mm? in assay 3, indicating a substantial impact
of the expressed Vip3Aal protein on the survival of the tested
larvae.

DISCUSSION

As presented above, the vip34al-transformed B. bassiana
strain BbV28 expressed Vip3Aal in both mycelia and conidia.
Compared to the wild-type strain, BbV28 was much more
virulent to S. litura larvae when conidial ingestion was permit-
ted, while its insecticidal activity remained the same upon
cuticle infection only. Our results highlight for the first time
that fungal conidia, easily ingested with sprayed leaves, can
carry the intestine-specific virulence factor Vip3Aal to the
insect midgut for insecticidal activity. As a result, the expressed
Vip3Aal protein enabled BbV28 to kill the pest species
through per os infection in addition to the classic cuticle infec-
tion by B. bassiana.

The insecticidal protein Vip3Aal was highly expressed in
conidial cytoplasm of the vip34al transgenic strain BbV28.
Moreover, the digested form of the protein was distinctly de-
tected in the larval midgut samples within 36 h after the larvae
ingested the Vip3Aal-vectoring conidia. This observation in-
dicates that the alkaline environment of the S. litura larval
midgut (28) not only allows the release of Vip3Aal into the
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larval midgut from ingested conidia but also processes it into
an active form. This claim gains support from our recent find-
ings (27). We found that a simulated alkaline midgut environ-
ment composed of a mixture of 0.5% proteinase with 0.5%
cellulase or of 0.5% trypsin with 0.5% cellulase was able to
induce conspicuous cell wall changes of the wild-type B. bas-
siana strain expressing enhanced green fluorescent protein,
thereby significantly affecting the fluorescence intensity of the
treated conidia.

The larvae feeding on the leaf discs soaked in the suspension
of BbV28 conidia or the lysate of Vip3Aal-expressing E. coli
cells displayed symptoms conspicuously different from those
killed by mycosis. Unlike mycosis-killed larvae, which were well
mycotized under saturated conditions, those that died of
Vip3Aal showed the symptom of shrinkage, as observed in
other studies (5, 12, 13, 18, 19). Furthermore, the Vip3Aal-
treated larvae died more rapidly and exhibited little or very
sparse outgrowth of B. bassiana, even if they were maintained
at saturated humidity for several days. During the assay, the
larvae feeding on the sprayed leaf discs inevitably contacted
deposited conidia. However, it was unlikely for fungal cells to
proliferate sufficiently in the host hemocoel before the larvae
died of the released Vip3Aal protein, which was well reflected
by the incomplete mycosis. Therefore, we concluded that the
larvae in the presence of the protein were killed mainly by the
Vip3Aal released from the ingested conidia, at least in the first
3 days.

The robust TCM modeling analysis, which elucidated not
only the effects of conidial concentration and posttreatment
time but also the interaction of both variables (9, 20), clearly
differentiated the LCs, and LT, trends of BbV28 and BbW in
the three bioassays on S. litura larvae. Such trends between the
two fungal strains were similar when conidia were sprayed only
on the larvae for cuticle infection but differed significantly
when conidia were sprayed on leaves for ingestion or on both
larvae and leaves for cuticle and per os infections. In terms of
LCs,, BbV28 was substantially improved in virulence, killing
50% of larvae at 26.2- and 17.2-fold reduced concentrations on
day 3 and at 1.1- and 1.3-fold reduced concentrations on day 7
if provided by feeding only and by both feeding and body
contact, respectively. With the same treatments, the LTs,s of
this transgenic strain over the conidial concentrations were
shortened by 23 to 35%. Apparently, the higher level of viru-
lence and faster action of BbV28 were attributed to the insec-
ticidal activity of the Vip3Aal released from ingested conidia.
In other words, the vip34al-transformed strain was capable of
killing the pest by both cuticle and per os infection, whereas the
wild-type strain infected the pest through cuticle infection only.

Given their broad insecticidal spectrum and novel mode of
action, the Bt Vip toxins have been a research focus in recent
years, especially for agricultural applications (26). In addition
to integration into transgenic insect-resistant crops, the Vip
toxins might be used to improve microbes such as ento-
mopathogenic fungi for insect control. B. bassiana can be mass
produced and formulated at low costs (10, 25, 36). Our study
demonstrated that B. bassiana can be improved significantly in
its activities against lepidopteran pests by being transformed
with the Vip3Aal gene. The transgenic strain was proven to be
capable of killing insect pests by the per os mode in addition to
the classical cuticle infection. This represents a new strategy
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for exploiting highly insecticidal proteins in the control of
foliage feeders such as S. litura.
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