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Suggested short title:

Bacterial control of the carrot weevil in Quebec




ABSTRACT

M.Sc. Fabienne E. J. Saadé tntomology

Evaluavion of strains of Bacillus thuringiensis as biological control
agents ¢f the: adult stages of the carrot weevil, [istronotus oregonensis

(Coleoptera: Curculionidae)

Strains of Bacillus thuringiensis active against Coleoptera were
evaluated for toxicity against the adult stage of the carvot weeval,
Listronotus oregonensis. Mortality ~nd frass bioassays using « suitable
semi-artificial diet showed strains A30, A429 and BTT to be highly toxie
Mortality cersistea after imitial exposure to the bacterva with the
survivors not resuming normal  feeding  Attempts to  versolate B
thuringiensis from the insects revealed B. thuringirensis like organioms in
the gut and 1n/on other structures At the midgut pH of the insect (pil
8.0), the crystals of the toxic straine were significant ly more <oluble un
vitro than were crystals of the lesy toxic strain A31L. Proteolytac
activation of the crystals with gut extracts yielded a protean band (66 67
kDa) for strains A30 and A429 which was saimilar to the apparent molecular
weight of the toxin protein for BIT  {vidence suggests that the low
toxicity of strain A311 might be due, 1n part, to the absence of the toxic
moiety of the s-endotoxin.



. RESUME
M Sc. fabienne E. J. Saadé Entomologie

L’évaluation de 1’effet toxique de plusieurs souches de Bacillus
thuringiensis contre les adultes du charangon de 1a carotte, Listronotus
oregonensis (Coleoptera: Curculicnidae)

Plusi1eurs souches de Bacililus thuringiensis connues d’étro actives
contre les Coléopteres ont ¢été évalué pour leur effel toxique contre les
adultes du charancon de la carotte, listronotus oregonensis. C'est par le
biayvs de bioessars de mortalité et de matiere fecale qu’on montre que les
souches A30, A429 et BTl sont les plus toxiques contre les adultes du
charoncon  de  la carotte se nourissant sJdr une nourriture semi-
artificielle. tes taux éleves de mortalité persistaient meme apres
I"enlevement de  la nourriture contaminée par les souches et le
remplacement de cette nourriture par une non-contaminee. Les adultes
survivant 17effet toxique des souches n’ont pas regagné leurs habitudes
almmentaires normales  Fait surprenant, 1'isolation de B. thuringiensis
des adultes a rvevele la presence de microorganismes apparentés a B.
thuringiensts dans le tube digesti1f des insectes ainsi que dans d'autre
styuctures. A un pH correspondant a celur du tube digestif des adultes (pH
8.0), la solubilite des crystaux des  souches toxiques était
stqnificativement plus élevee 1n vitro que les crystaux de la souche peu
toxique A311. L’activation proteolytique des crystaux par les extraits du
tube digest1f a donne une bande proteinique (66-67 kDa) pcur les souches
A30 et A4?29. Lle poids moleculatre de cette bande était sinilaire a celun
de Va toxine proteinique de BTT L’analyse proteinique des ,ouches suggere
gque la farble toxicite de ta souche A311 est dae, en partie, a 1’absence
de 1a portion toxique de la s-endotoxine.
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GENERAL INTRODUCTION

The carrot weevil, [i1stronotus oregonensis (Le Conte). 1< a major
pest of several crop plants 1n the northeastern states of the United
States of America (Chandler, 1926:; Pepper, 1942, Whitcomb, 1905) and
Canada (Perron, 1971: Martel et al., 1975, Stevenson, 1976) It attacks
Umbelliferous plants, but 1ts preferved host 1s the carrot, Daucus carota.

In Quebec, the carrot weevil s umivoltine (Pervon, 1971) lhe
overwintered adults invade carrot fields 1n the sprang and feed on the new
foliage (Boivin and Belair, 1989). The adult females oviposit an the stalk
or crown of young plants and the Tarvae, upon hdatching, penetrate the
carrot roots. As the Jarvae feed they make tummels an the upper one third
section of the root effectively reducing crop value (Whitcomb, 1905H)

Since 1967, carrot root nguries caused by [ orogonensis have
ranged from 2% to 22% 1n Quebec (Perron, 1971) When left uncontvolted,
this insect pest can cause damage of up to 40. of the Quebec carvol crop
(Bor1vin, 1985a) reducing the acceptability of the crop to the packing and
canning industries which can toterate no more than 5% root 1nyury (Pervon,
1971).

The only recommended control measure, to date, 15 the use of
insecticides directed against the adults. The problems inherent with the
use of chemical 1nsecticides (1.e. environmental contamnatyon, insect
resistance, effects on non-targec organiems), and the begimning of an
integrated pest management (IPM) program for carvots have encouraged
research 1nto alternative control medasures Resoarch consisted of the
potential wuse of ar egqg pardasitoid, Anaphes sordidatus and of three
species of entomogenous nematodes, Sternernema carpocapsae | 5 feltiae
(Poinar, 1989)], S feltrae [- S bibronrs (Poamar, 1989)], and
Heterorhabditis bacteriophoral- Il heliothidrs (Poinar, 1990)] to keep the
pest below the economic threshold (Belair and Boiwvin, 1985, Boivn,
1985a), but to date there are no definitive rosults Carabid heet loo have
shown potential as predators of the different <stages of the inwect (Baine:,
et al , 1990). Strains of fungal pathogens of Metarhizium ani.opliae and
Beauveria bassiana against the larvae have been isolated (Searle and fule,

]




1988) with efficacy studies continuing.

A study was stdarted in the fall of 1990 to evaluate strains of the
entomopathogenic bactervum, Bacillus thuringirensis, with activity against
pest Coleoptera, ac microbial agents against the carrot weevil To be
effective, the bacterium must be ingested by the insect for protoxin to
dissolve dand transform intu an active toxin by means of Timited
proteolysis by the insect qut proteases (luthy et al , 1982) The larval
ctages occur within the carrot root making 1t difficult to incorporate the
bacterium into the 1nuect’s feeding habitat Therefore, control should be
amed at the leaf fecding stages (adult) of the insect.

The experiments 1n this study were designed to-

1) Examine the pathogenicity of seven strains of Bacillus
thuringiensis directed against the adult stage of the carrot weevil.

2) I xamine the effoct of intoxicated survivors upon discontinuing their
eoxposure to the insecticidal  crystals.

3) Betermine the midgut pH of the adult carrot weevil and its
relationship to crystal solubilization.

4) { xamine the involvement of two key steps in the mode of action of
the & endotoxin, 1.e. crystal solubilization in vitro, and
proteolytic processing with gut juice extract.

This thesis 15 written in a manuscript format and the following

excerpt  from Guidelines Concerning Thesis Preparation, states the

conditrons under which the thesis must be written.

"The candidate has the option, subject to the approval of the
department . of ncluding as part of the thesis the text of an original
paper, or papers, suitable for submission to Tlearned journals for
publication  In this case the thesis must still conform to all other

requirements  explained i Guidelines  Concerning  Thesis  Preparation,

(avarlable at the Thesis 0ffice). Additional material (experimental and
design data as well as descriptions of equipment) must be provided in
suffrcrent detarl to allow a clear and precise judgement to be made of the
mmportance and originality of the research reported. Abstract, full
mmtroduction and concluston must be included, and where more than one
manuscript appears. connecting texts and common abstracts, introduction

2



and conclusions are required. A mere collection of manuscripts s not
acceptable: nor can reprints of published papers be accepted.

