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Abstract Tuta absoluta is a destructive moth of Solanaceae plants and especially tomatoes.
Here, we considered the entomopathogenic activity of the Bacillus thuringiensis Vip3Aal6
protein heterologously produced by Escherichia coli against T. absoluta. Purified Vip3Aal6
showed lower lethal concentration 50 % against third instar larvae (Toxin/tomato leaf) (335+
17 ng/em?) compared to that of B. thuringiensis kurstaki HD1 d-endotoxins (955+4 ng/cm?)
(P<0.05). Action mode examination showed that Vip3Aal6 (88 kDa) was more sensitive to
proteolysis activation by the chymotrypsin than the trypsin or the larvae gut soluble proteases,
yielding derivative proteins essentially of about 62 and 33 kDa. The gut-soluble proteases
could contain trypsin-like enzymes implicated in Vip3Aal6 activation since the proteolysis
was inhibited using specific protease inhibitors. Additionally, we showed that the histopath-
ological effect of Vip3Aal6 on 7. absoluta larva midguts consisted on a microvillus damage
and an epithelial cell rupture.
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Introduction

Tuta absoluta (Lepidoptera: Gelechiidae) is a small lepidopteron moth with high reproductive
potential. It feeds principally on tomatoes and less importantly on eggplant, pepper, and potato
leaves as well as various other plants [1]. The larva development needs four instars to reach the
chrysalides and then the moth. There are about 10—12 generations per year when development
conditions are favorable. Its damage occurred throughout the entire growing cycle reaching up
to 100 % in untreated cultivations. 7. absoluta devastated tomato production in South America,
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but it was introduced accidentally to Spain in 2006 and then it spread rapidly in Afro-Eurasia
[2, 3]

Actually, we lack ecologically acceptable methods for its control. Hence, despite the large
use of numerous chemical insecticides, 7. absoluta larvae evolved strains with reduced
susceptibility to some of them [4—7]. However, the necessity to limit the use of chemical
insecticides implies the development of potential bio-control agents such predatory bugs and
egg parasitoids [8], despite that the pheromone trap was used for early detection and for control
of T. absoluta. Interestingly, it is largely reported that the bacterium Bacillus thuringiensis was
successfully used as biopesticide against several pests. It produced the Cry insecticidal proteins
(9-endotoxins) forming crystalline inclusion bodies during sporulation which are toxic to a
variety of insect orders such as Lepidoptera, Diptera, and Coleoptera [9, 10]. In addition to §-
endotoxins, B. thuringiensis could produce and secrete the vegetative insecticidal proteins (Vip)
during vegetative growth stage. The Vip proteins have no sequence homology with the Cry
proteins and have been classified into four groups according to their sequence homology: Vipl1,
Vip2, Vip3, and Vip4 [9]. The binary toxins Vip1 and Vip2 are toxic to some coleopterans [11]
while the Vip3 proteins are toxic to a wide range of lepidopteron insects [12—14].

Upon ingestion by susceptible larvae, Vip3A protein was activated by proteolysis and then
bound to specific receptors on the midgut brush border membrane causing pore formation and
cell lyses. By using brush border membrane vesicles (BBMV) from the midgut tissues, the
Vip3Aal6 interacted with a 62-kDa receptor from Ephestia kuehniella, Prays oleae, and
Agrotis segetum, with about 55 and 100 kDa receptors from Spodoptera littoralis, while the
activated Vip3A toxin bound to 80 and 110 kDa receptors from Manduca sexta [15—17]. The
recognized Vip3A receptors could be different from those of Cryl proteins. In fact, CrylAc
toxin interacted with 210 and 120 kDa putative receptors in P. oleae and Agrotis ipsilon
midguts, respectively, while the CrylAb interacted with a 120-kDa putative receptor in
M. sexta [18, 19]. Receptors variability indicated a very low cross-resistance potential between
Vip3A and CrylAb and supports the use of Vip3A toxins as a biological control agent,
especially to resolve the problems of Cry-resistance emergence. Despite the previously
described Cry proteins for biological control of 7. absoluta [20], we evaluated the toxicity
of B. thuringiensis Vip3Aal 6 protein against this pest. We also examined the capability of gut-
soluble proteases to activate Vip3Aal6 as well as the midgut histopathological aspect after
being exposed to this protein.

