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J-endotoxins from Bacillus thuringiensis
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Abstract:

BACKGROUND: Conventional methods often fail to control the flatheaded borers Capnodis spp., major pests of stone fruit trees;
the larvae are protected from insecticides and predation because they feed deep in the roots. A potential solution is transgenic
trees producing in their roots toxic compounds such as Cry proteins of Bacillus thuringiensis (Bt).

RESULTS: Toxicities against Capnodis larvae were demonstrated by exploiting a recently designed artificial larval diet and an
available collection of field isolated Bt. An isolate of Bt tenebrionis (Btt) from commercial bioinsecticide (Novodor) displayed
LCso and LCgs values of 3.2 and 164 mg g~ ', respectively, against neonates of Capnodis tenebrionis, whereas values of the most
toxic field isolate K-7 were 1.9 and 25.6 mg g~ respectively. Weights of surviving larvae after 1 month on diets containing low
concentrations of K-7 (0.1-1.0 mg g~ ') were lower than on Btt or untreated larvae. K-7 was also toxic against larvae of C. cariosa
and C. miliaris and found to harbour genes encoding Cry9Ea-like and Cry23Aa/Cry37Aa binary toxins.

CONCLUSION: Larvae of Capnodis spp. are susceptible to Bt Cry toxins. Expressing cry genes active against these pests thus

seems a feasible solution towards production of transgenic rootstock trees resilient to the pest.
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1 INTRODUCTION

Flatheaded borers Capnodis spp. (Coleoptera: Buprestidae) inflict
serious damage to fruit and ornamental trees around the
Mediterranean, in southern Europe and in western Asia. Three
species cause the most serious agricultural damage in the
Mediterranean and the Middle East: C. tenebrionis and C. carbonaria
attack stonefruit (almond, apricot, cherry, nectarine, peach and
plum) trees,'? and C. cariosa affect pistachio plantations in Eastern
Asia, especially in Turkey and Iran.3* Adults feed on the twig cortex,
and the larvae feed in the roots. Female Capnodis lay ~2000 eggs
in the soil over several months, and the neonates penetrate the
roots. Development of larvae and pupae may last 6-14 months.
Being inside the root tissues, the advanced immature stages are
protected from insecticides and predation.>® A single larva of
C. tenebrionis can destroy a young tree, and a few may kill an adult
tree.’

Natural occurrence of Capnodis enemies is rare and ineffective:®
entomopathogenic nematodes and parasitoids targeting the
larvae have been tried, but success is marginal. Growers mostly rely
on non-specific synthetic insecticides such as organophosphates
and carbamates or systemic insecticides such as neonicotinoids.'?
Continuous exposure to pesticides leads to occurrence of highly
resistant Capnodis populations.'® Moreover, none of the routinely

used rootstock is sufficiently resilient to Capnodis spp.'"'? In

spite of intensive applications of insecticides, significant economic
losses are still recognised.”®> The need for safe and effective
management options for this pest is thus urgent and critical.
Entomopathogenic nematodes and fungi were recently tested as
control means against larvae’*~ ' and in commercial orchards,'”

* Correspondence to: Eitan Ben-Dov, Department of Life Sciences, Achva
Academic College, MP Shikmim 79800, Israel. E-mail: etn@bgu.ac.il

a Department of Entomology, Agricultural Research Organisation, The Volcani
Centre, Bet Dagan, Israel

b Department of Life Sciences, Ben-Gurion University of the Negev, Be’er-Sheva,
Israel

¢ Avram and Stella Goldstein-Goren Department of Biotechnology Engineering,
Ben-Gurion University of the Negev, Be’er-Sheva, Israel

d National Institute for Biotechnology in the Negev, Ben-Gurion University of the
Negev, Be'er-Sheva, Israel

e SchoolofMaterials Science andEngineering, Nanyang Technological University,
Singapore

f Department of Life Sciences, Achva Academic College, MP Shikmim, Israel

Pest Manag Sci 2014; 70: 1283-1290

WWW.SOCi.org

(© 2013 Society of Chemical Industry




@)
SClI

WWW.SOCi.org

G Gindin etal.

but their use is still limited. The question whether §-endotoxins of
Bacillus thuringiensis (Bt) are toxic to larvae of Capnodis and thereby
may be used in the management of these beetles is explored
here.