While the inclusion of manuscripts co-adhered by the Candidate and
others is not prohibited by McGi1l, the Candidate 1s warned to make an
explicit statement on who contributed to such work and to what extent, and
Supervisors and others will have to bear witness to the accuracy ot such
claims before the Oral Committee. It should also be noted that the task of
the External Examiner 1s made more difficult n such cases, and 1t 1y n
the Candidate’s interest to make authorship responsibilities perfectly
clear."

There are two Chapters presented as papers for submission to The

Canadian Entomologist (Chapter 2) and Journal of Invertebrate Pathology
(Chapter 3).




CHAPTER 1

LITERATURE REVIEW



THE CARROT WEEVIL
Taxonomy and distribution

The carrot weevil, Llistronotus oregonensis (te  Conte),
(Coleoptera:Curculionidae) was first identified in 1860 as (1stroderes
oregonensis (Le Conte) and was subsequently renamed [1stronotus
oregonensis in 1876 (Henderson, 1939). Other synonyms used to denote thas
species include:

Listronotus latirusculus (le Conte)
Listronotus 1mpressifrons (le Conte)
Listronotus rudipennis (Blatchley).

The carrot weevil 15 native to North America extending from Quebec

to Florida and northwest to Manitoba (Buchanan, 1932).

Pest status

The first record of carrot weevil injguries was in 1907 in Varginig
on parsley w'th subsequent sporadic reports from [1hinors, Connetaicut, New
York, and Washington D.C. on crops of parsley dand carrots (Peppey, 1942).
In 1925, 50 tv 90% of the carrot crop was injured in Hiwse (Chandler,
1926) and the carrot weevil reached pest status an lowa {(Harri, 1976)
Severe outbreaks on celery and carrots occurred n New Jeraoy n 1936
(Pepper and Hagmann, 1938), and on cdrrots an Massachussett an 1956
(Whitcomb, 1965). Presently, the carrot weevil remaine o pest oan some
parts of the northeastern United States of America (Grafius et al , 1983)

In Ontario, the carrot weevil was first wdentified al the tarn of
the century but did not achieve economic importance until 1969 (Stevenson,
1976). The first invasion of the carrot weevil was observed an 1956 an
the Holland Marshes and Bradford (Harcourt, 1959) and by 1963, the carrot
weevil was beginning to cause concern (Harcourt, i363). The fir<t wign of
the carrot weevil 1n Quebec was in 1967 1n Ste. Clotalde (Pervon, 1971)

It gained economic 1mportance by 1970 when damage ranged between 2 and 277
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root injuries of the carrot crop (Perron, 1971). In both provinces, the
carrot weevil attacks are restricted to the carrot crop. To date, the
carrot weevail continues to cause prcbiems to carrot growers in both

Ontario and Quebec (Boivin and Sauriol, 1984; Stevenson, 1985).
Description of stages

Adult

Adult weevils are oblong, black, with cupreous tinged scales
(Whitcomb, 1965). The antennae are clubbed and reddish brown 1n colour.
The stripes on the thorax and the motiling on the elytra are a result of
the presence of a layer of dark scales. The elytra are striated and
out hned by rows of grey setae. They have well developed wings but are
rarely seen 1n flight (Boyce, 1929).

The adults vary considerably in size with the males being the
smatlest (Table 1) (Martel et al., 1976). However, the sexual dimorphism
in 5120 15 not an accurate means of determining sex. According to Wnitcomb
(1965%) males can be separated from females by examining their first
ventral abdominal segment, this segment having an oblong depression in

males and being swollen with a small oval depression 1n females.
F'99

The egys are elliptical and uniform in size (Table 1) (Martel et
al.,1976). Both fertilized and unfertilized eggs are initially light
yellow 1n colour with fertilized eggs becoming darker with age and almost
black gust prior Lo eclosion (Baudoin and Boivin, 1985). The position of
the larva s easyly discernible in the final stages of development. The

larva uses 1ts mandibles to puncture the egg membrane and leave the egg.

Lirva

The larvae are slightly curved, legless and creamy white in colour
vermiform larval instars (Harris, 1926; Martel et al., 1976). Larval
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Table 1. Dimensions of adult and egg stages of
the carrot weevil, Listronotus oregonensis

Length (mm) Width (mm)
Adult
male 6.00 + 0.30 2.20 + 0.10
female 6.50 + 0.30 2.40 + 0.10
Egg 0.80 + 0.10 0.50 + 0 03

P L L L L L R L R T e I I

(Summary data from Martel et al.




with a sclerotized amber head capsule (Whitcomb, 1965). There are four
nstars that can be differentiated according to head-capsule width which
exhihits exponential growth (Table 2) (Martel et al., 1976). The
mouthparts are functional throughout the instars and the spiracles are
prominent.. A consistent pattern of setae 1s present on the head and body
segments (Whitcombh, 1965).

Prepupa and pupa

The prepupa 15 a nonfeeding stage of the fourth instar (Martel et
al., 1976) and measures 7 mm long and 2 mm wide (Whitcomb, 1965). The
larvae cease to feed and enter the prepupal stage without moulting (Martel
et al., 1976)

The pupae are exarate, creamy white, 5-7 mm long, and have a typical
curculvontd form.  The head, thorax, legs, and abdominal segments are
lined with stiff spines (Whitcomb, 1965). If disturbed, the pupae flex
their bodies (Pepper, 1942).

[ife cycle

Although there are 2-3 generations of the carrot weevil in the
United States of America per year, this insect is usually univoltine in
Canada (Whitcomb, 1965, Perron, 1971; Stevenson, 1976). Adult weevils
overwinter both 1n the field borders and in incompletely harvested carrot
frelds (Grafius and Collins, 1986, Pepper. 1942; Stevenson., 1976). The
development of the carrot weeval 1s temperature-dependent (Martel et al.,
1976, Srmonet and Davenport, 1981).  The overwintered adulls have an
obligatory preoviposition period (Whitcomb, 1965) which averages 17 days
at 21°C and 10 days at 27°C (Martel et al., 1976). Pepper (1942) reported
that newly emerged female« mated prior to overwintering but, the usual
trend 15 for overwintered adults to mate in Spring (Whitcomb, 1965). In
CLanada, oviposition starts 1n early May (Stevenson, 1985, Boivin, 1985a).
According to Baudoin and Boivan (1985), total fecundity 1s neither
affected by the number of matings per female nor by the number of females
mated by a singte male. The female chews a cavity 1n the petiole or crown
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Table 2. Head-capsule width of the Tarval instars of
the carrot weevil, Listronotus oregonensis

Instar Head width (mm)
I 0.31 + 0.002
I1 0.44 + 0.004
I11 0.65 + 0.004
IV 0.99 + 0.004

-------------------------------------------

(Summary data from Martel, et al., 1976).




of the carrot, deposits 2 - 3 eggs and seals the site with a black
oxudate from her genital segments (Harris, 1926; Pepper, 1942). The daily
number of eqqe laid 1ncreases as the temperature increases from 18.3 °C
and 29 4 °C, the eygs requiring 12.8 and 4.8 days for eclosion,
respectively (Simonet and Davenport, 1981). The first instar larvae
immediately start feeding an the root. The larvae 1n the petioles
penetrate the rootsy either by tunnelling down into them or by leaving the
ctalk and invading from the soil (Stevenson 1981). The average
development  time for the first three instars 1s 13.1 days at 23.9°C
(Simonet and Davenport 1981). The development time for fourth-instar
larvae in the field 15 double that in the laboratory takiny 6.5 days at
23.9°C (Stevenson, 1976, Simonet and Davenport, 1981). The fourth-instar
larvae leave the carrots and enter the prepupal stage in the soil ([epper,
1942 ) They conctruct an earthen cell by bending their bodies back and
forth rapidly, compacting the surrounding <ol (Harris 1926, Martel et
al., 1976). At the same temperature, pupae require an average of 6.8
dayt, to develop (Smonet and Davenport, 1981). Teneral adults remain 1n
thetr earthen cells for a4 short time, emerge from the ground and feed on
folvage untal they locate suitable overwintering sites (Harris, 1926)
Adults feed and oviposit on several Umbelliferous host plants: cultivated
and wild carrots, celery, patience dock, broad-leaf plantain, parsley, and
dill (Pepper and Hagmann, 1938). Laboratory experiments of Simonet and
Davenport (1981) established that at 18.3°C (in early Spring) and 23.9°C

“for (Summer), o full cycle from egg to adult would require a minimum of

38.2 days. Adding 17 days das a minimum preoviposition period brings the
total number of days to complete a single generation to 55.2.

amage

Damage to the crop 1s caused by both the adults and larvae.
However, the 1njuries caused by the larvae are of a more serious nature.