Materials and Methods

Preparation of Gut-Soluble Proteases from 7. absoluta Larvae

T. absoluta early-fourth-instar larvae growing at 26+2 °C were collected from tomato leaves,
cooled on ice for 20 min, and dissected to isolate the guts. Each ten guts were homogenized in
water and conserved at —20 °C. Before using, they were thawed but not disrupted and then
centrifuged at 15,000xg and 4 °C for 15 min. The recovered supernatant constituted the gut-
soluble proteases. The protein content was determined according to the method of Bradford
[21] by using Bio-Rad Protein Assay (Miinchen, Germany).

Production of Vip3Aal6 Protein and J-Endotoxins

The recombinant Escherichia coli strain BL21 harboring the plasmid pET-vip3LB was used for
the heterologous production of the B. thuringiensis Vip3Aal6 protein [22] N-terminally
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supplemented with a histidine tag. We note that vip3LB gene correspond to vip34al6 gene
related to Crickmore nomenclature [9]. The strain was grown at 37 °C in Luria-Bertani (LB)
medium supplemented with ampicillin (60 pg/ml), and the gene expression was induced with
100 mM IPTG for 3 h. The Vip3Aal 6 was purified from the bacterial lysate soluble fraction by
HisTrap resin (Amersham Biosciences) and collected in 100 mM sodium phosphate buffer pH
7.2. A fraction of the purified protein was dialyzed against 50 mM Na,CO3 buffer, pH 9.6 at
4 °C. The protein concentration was determined by using the Bio-Rad Protein Assay
(Miinchen, Germany) according to the method of Bradford [21]. The J-endotoxins (Cry
proteins) were prepared from B. thuringiensis kurstaki reference strain HD1 as described by
Jamoussi et al. [20].

Vip3Aal6 Proteolytic Activation by 7. absoluta Gut-Soluble Proteases and Effect of Protease
Inhibitors

To inspect the activation kinetic of Vip3Aal6, the purified protein was mixed with the
T. absoluta larvae gut-soluble proteases, the commercial trypsin, or the commercial chymo-
trypsin in 100 mM sodium phosphate buffer (pH 7.2) or in 50 mM Na,CO3 buffer (pH 9.6).
Standard trypsin (2.739 USP units/mg), extracted from bovine pancreas was purchased from
Amersham Life science. Alpha-chymotrypsin, extracted from bovine pancreas (1600.2 E/mg),
was purchased from BioChemica. The Vip3Aal6/proteases (trypsin, chymotrypsin, or gut-
soluble proteins) ratio was of 20/1 (pg/ug). The mixtures were incubated with constant
agitation at 37 °C for diverse incubation times, and the proteolytic reaction was stopped by
adding the protease inhibitor phenylmethanesulfonyl fluoride (PMSF) at 1 mM. Protein
extracts suspended in Laemmli sample buffer (3x) were boiled for 5 min, analyzed by SDS-
PAGE (9 %), and stained using Coomassie blue [23].

To examine the protease inhibitors effect, Vip3Aal6 was incubated with 7. absoluta gut-
soluble proteases in 50 mM Na,CO3 buffer (pH 9.6), using Vip3Aal6/gut-soluble proteins
ratio of 5/1 (ng/ng), and with the PMSF (5§ mM), the benzamidine (5 mM), or the soybean
trypsin inhibitor (SBTI) (1 mg/ml) for 30 min at 30 °C. Then, the protein extracts were
analyzed by SDS-PAGE and stained using Coomassie blue [23].

Zymogram Analysis

An aliquot of the gut-soluble proteins (100 pg) was mixed with Laemmli sample buffer and
separated by SDS-PAGE 13 % Tris-glycine. The gel was washed in Triton X-100 (2.5 %) for
30 min and then washed three times in water (3x 15 min). It was incubated in 50 mM Na,CO3
buffer (pH 9.6) including 2 % casein or 10 mg/ml of the BL21 (pET-vip3LB) lysate containing
Vip3Aal6 protein, at 37 °C for 3 h. Clear bands of protease activities were visible after
Coomassie staining [24].

Insecticidal Bioassays

The Vip3Aal6 protein was displayed on tomato leaves surface at concentrations varying from
100 to 1500 (ng/em?) (Vip3Aal6 protein/leaf surface) in order to establish the 50 % lethal
concentration (LC50) after 3 days. One tomato leaf and ten 7. absoluta third instar larvae were
placed in Petri plate and then incubated in the insect culture room at 26+2 °C and under a
photoperiod of about 14 h light/10 h dark. The experiment condition was repeated three times,
and the LC50 was calculated from pooled raw data by probit analysis using programs written
in the R language [25].
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Preparation and Sectioning of the Insect Tissues

T absoluta larvae were alimented with tomato leaves containing the Vip3Aal6 protein. The
larva guts were excised after 24 to 36 h and collected in 10 % formol. They were dehydrated
via ethanol solutions with increasing concentrations, washed in 100 % toluene, and fixed in
paraffin wax. The sections were placed in carriers loaded with a mix of 1.5 % egg albumin and
3 % glycerol in distilled water. They were deparaffinated in 100 % toluene and stained with
hematoxylin-eosin (HE) [26].