The entomopathogenic bacterium Bt was first discovered
over a century ago'®'® and has now become the leading
biological insecticide used commercially to control insects.2®
It is a gram-positive, aerobic, endospore-forming saprophyte
species, naturally occurring in various soil and aquatic habitats.
Various subspecies are recognised by their ability to produce
large quantities of insect larvicidal Cry (for crystal) and Cyt
(for cytolytic) s-endotoxins assembled as parasporal bodies.?’
These insecticidal crystal proteins (ICPs), synthesised during
sporulation, are tightly packed by hydrophobic bonds and
disulfide bridges. The crystals are ingested by the larvae and
solubilised in the insect midgut, and the proteolitically activated
ICPsinsertinto the apical microvillimembranes. The high potencies
and specificities of ICPs have spurred their use as natural
control agents against insect pests in agriculture, forestry and
human health.??

Efficient screening of entomopathogenic microorganisms active
against theflatheaded borers Capnodis spp. has been hampered by
lack of artificial diet. The only biological agents known so faragainst
C. tenebrionis, the fungi Beauveria bassiana and Metarhizium
anisopliae, have been tested by immersing neonate larvae (24 h
old) individually for 10s in a spore suspension (108 conidia mL™")
and then transferring them onto a cut surface piece of an apricot
branch.’” The recently developed diet?> enables proper growth
of neonate larvae and hence appropriate bioassays. Here, for
the first time, the potential of Bt to control Capnodis spp. is
demonstrated.

As the first step towards production of transgenic rootstocks of
stone fruit trees to control C. tenebrionis, the authors screened a
collection of field isolated Bt for cry or cyt genes encoding anti-
coleopteran-active toxins. Distribution of such genes in Bt field
isolates depends on geographic habitats and the genetic varieties
of the isolates, as well as on the number, quality and type of the
primers used.?*~31

2 MATERIAL AND METHODS

2.1 Growth of B. thuringiensis cultures

Bt subsp. tenebrionis (Btt) from Novodor (Valent BioSciences)
and the screened Bt field strains (isolated from soil and different
insect cadavers, but not of the Capnodis spp.) were cultivated in
liquid media - LB for isolating total DNA and nutrient sporulation
medium for bioassays. The latter includes nutrient broth (8 g L™"),
Tryptone (10g L"), NaCl (5g L") and 1 mL of an autoclaved
sporulation salt solution (0.14 M CaCly, 0.20 M MgCl, and 0.01M
MnCly).32 Cultures were vigorously aerated (250 rpm) in a gyratory
incubator (30 °Q).

For PCR analyses, total DNA was extracted from pure 16-18h
cultures (in LB) using an UltraClean Microbial DNA Isolation
kit (MoBio Laboratories, Solana Beach, CA) according to the
manufacturer’s instructions and stored at —20 °C.

For bioassays, growth (in sporulation medium) was extended for
at least 72 h, appearance of spores and parasporal inclusions was
ascertained by phase-contrast microscopy and the cultures were
harvested by centrifugation. Protein content was determined>3
after alkaline hydrolysis, and dry weight was measured in vacuum-
oven-dried pellets (at 70 °C for 24 h).

2.2 PCRanalysis

Pairs of universal primers (Uns) for each of 14 cry and
cyt2Ca homology groups encoding anti-coleopteran toxins
(http://www.lifesci.sussex.ac.uk/home/Neil_Crickmore/Bt/) were
designed (Table 1) to amplify a specific fragment by simultaneous
alignment to genes in that group using the Amplify 1.0 program
(Bill Engels, University of Wisconsin, Madison, WI).