Adults

The adult carrot weevil can feed on all exposed parts of the carrot,
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the feeding marks appearing on the foliage, the petioles and the crown.
Similarly, oviposition traces are left on exposed regions of the plant.
Such damage 1s not of major importance because it does not hinder the
development and marketability of the plant.

Larvae

The larvae eat their way into the upper one third of the carrot root
resulting in galleries 11ned with damp sticky frass (Pepper, 1942). Tlhere
are usually more than one larva per carrot and these feed 1n the root
forming dark zig-zag tunnels which often join together to produce a broad
lesion (Anon, 1977)

It 15 believed that n the past, the carrot rust fly, Psila rosace,
was misidentified as the agent responsible for carrot weevil damage  this
confusion was overcome when it came to be known that carrot yust thes
form tunnels in the lower two-third sections of the carrot voot and have
smaller dimensions than those of the carrot weevil (Stevenson, 1981)

When left uncontyolled, the carrot weevil can damage up Lo 40% of
the Quebec carrot crop (Boivin, 1985a) Since the packing and canning
industries can tolerate no more than 5% root injury {(Pervon, 19/71), 1t 1

evident that some pest control 15 usually necessary.

Types of control
Chemical control

In the past, L. oregonensis has been controlled with insecticides
(Martel et al., 1975). Systemic insecticides are required to reach the
eggs and the Tlarvae, while the adults dre targeted with foliar
applications of contact 1nsecticides. Organochlorines (heptachlor and
aldrin)  (Whitcomb, 1965), and arsemicals (calcium arsenate) (Pepper,
1942) have been used. The organochlorines were most effectively applied
as granules in the so1l followed by foliage applications.  However, the

toxicity of the more persistent 1nsecticides on the carrot root ha. led Lo
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the use of foliar applications against the overwintered adults prior to
oviposition as the only means of chemical control (Brodeur, 1985; Boivin,
1985a). Presently, phosmet (Imidan®) 1s registered for this purpose in
(Quebec at the rate of 2.25 Kg/ha twice seasonally (CPVQ, 1987).

Cultural control

Annual crop rotation effectively controls the carrot weevil (Anon,
1977). Since the adults rarely fly , the presence of this insect in the
field 15 a warnming for an infestation the following year if the farmer
attempts to grow carrots there once again (Stevenson, 1981). However,
detection of the adults requires efficient monitoring which, 1n turn, is
*ame consuming and costly  Monitorang programs for this pest insect have
begun i Michigan (Grafius et al., 1983), Ontario (Stevenson, 1985), and
Quebec (Boivin and Sauriol, 1984). As an alternative to monitoring insect
population densities, a4 trap crop surrounding a carrot field was sprayed
with insecticides  which successfully reduced the level of carrot weevi)
infestation on the carrot (Whitcomb, 1965)

Another cultural practice used to escape severe damage by the carrot
weevil s to delay the date of planting (Boivin, 1985a, Stevenson, 1976;
Chandlier, 1926). A sagnificant 1nverse relation exists between the date of
cowing and the number of eyggs laird. Although 70% of the eggs are laid
dur ing the fourth through the seventh true-leaf-stage of the carrot, most
carrot weoevi ! damage was eliminated when carrots were sown after 400-450
Db (degree days, base 7°C) However. this practice is not usually
toltowed, since 1t tends to reduce the yyeld of the crop.

Biological control

Although brological control 1s another possibility to minimize
damage caused by the carrot weevil, surprisingly little information 1s
offered an the hiterature

The mymarid wasp Anaphes sordidatus (Hymenoptera) 1s an egg
parasittord ot L cregonensis (Collin and Grafius, 1986a,b,c) parasitizing
500 of carvot weevil eggs 1n Quebec (Boivin, 1985b). Alrotus curculionis,

12




a braconid wasp, was found to parasitize 29 of the carrot weevil larvae in
Massachusetts (Whitcomb, 1965). On the other hand, predatory carabid
beetles (Coleoptera: Carabidae)., which are abundant in carrot fields ot
southwestern Quebec have been shown to consume different stages of the
insect {(Baines et al.., 1990). However, like most parasites and predators,
they would require sirple and cheap mass rearing technigues te be
effective, and these have yet to be designed.

Laboratory studies on the susceptibiliaty of the carvot weeval stages
to three entomogenous nematodes Sternernema carpocapsae | 5. feltiac
(Poinar, 1989)], S. feltiae [=S5S. bibionis (Poinar, 1989)}, and
Heterorhabditis bacteriophora [=H. heliothidis (Poinar, 1990)] have shown
the larval stage to be the most susceptible stage and the former two
species of nematodes to be the most aggressive species (Belair and Boivin,
1985). Boivin and Bélair (1989). also studied the intectivity of two
strains of S. carpocapsae (=S. feltirae) 1n relation Lo temperature, sex,
and age of the carrot weevil adults.

With regard to fungal pathogens., Searle and Yule 1988) have
selected virulent strains of Metarhizium anisopliae and Beauverra bassiana
by means of laboratory bioassays against the larval stages of the carrot
weevil., At this point, field tests would have to be carrmied out to
determine the effectiveness of these strains on [ oregonensis undey
natural conditions and local muck soils

A new contribution to the Quebec Integrated Pest Management Program
for the control of the carrot weevil would be the use of strain, of an
entomopathogenic bactervum, Bacillus thuringiensis, that have shown

activity against Coleapteran species,

BACTLLUS THURINGIENSIS
Historical background

Bacillus thuringiensis was solated at the turn of the century by
a Japanese bacteriologist, S. Ishiwata (Ishiwwata. 1901). The pathogen was

1s0lated from the silkworm, Bombyx mori, and was named Sottokin which
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means " sudden death bacillus " (Ishiwata, 1905). At the time, this
organiom was considered a threat to a very important 1ndustry, silk
product 1on {Luthy et al., 1982) It was not until decades Tlater that its
potenti1al use for insect control was realized.

The <econd 1solation was made by £. Berliner in Thuringia, Germany
fromdiseased Tarvae of the Mediterranean flour moth, Anagasta kuehniella,
(Zeller) and 1t wao named Bacillus thuringiensis (Berliner, 1911).
Berliner descrabed 1t and showed that 1t fulfilled Koch's postulates, thus
validat ing hio naming of the isolate (Luthy et al., 1982). Within the
present taxonomy, the strain described by Berliner has been designated as
subspec ves thuringrensys (Luthy et al., 1982).