Results and Discussion
Toxicity of the Vip3Aal6 Protein Against 7 absoluta Larvae

T absoluta attacks the Solanaceae major crops and principally the tomato crops in South
America and Mediterranean countries. Hence, the efficacy of the vegetative insecticidal protein
Vip3Aal6 was assayed against 7. absoluta third instar larvae. By comparing to the normal
development of the control larvae feeding tomato leaf, the presence of the Vip3Aal6 protein
allowed the typical symptoms of the intoxication consisting on cessation of feeding, body
retraction, overall paralysis, and then death of numerous larvae throughout the test. Quantita-
tively, the determined LC50 was about 33517 ng/cm? (Vip3Aal6/tomato leaf), constituting
the first demonstration of the Vip3A activity against a member of the family Gelechiidae. We
also determined the LC50 of the d-endotoxins produced by B. thuringiensis kurstaki reference
strain HD1 against T absoluta third instar larvae (955+4 ng/cm? (5-endotoxins/tomato leaf))
and demonstrated that it was largely higher than that of Vip3Aal6. However, the estimated
LC50 of Vip3A toward S. littoralis, A. segetum, Spodoptera frugiperda, and E. kuehniella
were about 305, 86, 49.3, and 36 ng/cmz, respectively [16-18, 27].

Vip3Aal6 Activation by the 7. absoluta Gut-Soluble Proteases

Like Cry proteins, the toxicity variation of Vip3A protein toward the lepidopteron species
might be due to its activation by the gut proteases or the following step consisting on its
affinity and interaction with the midgut-specific receptors. Hence, the Vip3Aal6 activation
process by the midgut proteases was studied. Firstly, the zymogram analysis of the larvae gut-
soluble proteases revealed similar patterns using the recombinant BL21 (Vip3Aal®6) lysate or
the casein as universal substrate and indicated that at least six discernible activities (A1-A6)
could be implicated in Vip3Aal6 proteolysis (Fig. 1). Secondly, the Vip3Aal6 protein was
incubated with trypsin, chymotrypsin, or larvae gut-soluble proteases for different incubation
times at pH 7.2 and pH 9.6 since the pH of lepidopteran midgut larvae is alkaline [28]. The
SDS-PAGE analysis revealed that the Vip3Aal6 (88 kDa) without any added proteases
remained stable during the incubation times (Fig. 2). Furthermore, at pH 7.2 or pH
9.6, this protein was progressively proteolyzed by the gut-soluble proteases or the
trypsin into the active form of about 62 kDa as well as the proteolysis products of
about 33, 45 (at pH 7.2), and 22 kDa (at pH 7.2), but the full protein (88 kDa) still
remained in slight amount after 120 min. Interestingly, Vip3Aal6 proteolysis occurred rapidly
via the chymotrypsin as no detectable full protein was found after 1 min, showing the highest
specificity of the chymotrypsin recognition site in Vip3Aal6. It produced essentially the 62 kDa
active form which remains stable during incubation times, the 33 kDa, and the 22 kDa
proteolysis products.
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Fig. 1 Zymogram analysis of 7. absoluta larvae gut-soluble proteases. The proteolysis activities (A1-A6) were
revealed using recombinant BL21 (Vip3Aal6) lysate or casein as substrates. The low molecular weight
(Amersham) (M) was separated by SDS-PAGE and colored with Coomassie blue