DNA from each strain was amplified using a TGradient
thermocycler (Biometra, Goéttingen, Germany). The reaction
mixture included 12.5 mL of ReddyMix PCR Master Mix (Thermo
Fisher Scientific Inc,, Surrey, UK), 1T uL of 10 mM of each primer
(forward and reverse), 1 uL of 2.5 mg mL~" bovine serum albumin,
1-2 pL of the sample total DNA (50-100ng pnL~') and water,
for a total volume of 25 L. An initial denaturation hot start
of 4min at 95°C was followed by 30cycles of the following
incubation pattern: 94°C for 30s, 48-54°C for 30s and 72°C
for 30-60s. Each experiment was associated with two kinds of
control: negative (without DNA template) and positive, for cry3
with a template from Btt of a commercial formulation (Novodor,
Valent BioSciences) and for cry7 and cry8 with a template from Bt
kumamotoensis HD-867.

2.3 Cloning cry23/cry37 binary toxin genes for expression
and analysis of Cry23

The binary toxin genes cry23Aa/cry37Aa were cloned for a
high expression level under strong tandem promoters of
cytiAa* The genes were amplified from isolate K-7 with the
primer pair GATCCATGGGAATTATTAATATCCAAGATG (cry23Aa-
F-Ncol) and TTATGCTGGAGTCAAGGAATACTTAATTGTC (cry37Aa-
R), and the promoter was amplified from strain 4Q2-72 with
GATTGAAAGCTTGAGAAAGGTAATAGAGATG (Pcyt-F-Hindlll) and
GTTCCATGGATAAACAACTCCTTAAGTTAATTAG (Pcyt-R-Ncol). The
amplicons (529 bp of Pcyt1Aa and 1190 bp of cry23/cry37) were
digested appropriately for ligation by Ncol, and for subsequent
insertion into Hindlll-Smal-digested pHT315. The recombinant
plasmid was electroporated into Escherichia coli DH5« using a Bio-
Rad mini apparatus set, isolated, sequenced and electroporated
into the acrystalliferous strain JPS78/11 of Bt subsp. israelensis.
Transformants were screened on LB plates containing 20 ug mL™"
of erythromycin at 30 °C.

Putative Cry23Aa was isolated from SDS-PAGE and subjected to
total tryptic digestion, and the ensuing peptides were analysed by
means of nano-LC-MS/MS with the LTQ-Orbitrap (Thermo Fisher,
Bremen, Germany) and identified by Discoverer software v.1.3.

2.4 Rearing Capnodis species for bioassays

About 500 adult C. tenebrionis were collected in apricot, plum or
peach orchards, whereas C. cariosa and C. miliaris, found in fewer
numbers, several dozen, were collected in small stands of Pistaciae
lentiscus and Salix sp. respectively. Old beetles were identified by
their dull mandibles and discarded.! The adult beetles were fed
with host plant twigs over a period of several weeks. Females were
reared as described in Gindin et al.>3 Eggs were incubated at 28 °C,
and newly hatched larvae were used for bioassays.

2.5 Bioassay procedure

The artificial diets were prepared in three parts as described in
Gindin et al.?® with 5% w/w of host plant cortex. Suspensions of
spores and crystals of Bt isolates were incorporated into the second
diet portions that were added to the first and third portions.
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Table 1. Characteristics of universal primers for anti-coleopteran-active gene groups cry3, cry7, cry8, cry14, cry18, cry22, cry23, cry26, cry28, cry34,
cry35, cry36, cry38, cry43 and cyt2Ca

Primer sequences? Targeted genes Product size (bp) Reference
Un3(d) - CGTTATCGCAGAGAGATGACATTAAC cry3Aa, -Ba, -Bb, -Ca 589-604 25
Un3(r) - CATCTGTTGTTTCTGGAGGCAAT

Un7,8(d) - AAGCAGTGAATGCCTTGTTTAC cry7Aa, -Ab; cry8Aa, -Ba, -Ca 420-423 25
Un7,8(r) - CTTCTAAACCTTGACTACTT

Un8(d) - AACTTAGTGGAATGCCTATC cry8Aa, -Ba, -Bb, -Bc, -Ca, -Da, -Db, -Ea, -Fa, -Ga 860-878 Present study
Un8(r) - TTATATACGTAAGGAATGGACTGT

Un14(d) - CCTAAAGGTGGAAGTGGATACGCT cryl4Aa 361 Present study
Un14(r) - ATTTCCCCGTGCTTCCCTTTAC