Between 1920 and 1950, several faield applications with B.
thuringiens:s were undertdken with various degrees of success. Sporeine,
the first commercial product of B. thuryngrensrs was manufactured 1n
france around 1938 (1l ambert and Peferoen, 1992). In the 19505, Hannay
(1993) discovered the active wngredient of B. thuringiensis and in 1956,
Anqus  (1956) proved that the msecticidal activity was located 1n the
pardsporal inc lusion

During  the 19605, 4 number of 1ndustrial  formulations of B.
thuringirensts were produced n the United States of America, the
Commonwealth of Independent States (former Soviet Union) ,France, and
Germany  (Lambert and  Peferoen, 1992). Based on B. thurrngiensis
subspecaes tharingrensis, the ansecticides had low activity and could not
compete with ¢hemical ansecticades 1n either efficacy or cost (Beegle and
Yamamot o, 1992).

In 1962, I Kurstak 1solated a new subspecies of B. thuringiensis
from A. kuehniella larvae in France and in 1970, Dulmage 1solated the same
subspecres  (which  they named kurstakr) from  the pink bollworm,
Pectinophora gossvprella. The 1solate proved to be more potent than the
subspeces thuringirens)s and was competitive with chemical insecticides
(Dulmaqge, 1970)  Presently, several millyon kilograms of kurstaki-based
product s are manufactured annually 1n the United States of America with
usaae rvegistered for approxamately 30 crops and against more than 90 pest
msect s worldwade (Beeqgle and Yamamoto, 1992),

Until the 1970s, most of the described B. thuringiensis strains had
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demonstrated activity against lepidopteran 1nsects. In Israel in 1976.
Goldberg and Margalit (1977) 1solated a B. thuringiensiys with mosquito and
blackfly Tarvicidal activity. It was named subspecies 1sraelensis (de
Bargjac, 1978) and had an outstanding level of activity and speed of kill.

The most recent B. thuringirensis 1solate to have commercaial promise
is subspecies tenebrionis. In 1982, Krieg et al solated from lenebrio
molitor a new strain of B. thuringrensis pathogenic against certain
coleopteran insects and named 1t B thuringiensis  subsp  tencbrioms
(Krieg et al., 1983} In San Diego, 1n 1986, a strain of B thuringiensis
with simlar act1vity was described by Herrnstadt et al | and was refoerred
to as B. thuringrensis subsp. san diego  However, 11 was subsequently
demonstrated that both strainy were 1dentical (Krieqg et al., 19874).

The susceptibility of  several coleopteran  species  ncluding
economically important pests (eg., Colorado potato beelle [leptinotarsa
decemlineata, and the cotton boll weevil, Anthonomus qrandis) to 8
thuringiensis subsp tenebrionts (Herrnstadt et al , 1980) ha+ attvacted
attention to the subspecies in terms of 1ty effectiveness as a hocontrol
agent (Herrnstadt et al.., 1986: Riethmuller and langenbruch, 1989, Ferro
and Gelernter, 1989, Zehnder and Gelernter, 1989), 1t brochemistry
(Bernhard, 1986, Krieg et al., 1987/b; L1 et al., 1988; Carroll et al.,
1989); as well as 1ts molecular biology and genethics (Herrnotadt et al.,
1987; Jahn et al., 1987, McPherson et al , 1988, Sckar, 1988)

Most studies of the effectiveness  of . thuringrensis
subsp.tenebrioni s have been for the control of [, decemlineatq, the most
destructive pect of potatees n northeastern Unmited States of America
(Ferro and Gelernter, 1989). Both taboratory and faeld tests mdrcated
that the pathogen effectively control ted the larval populaton of thiy
pest on leaves [t was also noted that the toxan 15 biodeqradable and has

, 1986)
Screeming  of B. thuringiensis subop tencbrionis i1solates  for

no known effect on non-target organisms (Herrnstadt et al

1nsecticidal actwvity revealed that families an the order (oleoptera
drffered 1n therr susceptitmility to the strain {lable 3).

There are numerous formulations ot B. thuringiensis subsp. tenebrionis
(Table 4) (Beegle and Yamamoto, 1992).




Table 3. Insects evaluateg for susceptibility to Bacillus thuringiensis subspecies tenebrionis
(= subsp. san drego).
Order Family Species Stages tested Activity
Coleoptera Chrysomelidae -Diabrotica ALl L2 ; __________
undecimpunctata
-Haltica tombasina A, L2, L3 +++
-leptinotarsa
gecemlineata L1, L2 4+
-Pyrrhaita luteola A, LI, L2, L3 4+
Curculiondae -Anthonomus grandis A, L2, L3 +++
-Qti1orhynchus
sulcatus L2, L3 ++
Dermestidae -Attagenus unicolor L3 -
Ptinidae -Gibbrum prylloides A -
Tenebrionidae -Tenebrio molitor L1, L2, L3 ++
-Tribolrum castancum A, L3 -

Assays against Diabroiica undecimpunctata, Leptinotarsa decemlineata, and Pyrrhalta luteola were carried
out by spraying spore/crystal preparations, or purified crystals on to leaf discs from appropriate host
plants. A1l other assays were carried out by incorporating spore/crystal preparations or purified
crystals into an appropriated diet mixture. Insecticidal activity was arbitrarily cliassified from weak
(+) to very strong ({(++++). A, adults; L. larvae. Assays against Otirorhynchus sulcatus, Attagenus
unicolor, Tenebrio molitor and Tribolium castancum were carried out for 30 days. All other assays were

carried out for 7 days. (From Herrnstadt et al., 1986).




Table 4. Bacillus thuringiensis subspecies tenecbrioms based
commercial products.
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Product Registration date Manufacturer

M-One 1988 Mycogen

M-Trak 1991 Mycogen

Trident 1988 Sandoz Agro, Inc.
Trident Il 1990 Sandoz Agro, Inc.
Foil’ 1990 Ecogen

Di Terra 1991 Abbott Laboratories
Novodor Pending Novo Industries

* Combination of subsp. kurstaki and tenebrionis
(from Beegle and Yamamoto, 1992).




Nomenclature

B. thuringiensis 15 a Gram-positive, endospore-forming bacterium of
the family Bacillaceae. Although it 1s similar to Bacillus cereus, 1t 1s
cunsidered o <eparate species largely due tc the presence of parasporal
(rystals an 8. thuringrensis (Lambert and Pefercen, 1992). The need for a
method to identify and classify B. thuringiensis subspecies became
necossary as different 1solates were discovered to have different activity
spectra, and . thuringiensis became increasingly commercially important
(Beegle and  Yamamoto, 1992). Imitially, the method was based on
morphological and biochemical charactaristics (Heampel, 1967; Heimpel and
Anqus, 1958, 1960) de Bargac (1981) and de Barjac and Bonnefor (1962,
[968, 1973) ntroduced a classification scheme based on serological
analysis of  vegetative cell flagellar (H) antigens and biochemical
Characteristics. Severdl other 1dentification and classification methods
were also developed, such as esterase analysis of vegetative cells
(Norris, 1964), crystal serology (Krywienczk and Angus, 1960, Krywieczyk
ot al., 1978, Smith, 1987), and susceptibility of B thuringirensis to
phage  (Jone« et al ,1983) However, flagellar serotyping became the
method of choice mainly because a flagellar serotyping service was made
avarlable by the Institut Pasteur. Presently, there are 36 serotypes of B.
thuringrensis (Beegle and Yamamoto, 1992).