Previous studies reported the Vip3A activation by susceptible larvae midgut proteases or
trypsins but not with chymotrypsins. In fact, Yu et al. [29] and Abdelkefi-Mesrati et al. [16]
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Fig. 2 Time course of Vip3Aal6 proteolytic processing. Vip3Aal6/proteases (trypsin, chymotrypsin, or gut-
soluble proteins) ratio was of 20/1 (png/pg). The reactions were done at pH 7.2 (a, b) and pH 9.6 (¢, d) for 1, 15,
45, and 120 min at 37 °C. Reaction products were separated by SDS-PAGE and the gels were stained with
Coomassie blue. M: LMW (low molecular weight, Amersham); P: purified Vip3Aal6 without incubation,
asterisk midgut-soluble proteases without Vip3Aal6 protein. White arrows indicated the full-length protein and
black arrows indicated proteolysis products
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Fig. 3 SDS-PAGE analysis of Vip3Aal6 proteolysis inhibition by protease inhibitors. M: LMW (low molecular
weight, Amersham). Vip3Aal6 (5 pg): without protease (C1), without protease but incubated 30 min at 30 °C
(C2), incubated with larvae gut-soluble proteases (1 pg) (C3), incubated with larvae gut-soluble proteases, and
the SBTI (1 mg/ml), the PMSF (5 mM), or the benzamidine (5 mM)

demonstrated that Vip3A and Vip3Aal6 can be processed into four major proteolysis products
of approximately 62, 45, 33, and 22 kDa by some lepidopteran gut fluids or S. litforalis gut
fluid, respectively. Using the midgut proteases of E. kuehniella and A. segetum to activate the
Vip3Aalé, the obtained bands were about 62 and 45 kDa and 62, 45, and 22 kDa, respectively
[17, 18]. Likewise, Lee et al. [19] demonstrated that a major and stable 62 kDa protein was
formed by the action of the lepidopteran M. sexta gut juice on the Vip3A-F (90 kDa).
Differences in the Vip3A processing by different lepidopteran midgut proteases could play a
crucial role in species susceptibility.

The Vip3Aal6 proteolysis showed similar kinetic activation patterns when the protein was
incubated with the gut-soluble proteases or the trypsin, but some pattern differences were
observed when it was incubated with chymotrypsin. To confirm the implication of trypsin-like
activity, the Vip3Aal6 activation was done by 7. absoluta gut-soluble proteases with either the
PMSF as a common serine and cysteine proteases inhibitor, the SBTI as trypsin-like serine
proteases inhibitor, or the benzamidine as competitive inhibitor of trypsin, trypsin-like

Cool

T

Fig. 4 Histopathological effects of Vip3Aal6 on 7. absoluta midgut. Sections through the midgut epithelium
from larvae not exposed to toxins (a) and larvae fed diet containing Vip3Aal6 (b). In b, black arrows indicated
lyses of columnar cells in the apical region of cells and arrowhead showed brush border membrane detachment.
Me midgut epithelium, Ge goblet cell, Cc columnar cell, N nucleus, 4m apical membrane (Bb brush border
membrane), Bm basement membrane, L lumen. a, b Magnification x100
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enzymes, and serine proteases (Fig. 3). Hence, the SDS-PAGE analysis demonstrated the
inhibition of the Vip3Aal6 activation by PMSF, SBTI, and benzamidine inhibitors, confirming
the implication of 7. absoluta trypsin-like proteases in the activation of the B. thuringiensis
Vip3Aal6.

Numerous studies on the Vip3A action mode described the protein proteolysis in the insect
alkaline midgut environment to the 62 kDa active form. The activated Vip3A toxin could
interact specifically with appropriate receptors on the surface of the midgut brush border
membrane vesicles (BBMV) of the target insects. These interactions caused the insertion of
Vip3A protein into the membrane to form ion channels, leading to colloid osmotic lyses
[16-19].

Vip3Aal6 Histopathological Effects on 7. absoluta Larvae

Histopathological observations of the Vip3Aal6 effects on 7. absoluta were done on the early-
fourth-instar larvae (Fig. 4a). For the unexposed larvae to Vip3Aal6, the gut cross sections
showed a midgut wall typical morphology composed of an epithelium and a peritrophic
membrane [30, 31]. The midgut epithelium was composed of columnar cells containing
numerous microvilli which form the brush border membrane, and goblet cells that were
intercalated with the columnar cells. In contrast, wide damages to the 7. absoluta midgut
epithelium were clearly induced by Vip3Aal6 (Fig. 4b). Mostly, histopathological changes
included Brush border membrane alteration and degeneration of the epithelium columnar cells
conducting to larvae death.

In conclusion, the B. thuringiensis Vip3Aal6 could be a promising entomopathogenic
protein for biological control of 7. absoluta as it was more toxic than the d-endotoxins of
B. thuringiensis kurstaki reference strain HD1. This protein was activated by 7. absoluta gut-
soluble proteases, harboring trypsin-like proteases, producing principally a 62-kDa toxin
which could cause the midgut epithelium damage and the larvae death.
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