Un14(d2) - TGCGTTGGTTGATACAGCTGGAGA cryl4Aa 410 Present study
Un14(r2) - CAGTACCTGACCACTGTGCATCTA

Un18(d) - AAGGGAATGGACAGAATGGAAAG cry18Aa, -Ba, -Ca 462 Present study
Un18(r) - CGTAAAAAAGTTAAATGAAGCGTG

Un18(d) - AAGGGAATGGACAGAATGGAAAG cry18Aa, -Ba, -Ca 762 Present study
Un18(r2) - CCCTCATTCACCTTATTATCCCC

Un22(d) - TTTCATAGAGGATCAATTGG cry22Aa, -Ab, -Ba 698-734 Present study
Un22(r) — ATTGTTTTTTCATCACTTTC

Un23(d) - GTGAAAGCCGGCACCTCAATAAGT cry23Aa 293 Present study
Un23(r) - GCTGCAATAAGCGCACCATCT

Un26(d) - CGCGCTGTTCAATTATCAAGTGC cry26Aa 362 29
Un26(r) - ATATGGAAAGAAAAGGCGTGTGGA

Un28(d) - GTATTGGACCGAGGAGATGAAAGT cry28Aa 466 29
Un28(r) - GTACGGCAAAGCGACAGAACA

Un34(d) - AGGTTGATATTTATGTCAGC cry34Aa, -Ab, -Ac 649-651 Present study
Un34(r) - ATCAATAGGAAATAAAAACCA

Un35(d) - GATGATTCAGGTGTTAGTTTAATG cry35Aa, -Ab, -Ac 364 Present study
Un35(r) - GTGGGAGTTGAATTGTTTGTACAG

Un36(d) - GATGTGGTTGCCAGCAAGGTAA cry36Aa 554 Present study
Un36(r) - AACTCGACCATTTCCTCGATTCCC

Un38(d) - TTCTACTCCCACACGTTCTG cry38Aa 741 Present study
Un38(r) - TCAATGGTTCCATCAGCTAACA

Un43(d) - CTTTACAGTCCCAATAAGTATCC cry43Aa, -Ba 842 Present study
Un43(r) - GTATAAATTCCTCTCGTAAGC

cyt2Ca(d) - TCGCAAGAAAGCGAACGATGGA cyt2Ca 298 Present study
cyt2Ca(r) - TTCTAGGTAAGTGACGTGGCGATT

2 (d) and (r), direct and reverse primers respectively.

For efficient initial screening with C. tenebrionis larvae, 3-4 Bt
isolates were grouped; 4 mL of each bacterial suspension was
added to the diet for the bioassay (a total of about 10° spores g~
diet). This procedure made it possible to screen more than 40 field
isolates. Then, the 19 isolates of the most toxic combinations were
separately bioassayed at the same single dosage (see Table 2). The
seven most toxic isolates among the latter were then separately
subjected to dose-response assays. Arange of 5-6 concentrations
between 0.1 and 5.0 mg total protein g ' diet was used to test each
isolate. For each protein concentration, 27-30 neonates (accord-
ing to their availability in the rearing system) were placed in 50 mm
diameter petri dishes (three neonates in each dish) containing
10-12gof diet.Eachisolate was assayed in 3-4 independent tests.

The dishes were kept at 28 °C, and larval survival was monitored.
Some of the killed larvae could not be detected because of their
minute size; others changed their colour from yellowish white to
black. Thus, mortality was calculated by subtracting the number
of surviving larvae from their initial number. In several tests, the
weight of the larvae was measured. In these cases, the surviving
one-week-old larvae were reared individually under the same

conditions on the same diet, but with crumble-structure diet.3

Four weeks later, the weights of the surviving larvae were recorded.

The toxicity of the most active isolate (K-7) was tested against
three Capnodis species (C. tenebrionis, C. cariosa and C. miliaris)
and compared with that of the available Btt strain in a diet with
1.5 mg total protein g~ diet, corresponding to its LCso against
C. tenebrionis. Peach cortex was substituted in the artificial diet for
pistachio Pistacia vera and willow Salix nigra cortex for C. cariosa
and C. miliaris respectively.