[¥o most recent taxonomic procedures used include High Pressure
Lrqurd Chromatography (HPLC) (which can accurately distinguish crystal
types within a serotype) and plasmid mapping, and gene clioning and
sequencing of the crystal toxin (Beegle and Yamamoto, 1992). A new
taxonomic system has been proposed for B  thuringrensis crystal genes
(Crv) based on the types of crystal proteins produced and the activity
spectrum of the insecticadal toxans (Table 5) (Hofte and Whiteley, 1989).
Since the pramary anterest in B. thuringrensis 1s in 1ts ability to kill
pest ansects. at seems likely that the dentification/classification
scheme based on structural similarities and insecticidal spectra of the

encoded proteins will replace that based on flagellar serotypes
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CRY 11
CRY III
CRY 1V

Lepidoptera

Lepidoptera and Diplera
Coleoptera

Diptera

(Summarized from Hofte and Whiteley, 1989).
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Sporulation and crystal production

St. Julian et al. (1971) documented the different morphological
stages from the dormant spore to the vegetative cell of B. thuringiensis.
A brief description follows.

The vegetative cells of B. thuringrensis are rod-shaped (average
dimension of 3 5um x }.2-1.5um) peritrichously flagellated, and usually
occur as filaments of at least four cells. Vegetative cells are known to
produce water soluble, 1nsecticidal toxins (see section "Types of toxins
other than the o-endotoxin™)

£ thuringiensis 1s commonly found 1n natural soirls and 1n
environments with high densities of insects such as grain storage and
insect rearing facihities and sericulture farms (Lambert and Peferoen,
199?2) The dormant <pores are able to survive unfavourable conditions over
4 long period of time (luthy et al , 1982). Their resistance to heat,
chemicals, irradiaton and desiccation 15 attributed to the dehydration of
the <pore cytoplasm during sporulation. In nature, the spores undergo
ageing, o slow process of activation which causes the breakage of
disulfide Tinkages of spore coat cystine thus causing a change n the
tertiary structure of the proteins which 15 originally responsible for the
dormant state of the spores. The initiation of germination is an
irreversible process (Luthy et al., 1982) A series of degradative
reactions occur during germination and are followed by a period of
biosynthetic activities necessary for the outgrowth of the vegetative
cell.

The exhaustion of tne medium especrally of their source of C, N, and
P ainduces the nmityation of sporulation (Luthy et al., 1982). The
sporulation process 1y subdivided into seven stages (Fig. 1). During
stage 1, an axial chromatin  filament s formed. In stage II, the
chromatin filament separates into two chromosomes and a subpolar forespore
septum 1s formed delymiting the site of the future spore. During stage
111, brogenesrs of a crystal begins. The crystal is a proteinaceous
parasperal anclusion known as the s-endotoxin and is lethal to specific
groups of ansects. It accounts for 20-30% of the total protein of the

sporangium (Aronson et al., 1986). Stage IIl 1s also morpholugically
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Figure

1.

Diagrammatic scheme of sporulation in B. thuringrensis.
Abbreviations: M, mesosome; CW, cell wall; PM, plasm
membrane; AF, axial filament; FS, forespore septum: IF,
incipient forespore; OI, ovoid inclusion; PC, parasporal
crystal; F, forespore; IM, inner membrane , OM, outer
membrane; PW, primordial cell wall; E, exosporium, I(,
lamellar spore codt; C, cortex; UC, undercoat; OC, outer spore
coat; S, mature spore in an unlysed sporangium (from taust and
Bulla, 1982).
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characterized by the formation of a free forespore with an inner and outer
membrane. The cortex and the primordial cell wall are formed between the
inner and outer membranes during stage IV. 1In the course of staqe V, the
layers of the sporecoat develop and the exosporium which surrounds the
spore 15 completed. During stage VI, the spore maturatyon proceeds and s
completed during stage VII At this stage lytic enzymes velease the
spores and crystals from the sporangium lhe events ot sporulation and
crystal formation have been discussed 1n detarl an reviews presented by
Ribier and lLecadet (1973). and Bechtel and Bulla (1976).

The predominent crystals of most B thuringirensis subspecies o far
identified are comprised of 130-140 kilodalton potypeptiades (Arvonson et
al., 1986). There are, however, difterences 1 number, <hape, and
composition of these parasporal nclusions  While the numhers can range
from 1-5 crystdals/ bacteryal cell, the shape that they can assume s
bipyramidal, cuboid, ovoid, or amorphous (Aronson et al., 1986)

Types of toxins other than the s-endotoxin
a-exotoxin

Also identified as possibly lecithinase C (phospholipase (), o
exotoxin 1s a heat-labile protein that 1s produced by vegetative cells
(Toumanoff, 1954). However, Krieq (1971b) and [Ivinskiene (1978)
determined that this toxin was not a lecithinase. o exotoxin was “hown 1o
be toxic to the diamond-back moth, Plutella xylostella 1t 14 also toxac
to mice per os (Krieg, 1971aj, hence the synonym "mouse factor" [he
presence of the toxin 15 only demonstrable by biodassay and cannot be
readily 1solated or purified (Krieg and Lysenko, 1979) [ty w70 15 45 50
kilodaltons (Krieg, 1986).

B-exotoxin

The heat stable B-exotoxin was discovered by McConnell and Richard,
(1959). It 1s also known as a fly factor, a heat-stabie toxin, 4
thermostable toxin, and thuringiensin (Beegle and Yamamoto, 1992). It 15

23




produced by vegetative cells as a water-soluble nucleotide analog of
adenine, ribose, glucose, and allaric acid with a phosphate group (Farkas
et al., 1969). The B-exotoxins produced by differen. subspecies of B.
thuringiensis are not all identical (Mohd-Salleh et al., 1980; Gingrach
et al., 19924, 1992b). Tlype Il B-exotoxin was found to be more specific
than type | and 15 very active against L. decemlineata (Levinson et al.,
1990) . fype 1 B-exotoxin hat a very wide host range and acts by
inhibiting the DNA-dependent RNA polymerase (Sebesta and Horska, 1970).
In the Commonwealth of Indepedent States, commercial products are used
effectively against <pecies of red mites (Acari), larvae of house flies
(Mptera, Muscidae) and blowflies (Diptera, Calliphoridae) (Beegle and
Yamamoto, 1992)

s-endotoxin

The parasporal crystals (§-endotoxins) are divided into three
pathotypes according to their activity spectra (Krieg et al., 1983):
Pathotype A- The crystals are active against lepidopteran
larvae and are usually bipyramidal. The crystal 1s composed of 230
kilodalton dimers (Holmes and Monroe, 1965) which, under alkaline
conditions dissociate nto 135 kDa protoxins that become toxic only after
partial enzymatic digestion. Yamamoto and Mclaughiin {(1981) isolated from
B. thuringiensis subsp kurstak: a 65 kDa protein different from the 135
‘kDa protein [t was termed P2 and was found to be toxic to both
Lepidopterans and Dipterans
Pathotype B+ The crystals are highly active against mosquito
(Culhvcrdae) and blackfly (Simulyidae) Tarvae and are presently found in
subsp. 1sraelensis and a dipteran-active subsp. morrisoni isolate (Beegle
and Yamamoto, 1992)  Several irrequlariy shaped crystals are produced per
sporangium. These crystals are composed of three groups of proteins: 128-
135 kDa, 72-78 kDa, and 27 kDa Although the Tlatter has little
insecticidal activity, 1t may have synergistic action with the former
toxin proteins (Wu and Chang, 1985).
- Pathotype C: These crystals are active against coleopterans
and dre located wn subsp. tenebrionis. They are unique in shape and
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protein characteristics 1n that the crystal 15 square and flat, and s
made up of 57 kDa protein molecules (McPherson et al.. 1988). Unlike
other B. thuringrensi1s subspecies, tenebrioms crystals do not have
disulfide bonds (Bernhard, 1986). In addition, unlike other (rystal
types, NeBr- or alkali-dissolved crystals recrystallize when NaBr s
removed or the pH 1s lowered (Beegle and Yamamoto, 1992).