The data of 3-4 bioassays for each isolate were pooled and
evaluated with the EPA Probit Analysis program v.1.4 (USEPA
1988), and results are presented as LCsp and LCys (concentrations
that kill 50 and 95% of the exposed population respectively), with
their upperand lower confidence limits.3> The differences between
treatments were considered significant when the 95% confidence
limits of the dose-response curves of the tested insecticides did
not overlap. The effect of Bt-containing diets on different Capnodis
spp. was analysed by ANOVA. If differences between treatments
were significant, Tukey's test was applied for multiple comparisons
between means.
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Table 2. Initial screening of the toxicities against C. tenebrionis larvae
of individual Bt isolates at 1.0 x 10° spores in 1g of diet (arranged
according to percentage mortality after 2 weeks)
Mortality?

(% dead larvae)
Isolate 1 week 2 weeks
Control (water) 13.9 13.9
U-29 47.6 524
K-11 57.1 60
K-39 429 61.9
U-53 47.6 66.7
K-3 58.3 66.7
R-36 66.7 66.7
U-17 40.0 733
U-3 524 741
K-5 41.7 75
Btt 70.0 76.7
K-41 524 76.9
K-10 429 79.2
K-30 77.8 80.0
U-30 733 80.1
U-12 429 81.0
U-13 76.2 100
uU-16 61.9 100
U-40 62.8 100
K-4 85.2 100
K-7 85.7 100
@ Mortality in control — average of six bioassays (total 180 larvae). Each
isolate was assayed in 9-10 dishes with three larvae per dish.

3 RESULTS

To pinpoint toxic field isolates with genes that may be responsible
for toxicity against Capnodis, 28 of the 215 field isolates with
profiles containing cry7/cry8 genes?> were selected for two parallel
screening procedures, PCR analyses and bioassays respectively.

3.1 Toxicity of Bt isolates to Capnodis tenebrionis larvae

The initial combinatorial screening pointed to 19 isolates and Btt
which were bioassayed separately (Table 2). The most toxic 7, as
well as the commercial strain, were rigorously bioassayed with
protein concentrations ranging from 0.1 to 5.0 mg total protein
g~ diet (Table 3).

The only commercial Btt (Novodor), known to be toxic to larvae
of certain coleopteran species,?? displayed LCso and LCgs values of
3.2.and 164mg g~ respectively against neonates of C. tenbrionis
(Table 3). This is the first case of a commercially available and
new isolates of Bt being toxic to larvae of the flatheaded borer
Capnodis sensu lato.

Toxicity of K-7 towards C. tenbrionis (LCso/LCos of 1.9/25.6 mg
g~") was the highest among the tested field isolates, but it
differed significantly from that of the commercial Btt (LCs0/LCos
of 3.2/164.3 mg g~'). The toxicities of U-13 and K-4 were similar to
the toxicity of Btt, whereas those of K-30 and R-36 were very low
(Table 3).

Surviving larvae after 1 month on diets containing low sublethal
concentrations of bacteria (0.1 and 1 mg protein g~ diet) were
weighed (Table 4; Fig. 1). The average weight on K-7 was
significantly lower than on Btt or unexposed control (ANOVA:

Table3. Toxicities of the most active Bt isolates against C. tenebrionis
larvae?

Isolate  LCsq (95% Cl)° LCos (95% Cl) X2 Slope + SD
U-13 32(1.6-6.4) 134.8(35.6-4924) 0.405 1.01+0.25
U-16 5.1(2.5-16.9) 459.5(68.0-575228) 1.556 0.84+0.25
U-40 40(22-8.1) 364.8(72.6-37381) 0.133 0.84+0.21
K-4 47(27-89)  222.9(582-7165) 0411 0.98+0.23
K—7 1.9(1.4-2.5) 25.6(15.1-61.0) 3.042 147 £0.19
K-30  11.5(4.4-801) 3312(158.8-00) 0.061 0.67 £0.26
R-36 37.1¢ 378190¢ 0.512 d

Btt 32(1.9-56) 164.3(49.9-2296)  4.039 0.97 +0.19

@ A total of 400-550 neonates (total used in 3-4 independent tests)
were used for each of the tested isolates.

b C values (mg protein g~ diet) were determined after rearing for
1 week on diets containing bacterial isolates; df = 5.