Mode of action

The mode of acti1on of the s-endotoxin 1s partially atirmibuted to 1ty
three-dimentional structure. The domains of a typical pathotype A protoxan
derived from B. thurringrensis 1s 11lustrated in Faqgure 2. The protoxin i,
cleaved by insect midgut proteases releasang the € terminal <tractural
fragment. The remaining N-terminal half forms the active fragment whaich
consists ~f at Jeast 2 domains. the toxic and the cell bainding domaine,
There are five conserved reqgions within the actaive fragment. The toxic
domain contains hydrophobic reqgions (solvd dashes) and the putative 1on
pore formed by the Cry toxin 15 derived fromo-helices found within the
toxin domain.  The cell-binding domam 15 mportant in receptor bhinding
and structural conformation (Gill et al.., 1992).

Recently, (1 et al (1991) pubtriched the structure of subop
tenebrionis toxin called CRY [1]A This toxin 15 made of 644 amino ac id
residues which are divided 1nto three domains: I, 1I, and Il Domareyr |
1s probably 1nvolved 1n pore formation  Domain [L 15 the receptor hinding
domain. And domain Il 15 thought to protect the othey domainy, fron
proteinase digestion. The determination of the Structure make, 1
possible to determine the 1nvolvement of each amino acvd resaidue an the
nsect cidal activity

In general, the crystal 15 an agqreqgate of a relatively large
protcin subunit that can be dissociated under specaific conditrons (Faust
ant Bulla, 1982). It s insoluble wnwater and usually disuolves undery
alkalire condations of the ansect gqut to release the protern wubunt
(Carroll et al., 1989) Many of the larger crystals are held together by
intermolecular disul fide bonds which require very high pHoor reduc ing

conditions to 1mitiate dissolution of the crystals (Nickerson, 1980)  The
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Figure 2. Domains of activated Bacillus thuringiensis toxin (from Gill et
al., 1992).
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crystal proteins of B. thuringrensis subsp. tenebrionis are smaller, and
are rendered insoluble by salt bridges (Asp 142-Asp 165, Glu 223 -tys 293)
(Iv et al., 1991) that break down 1n concentrated salt solutions

(Nabir) 1n vitro (Bernhard, 1986) It has been reported that some insects
have a low susceptibility to specific crystal proteins due to the
mnefficient solubilization of the crystals which, once <alubilized 1n
vitro, sigmificantly enhance the toxic activity (Jaquet et al., 1987).

Once solubilized, the subunits of most crystals of pathotype A are
proteolytically converted 1nto an active fragment (Figure 2) by the midgut
protedses fThe <17e of the smaiinst active fragment, the protease-
rosistant core, varies with the B. thuringrensis strain (G111 et al.,
1992) (e.g. only lhmited proteolysis occurs at the N-terminal for CRY |
protoxins while approximately 500 amino acid residues are removed from the
( terminal)  In contrast, CRY Il and II1 proteins appear to be naturally
truncated and do not undergo protease-mediated C-terminal cleavage. In
fact, oven a small (-terminal truncation of eleven amino acyds may result
m a loss of actwvity an CRY TIA (Widner and Whiteley, 1989).

The ansecticidal specificaity of the toxins 1s due to high-affinity
binding o specific membrane rveceptors (L1 et al., 1991). The toxin has
hoon shown to bind specifically to the brush border membrane vesicles of
the midqgut epithelium (Gvl1 et al , 1992)  The crystal toxins require a
specifirc plasma membrane receptor on  the midgut epithelral cells. The
atfanity of the orystal toxains varies from relatively low to high. An
active area of research involves the characterization of the receptor
which, in some cases, 15 believed to be a4 glycusylated protein (Knowles
and  t1lar . 1986, Hofmann et al., 1988: Ellar, 1990). It has been
suggested that receptor glyvcosylation 1s essential for toxin binding and
toxicity against pathotype A or Cry [ gene product the toxin acting like
a lectn (thiar. 1990)

The ¢ endotoxin eventually causes the epithelial cells to disrupt by
forming Tyvtic pores an the insect membrane (L et al., 1991). The trigger
for the pore formation may be due to receptor binding and the consequent
mteraction of the toxon with the membrane bilayer. The formation of pores
i the membrane ot susceptaible insect cells causes a net influx of 1ons

and an accompanvang inflow of water which force< the cells to swell and
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lyse (Hofte and Whiteley, 1989).
Variability n insecticidal activity 1s also attrmibuted to the
susceptibility of the insect, with three types being 1dentified (Miine ot

al., 1990):
- Type I: Insects which suffer general paralysis and show

blood pH change to crystal protein alone (Bombyx mor: and Manduca sexta).

- Type II: Insects which are susceptible to crystals alone,
exhibit gut paralysis but no leakage, no change in blood pH, and no
general paralysis (most Lepidoptera).

-Type TI1. Insects which require both crystals and spores tm
pathogenesis (Anagasta kuehniella and Lymantria dispar).
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. CHAPTER 2

Response of the carrot weevil, Listronotus otregonens:s
(Coleoptera:Curculionidae), to strains of Bacillus thuringiensis.




ABSTRACT

Mortality and frass bioassays were done to investigate the toxicity
of seven strawyns of Bacillus thuringiensis against the adult carrot
weevils, Listronotus oregonensis. A semi-artificial diet of carrot foliage
with 4% agar wis selected to maximize feeding by the insects . Bacillus
thuringiensis subsp. tenebrionis (BTT), and two unidentafied 8.
thuringirensis strains, A30 and A429, gave the towest LDs. values. The frass
bioassay supported the conclusions of the mortality assay. Mortality of
adults continued after their removal from the insecticidal medium, with
the highest mortality being caused by strains A429 and BTT. Survavors from
the frass biroassay. inmitially exposed to strains A30. A429. and BTT, did
not yesume normal  levels of feeding after their removal from the
imsecticidal  medium  Attempts  to  reisolate the B. thuringiensis
mrcrvoorganisms from the experimental 1nsects revealed that the carrot
weevil harbours B. thuringiensis-like organisms in its gut and on other

structures
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INTRODUCTION

The carrot weevil, Listronotus oregonensis (Le Conte), 1s a major
pest of Umbelliferous plants in the northeastern sectors of the United
States of America (Chandler, 1926: Pepper, 1942; Whitcomb, 1965, Grafius
and Otto, 1979) and Canada (Perron, 1971; Martel et al., 1975: Stevenson,
1976). It attacks celevy (Pepper and Hagmarn, 1938) and parsiev (Boyce,
1927). but 1ts preferred host 15 the carrol with weed species such as
wild carrots (Daucus carota L ), plantain (Flantago sp ), and dock (Rumex
sp.) also serving as hosts (Pepper, 1942, Ryser, 1975)

The adult female lays egqgs 1n the petiole and crown of the carrot.
The Tlarvae, upon emergence, tunnel into the root where they feed and
develop until they exit into the soirl and pupate (Perron, 1971) The
carrot weevils overwinter an the so1l a- adults

Since 1967, cdarrot root anjury caused by the carrol weevil ranged
from 2-22% of the total crop production n the Quebec regrons of
Sherrington, St -Michel, and Ste Clotilde (Perrvon, 1971) with damaqge of
up to 40% of the carrot crop when left uncontrolled {Boivin, 1985a). The
packing and canning ndustries tolerate no more than 5% rvoot njury
(Perron, 1971) which makes efficient controi medsu es necessary

The only control method available for the carrot weeval 14 the use
of foliar 1nsecticides against overwinternd adults before they oviposait
(Bowvan, 198€5a). However, the develapment of resistance to chemical
insecticides by many pest ansects, and the generdal concern for environment
damage have resulted an the development of an inteqgrated pest management
program with omphasis on alternative control methods There 1o hittle
information on alternative control strategies an the Titerature 1o date,
an egg parasitoird, Anaphes sordidatus (Boivin, 1[985b) and entomogenous
nematodes, Steinernema carpocapsae [:5 feltirae (Poimnar, 19891 , S
feltrae [=5. bibronis (Pownar, 1989)], and Heterorhabditis bacteriophora
[=H. heliothidrs (Pownar, 1930)] (Belair and Boivin, 1985, Boivin and
Belair, 1989) have heen examined

The entomopathogenic bacterium, Bacillus thuringiensis, occupies an
mmportant position 1n the freld of brological control B, thuringiensis

is a Gram-positive, endospore-forming, soil-dwelling bacterium which

41



produces an insecti'idal cryst21line protein (ICP, also known as -
endotoxin) during spcrulation (Hofte and Whiteley, 1989). Once ingested
by susceptible 1nse ts, the ICP dissolves in the midgut and is
proteolytically activated to a smaller molecular weight toxin (Lilly et
al., 1980) These toxins bind to receptors on the brush border membrane
of the midgut epithelial cells (Hofmann et al., 1988a and b; Knowles and
Fllar, 1986; Hendrickx et ar., 1989), causing cell lysis, feeding
inhibition, dand eventually death (Fast, 1981; Krieg et al., 1983).
Praviously described  strains  have demonstrated activity against
lepidopteran and dipteran species (Kurstak, 1962; Goldberg and Margalit,
1977).  More rocently, B. thuringiensis strains toxic to economically
important. pests of the order Coleoplera have been discovered (Krieg et
al., 1983; Herrnstadt et al., 1986).

B. thuringiensis subsp tenebrionis [synonymous to B. thuringiensis
subsp san diego (Krieqg et al.,1987)], a strain pathogenic to Coleoptera,
together with sax umidentafied B. thuringiensis strains were used in the
current study. The undefined strains, 1solated from Canadian soils, were
shown to be active against various coleopteran insect species (Moser,
1990).

The present study was done to evaluate the toxicity of the
aforementioned strains on the carrot weevil and to determine survival of
the insects after intoxication.

MATERIALS AND METHODS

Chemicals

Monobasic and dibasic potassium phosphate (KH,P0, and K5HPO,),
dithiothrertol, phenylmethylsulfonylfluoride, Ampicillin, Polymyxin B, and
sodium carbonate (Na,CO.) were purchased from Sigma Chemical Company
(Missouri,USA). Nutrient agar was purchased from BBL (Maryland,USA) and
the Bio-Rad protein assay kit was from Bio-Rad (Ontario,Canada).
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Racterial cultures and spore-crystal suspensions

BacilTus thuringiensis subsp. tenebrionis, and the six unidentified
strains of B. thuringiensis coded A30, A299, A311, A409, A410, and A429,
were supplied by Imperial Chemical Industries Biological Products. North
American Technical Centre (Ontario, Canada) The Bacillus thuringiensis
strains were grown on nutrient agar buaffered (pH 7 0) with egumolar
concentrations (0.05M) of KH.PO, and K,HPO., After 5 days incubation at 30
°C, the bacterial lawn, based upon micrascopic examination, consisted of
vegetative cells, sporangra, spores and crystals. These stages were
harvested by scraping, lyophilized, and stored at -20 °C.

Spore -crystal suspensions of each strain were used in all the
toxicity assays To ensure that toxicity measurements would not reflect
crystals containing different amounts of proteins, the concentration of
crystal protein for ecach bacterial strain was determined. Spore crystal
mixtures were suspended 1n 0 CGl% Iriton X 100 (v/v) solution and washed
three times by centrafugation (11,750 xq, 22 “C, 3 min) The final peliet
was resuspended n a crystal solubylizing buffer [Na€0,, 473 qg/l;
phenylmethylsul fonylfluoride (a protease anhibitor  to prevent  ICP
degradation), 87 mg/l: dithiothreital (to reduce disulfide bonds), 15.4
mg/L; pH 10.0] and solubilyzed at 42 °C by incubating for 2 h, vortexing
every 30 min The suspencion was centrifuqged (11,750 xg, 22 °C, 3 min) and
the supernatant assayed fur total protein daccording to the Bradford method
(1976) using a Bro Rad protein assay kit (Bro Rad, Ontario, Canada). The
protein assay 15 based on a colour change of the dye, the optical densaty
of the resulting solution increasing with incredsing concentrations of

protein. Bovine serum albumin wa< used as a standavrd.
Colony and rearing conditions

Carrot weevils avarlable 1n Jaboratory culture were periodically
supplemented with weevils from Agriculture Canada Research station (5t
Jean-sur-Pichelireu) to maintain hybrid vigor The colony was reared an an
incubator with a photoperiod of 16 h (Martel et al , 1975%) and 4
temperature regime of 24:16 °C (Day:Night). The adults were placed an
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jars containing carrots, the carrots serving as both food and oviposition
sites. After the 1nsects oviposited in the carrots, the carrots were
transferred to a plastic box having a screen on the bottom and this box
was then placed inside another which had a solid bottom Once the larvae
emerged they dropped to the Tower box from whence they were collected and
placed 1n moist sterile soil for pupation and adult emergence. These
adults were used to both maintain the colony and for experimental

PUrposSes.

Selection of diet maximizing insect feeding

To select a diet that would be available year round, and act as a
gustatory stamulant ensuring uptake of the ICP placed on 1t, six diets
were fed to the adult insects:(1l) carrot root, (2) softened (steamed)
carrot root with 2% (w/v) agar, (3) fresh foliage, (4) foliage extract
containing 4% (w/v) agar, (5) foliage homogenate 1n 4% (w/v) agar, and (6)
4% (w/v) agar Diets 4 and 5 were prepared by suspending 22 g of chopped
foliage in 70 ml of water Foliage homogenates consisted of the fibrous
and soluble portions of the suspension whereas the extract was rendered
low 1n faber by gravity sedimentation. EBqual volumes of autoclaved agar
were added to the drets to produce the final concentrations of agar.
Abundant food was placed 1n plastic Petry dishes (15x100mm diameter) with
morst filter paper to which 10 adults were added The plates were placed
i the ncubators dand the number of frass pellets counted daily for three
days The filter paper was changed daily for fresh counts. There were

three replicates for each treatment.

Insecticidal Broassays

Iwo diyfferent biroassays were done to measure the toxicity of the
strawns against the carrot weevil: one based upon adult mortality and the
other a modification of the frass production assay of van Frankenhuyzen
and  Grangorten (1991} regarded as a rapid method to determine the
specifiraty of numerous 8. thuringirensis toxins against Lepidoptera.