¢ EC fiducial limits cannot be computed.

d Slope is not significantly different from zero.

Table 4. Survival and weights of C. tenebrionis larvae in the presence
of low Bt concentrations

Protein concentration Mortality Larval weight
Isolate (mgg™) (%) (mg + SD)?
K-7 0.1 40 103.2 £70.9x
1.0 433 74.5 £ 49.5 x
U-16 0.1 133 118.4 4+ 56.5 xy
1.0 16.7 113.5 £ 76.0 xy
Btt 0.1 21 1414 +£49.2y
1.0 36.7 135.8+48.6y
Control 0 6.7 1454 +89.1y

2 An average from 17-30 neonates after 1 month rearing at 28 °C.
Different letters within a column indicate significant difference
(P <0.01).

F=3.07; df =6, 148; P=0.007), and on U-16 (with intermediate
toxicities) the gained weights were intermediate.

3.2 Toxicities of Btt and K-7: comparison between three
Capnodis spp.

Mortalities of the most active isolate K-7 and the available Btt strain
against C. tenebrionis, C. cariosa and C. miliaris (with 1.5 mg Bt g~
total protein) resemble each other (Fig. 2). Maximum mortality
was reached after 2weeks. Mortalities to all tested Capnodis
species were significantly higher than those of corresponding
control diets (F =8.94; df =2, 27; P=10.001 for C. cariosa; F = 5.24;
df =2, 12; P=0.02 for C. militaris; F=5.28; df =2, 27, P=10.01
for C. tenebrionis). Larvae of C. cariosa seem to be slightly more
susceptible to both tested isolates than to the other two species,
but the differences were not significant. In the case of C. cariosa
alone, efficacy of K-7 was significantly higher than that of the
commercial Btt strain (Fig. 2).

3.3 PCRscreening and analysis (Table 5)

Of the 28 isolates vyielding appropriate amplicons with
Un7,8(d)/Un7,8(r),?> the most toxic 7 (Tables 2 and 3) were further
screened with designed universal primers (Table 1) to reveal
additional cry and cyt encoding anti-coleopteran-active toxins.
Five suspicious genes were thus found (Table 5).
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Figure 1. Effect of Bt isolate K-7 on growth of C. tenebrionis larvae. (A) Neonates were exposed to 1 mg of total protein of sporulated culture in 1 g of diet,
and pictures were taken after 2 weeks at 28 °C. (B) Neonate developed in untreated diet.

Table 5. Screening of the Bt field isolates using universal primers for
anti-coleopteran-active gene groups
Bt field cry-type gene cry gene identified
isolate profile identified previously? in present study®
K-7 + cry23Aa (100%,
259/259), cry9Ea
(82%, 93/114)
u-16 +, crylAa, -Ab, -Ac, cry1Db (86%,
-Da, cry2Aa, -Ab, 330/384)
cry9Aa, -Ba
U-40 +, cry1Aaq, -Ab, -Ca, —
-Da, cry2Ab, cry9Ea
U-13 +, cry2Ab cry9Ea (88%,
328/372)
K-4 + cry9Ea (98%,
328/334)
K-30 + cry8La (89%,
343/385)
R-36 + cry8la (94%, 223/236)
2 From Ben-Dov etal.;?® +, positive with universal primers Un7,8(d)
and Un7,8(r).
b cry23Aa was amplified with Un23 pair of primers; cry9Ea, cry1Db,
cry8La and cry8la were amplified with Un7/8; in parentheses,
percentage homology to cry of sequenced amplicons and absolute
number of identical bases; —, no amplicon produced with universal
primers used from Table 1.

The DNA of isolate K-7 as a template was positive with two
pairs of primers, Un7/8 and Un23 (Table 1); the amplicon of the
former displayed 82% identity to cry9Ea, and that of the latter was
identical to cry23Aa (AF038048).

The genes cry23Aa and cry37Aa are arranged in an operon and
encode a binary-like toxin Cry23Aa/Cry37Aa (of 29/14 kDa);*¢ they
were amplified together, inserted for expression under the strong
cytlAa tandem promoters* into shuttle vector pHT315% and
sequenced (KF501394). The first gene in the operon is identical
to cry23Aa (AF038048), whereas there is a single base discrepancy

between the second gene and cry37Aa (AF038049) - C rather
than T, resulting in a neutral change A117V, both non-polar
amino acids. The genes are separated by a stretch of 29
bases (TAAATAACAAAAAAGGAAGGTTGATAAAA)?S that includes
the ribosome-binding site (RBS) for cry37Aa.

Putative Cry23Aa (of 267 amino acids) isolated from SDS-PAGE
was subjected to total tryptic digestion; nine of the ten ensuing
peptides, with 224 amino acids, were identical to those of Cry23Aa.
The missing tryptic peptide (of 43 amino acids, position 103-145)
is too long for analysis by this method; it lacks a chymotrypsin
digestion site.

DNA of isolates U-16 and U-40 amplified appropriate fragments
with Un7,8 but not with any other pair of the designed primers
(Table 1). The amplicon from U-16 was 86% homologous to cry1Db.
Both isolates, highly toxic against C. tenebrionis (Tables 2 and 3),
are known to contain different combinations of genes from the
cryl, cry2 and cry9 groups (Table 5).

The sequence of the amplicon obtained from DNA of isolate
R-36 with Un7/8 displayed 94% identity with cry8la. The whole
gene was amplified, cloned, sequenced (JX282317) and defined as
anew gene, named cry8Ra1.38

4 DISCUSSION AND CONCLUSION

Toxicity of Bt-ICPs to flatheaded borers is demonstrated here for
the first time by exploiting a recently designed artificial diet for
larvae of three Capnodis species? and an available collection of Bt
field isolates.?

ICPs of Bt are classified to three toxicity levels: high, when
LCso values are in the 0.01-0.10 ug mL™' range, medium, in
the 0.10-10 g mL~" range, and low, in the 10-1000 jL.g mL™"
range.3? Toxicities of anti-coleopteran Crys are slightly lower and
more variable than those of anti-lepidopteran toxins; the Crys
are usually assayed on the leaf surface, whereas the present
bioassays were performed in artificial diet. Forexample, the median
LCso of purified Cry3 toxins spread on leaf is 0.18 ug cm™2; by
applying the consistent 1:30 ratio between surface:incorporation
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Figure 2. Efficacy of Bt isolates against three Capnodis species (average +
SD). Neonates were exposed to 1.5 mg of total Bt protein in 1 g of diet at
28 °C. Different letters, with each subfigure, indicate significant difference
between means of the cumulative mortalities after 3 weeks of exposure to
the respective diets (P < 0.05).

assays of lepidopteran values to coleopteran surface LCsg values,
coleopteran purified toxins are calculated to be active in the 5
g mL~" range in diet incorporation assays.3? LCsq values of the
present Bt isolates are much lower - 1.9mg g~' for the most
toxic K-7 (Table 3), but they were determined in units of total
protein. This value is about 40% lower than LCso (3.2mg g~ ') of
Btt under the same conditions; thus, the authors have identified a
field Bt that is at least as toxic as a commercial strain that contains
cry3Aa as its major ICP.22 Moreover, unlike cry3Aa of Btt, toxins
of K-7 inhibited growth of C. tenebrionis larvae at low, sublethal
concentration (0.1 mg g~ "). It is therefore suggested that isolate
K-7 displays a commercial potential.

The cry23Aa/cry37Aa operon, encoding the binary toxin with
the intercistronic 29 bases that contain an RBS, was isolated from
K-7 and deposited at the NCBI (KF501394). Both genes are identical
to previously published sequences of this region (AF038048 and
AF038049), excluding one base in cry37Aa.

A ‘wild-type Bt strain B-21365' (from the Agricultural Research
Service Culture Collection, USA) expressing cry23Aa/cry37Aa was

found to be toxic against the weevil Diaprepes abbreviates, with
LCso to neonates of lyophilised pellets of 258.3 g mL~'.4°
D. abbreviates has become one of the most damaging insect
pests of citrus and nursery crops in Florida. Larvae of the
weevil feed on roots; hence, a transgenic approach that uses
a genetically engineered citrus rootstock to express an ICP active
against this pest is a plausible solution.*® Transgenic corn plants
expressing either cry38b14! or the binary toxin cry34Ab/cry35Ab*
were protected from another root-feeding beetle, the western
corn rootworm, Diabrotica virgifera virgifera. Toxicity of Bt B-
21365 expressing cry23Aa/cry37Aa was evaluated (LCso = 6.30 ug
spore—crystal mixture wL~" flour disc) against red flour beetle,
Tribolium castaneum, a pest of stored grain, cereal products and
peanuts.®?

Both polypeptides of the Cry23Aa/Cry37Aa binary toxin are
required for toxicity: Cry23Aa is homologous to the dipteran-
active Mtx 2/3 proteins of Bacillus sphaericus, whereas Cry37Aa is
notrelated to the other Bt crystal proteins.** The crystal structure of
this complex consists mainly of -strands.*> Cry37Aa may facilitate
binding of the channel-forming Cry23Aa, which has an elongated
structure dominated by antiparallel 8-sheets that is capable of
forming channels in planar lipid bilayers, and has a structure and
shape reminiscent of domains 2-4 of the toxin proaerolysin of
Aeromonas hydrophilia.*® Both genes are potential candidates in
pyramiding expression with other gene(s) in stone-fruit rootstocks
for efficient control of Capnodis larvae.

Target specificities of Cry and Cyt toxins, many of which are
also synergistic among themselves, are occasionally breached:3°
Cry1Ab, Cry1Ba, CryTla, Cry10Aa, Cry51Aa, Cyt1Aa and Cyt1Ba are
active against larvae of at least two orders, including Coleoptera.
For example, Cry9 toxins are mainly Lepidoptera active, but
Cry9Da is toxic also against scarabs.*’#® Combinations of cry
genes, including cry9 (Table 5), may contribute to the toxicities
against C. tenebrionis of the five (U-13, U-16, U-40, K4 and K7) most
active of the present seven isolates tested (Table 3).

Cry8-type proteins are toxic to larvae of a number of coleopteran
pests, especially certain species of scarabs,**~>! but with narrow
target spectra: Cry8Ca2 against Anomala exoleta and the related
species A. corpulenta,® and Cry8Ea1, Cry8Fa1 and Cry8Ga1 against
Holotrichia parallela and H. oblita.>® The present authors revealed
in isolate K-30 an amplicon with 89% homology to cry8La, and a
new cry8Ra gene (JX282317) in isolate R-36, which displays low
toxicity against C. tenebrionis (Table 3), but its toxicity spectrum
must still be determined.

Capnodis species are among the most destructive pests of stone
fruits, a growing industry in the Mediterranean and southern
Europe. Semiochemical-based control, monitoring strategies and
various biological control methods, practised against several
major pests in agriculture and forestry, are unworkable where
wood- and root-boring beetles are concerned. Among the major
avenues to promote ecologically safe technologies to cope with
Caponodis, development of rootstocks displaying antagonism
against these borers seems to be the most promising and
optimal solution. Grafting rootstock for resilience is a classical
strategy in agriculture to cope with soilborne pests and diseases
or adverse soil conditions. This approach is widely used in
stone fruit cultivation against nematodes.”* Almond rootstocks
or rootstock hybrids with almond ‘blood’ were traditionally
utilised to gain resilience against C. tenebrionis, > but this has
been achieved by the drought tolerance of the plants and not
through the high level of cyanogenic compoundsin the root cortex
of the tree.?
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The study reported here demonstrates the high susceptibility
of Capnodis young larvae to Bt toxins, suggests that cloning of the
toxin-encoding genes for expression in elite rootstock would be
useful to gain Capnodis-resilient germplasm and opens the way
for such a radical solution to the problem.
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