Diet 5. the optimum medium for 1nsect feeding, was offered to the
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insects as food cylinders (6x6mm diameter; 10 cylinders/plate) cut from
foliage homogenate supplemented with agar (Chapter 2, "Selection of diet
maximizing insect feeding"). The cylinders were coated with test spore
crystal suspensions by dipping them into the different doses ot rehydrated
spore-crystal mixtures 1n distilled water, agitating the prepavations for
5 sec and allowing them to a1r-dry. The ICP doses ncluded 75, 150, 2725,
and 300 ng protein/ml  Distiiled water served as a control

Adults, colliected 3-8 days after eclosion, were added to the diet an
Petr1 dishes (15x100mm diameter) containing moistened falter  paper.
Insects were allowed to feed on Diet 5 for 8 days n the mortality
bioassay, and for six days in the frass bioassay both at 25°C n darkness.
Adults were treated 1n groups of 15 insects (8 ¢s, 7 «s5) per plate with a
total of 60 adults per dose

Mortality was monitored daily over the assay period and the median
lethal dose (LD ,) for each test strain was calculated by probit analyars
(Finney, 1971). The cumulative decrease 1n number of frass pellets per
insect exposed to the same ICP doses over a4 period of 6 days was
calculated. This approach deviated from that of wvan frankenhuyzen and
Gringorten (1921) 1n which the number of 1nsects failing to produce frass
pellets was recorded The concentration of protean requived to anhibit

frass production by 50% (FP.,) was determined

Insect survival and frass production after removal from Lhe diet
containing ICP

Lepidopteran larvae are known to survive ntoxication by B.
thuringrensis (Milne et al., 1990). The consequence  of  Limited
1ntoxication for beetles 15 not known Because the survival of anuects
formerly exposed to B thuringiensis anfluences overall efficacy of the
1nsecticide, 1t was necessary to determine the long term effect of B
thuringiensis strains on adults previously esposed to the TCP ot the 1.
values Survivors within g given treatment, ot 8 days for movtalsty and 6
days for frass production, were consolidated on untreated food cylinder.
in Petry plates with moistened filter paper.  The ansects were incubated

at a temperature regime of 25.16 °C (Day:Night) with o 16:8 h (Day Hight)
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photoperiod. Mortality was recorded over a period of seven days and the
frass was counted for five days.

Detection of B. thuringiensis-Iike bacteria

Control adults exhibited mortality. Therefore, to confirm the
validity of mortality of nsects treated with the B. thuringiensis
strains, Koch’s postulate was nitiated. B. thuringrensis or B.
thuringiensis 1ike organisms were detected 1n treated as well as control
msects  Screening for possible contamination by B. thuringiensis of the
control 1nsects was done Several untreated 1nsect body parts were smeared
on two media  NAP (Nutrient agar + 5pg/ml Polymyxin B sulfate + 4ug/ml
Amprcrllin) which favors competitive growth of B. thruringiens:s relative
to other microorgdanisms, and NA (Nutrient agar) es ¢ control. Both media
were subsequent ly incubated at 37 °C for 4 days. NAP was modified from NPP
(Nutrient agar + Sug/ml Polymyxain B sulfate + 4ug/ml Penicillin G) (Saleh
et al., 1969). The structures plated on the media included larval gut; gut
from unfed adults, carrot fed adults, and carrot fed adults from another
locatiron (St Jean-sur-Richelieu), haemolymph, and elytra. [o check for
the possible source of contamination, carrots and soivl were washed with
stertle dastaitled water from which an aliquot (40 ul) was spread on the
medra plates B, thuringiensis-like organisms were 1dentified by the
Smirnoff differential stain to detect the vegetative cells, spores and
crystals (Smirnoff, 1962).

Data analysis

The LD., values (median lethal dose) were calculated using probit
analysis (Finney, 1971) The FPs, values (dose inducing 50% decrease in
frass production) were calculated by linear regression analysis of the
frass broassay data Statistical analysis of paired data was performed
using Student’s t-test One-way analysis of variance (ANOVA) in
conjunction with Tukey’s test was used to compare groups of means.
Statistical significance was taken at p<0.05. Results are presented as
means t standard error of the mean.
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RESULTS
Diet selection

To select for the diet conducive to food consumption, the etfect ot
food formulae on adult defecation rate was determined  Carrots did not
elicit frass production to the same extent as fresh folyage (fig 1).
However, 1n both cases the addition of agar enhanced frass production
Homogenizing the foliage and adding agar strongly enhanced  frass
production with diet 5 (folrage homogenate with 4% agar) being optimum for
frass production whereas agar alone was the Teast effective Although not
guantified, it was observed that the insects attacked diet 5 more avadly
than the other formulations.

Determination of crystal protein content

To standardize the amount of insecticidal proteins of the different
strains for use 1n the bioassays, the protein content of the crystals wae
determined (Fig. 2). The results varied with the 1solates ranging from
2.11 + 0.063 ng protein/ mg spore-crystal mixture for B. thurinqiensis
subsp tenebrionis to 100 6 + 11.07 uqg protean/ my spore crystal mixture
for strain A410.

ICP effects on insect mortality and frass production

The effect of B. thuringiensrs strains on adull weevil mortalily
established the Towest LD, value for strain A429 and the highest value for
strain A311 (Table 1). The rank order of toxicity for the diftferent
strains was A429 = BTT - A30 ., A299 A410 .~ A409 - A3 Frgure 3
shows dose-response curves of the most toxic straine and o lewy tasie
1solate for comparison purposes. The most toxic strawns displayed
relatively steep slopes with strain BTT showing the steepest slope value
(1.80 + 0.25).

To further assess the toxicity of the B. thuringrensis straing
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Fagure 1.

The effect of food composition on adult rate of defecation. 1,
carrot root; 2, carrot root with 2% (w/v) agar; 3, fresh
foliage; 4, foliage extracts containing 4% (w/v) agar; b5,
fol1age homogenate 1n 4% (w/v) agar; 6, 4% (w/v) agar. (N=3).
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Figure 2. Crystal-spore mixture protein content of the different bacterial
strains. (N=5).
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Table 1 The median lethal dose (LDs- g protein’ml) for adults of the carrot weevil. Listronotus

oregonensis, exposed to designated Bacillus thuringrensis strains for 8 days at 25°C

Strain LD=" 95% fiducial Timits Slope®
(.qg protein/ml) («q protein/ml)
A429 102 52 - 200 0.71 £ 0.07
BT1 118 89 - 155 1.80 + 0.25
A30 143 101 - 204 1.38 + 0.11
A299 230 143 - 370 1.01 + 0.05
A410 255 196 - 331 1.90 + 0.08
A409 4.9 201 - 914 0.64 + 0.02
A311 461 266 - 800 0.90 £ 0.03
a N=3

b Mean t standard error of the mean



Figure 3. (A) Dose-response curves of themost virulent strainy, A30, A429,
and BTT, compared to strain A3ll which has low wvirulence. (B)
Corresponding probit regression lines. The data represents means of

3 mortality bioassays. P represents percent kill
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their effect on feeding 1nhibition, as indicated by a decrease n trass
production, was determined. Strains A429 (FP.,=10.67 ¢+ 1.70 »q protein/ml)
and BTT (FP..=41.94 + 4 20 .g protein/ml) caused the greatest decrease n
frass pellet production followed by strain A30 (FP..= 94.58 + 9.80 g
protein/ml) (F1g.4). Strain A311 (FP.= 1234.37 + 185.15 ng protein/ml),
however, was not significantly different frem the control groups  There
was a significant correlation between insect mortalsty and reduction an
frass production (r= 0 99) (Fyg. 5). Al all dosages of ICP, strams A30,
BTT, and A429 showed a significant decrease in the rvate of frass pellet
production per inscect over a period of 6 days as compared to the lesy
tox1c strain A311 Fagure 6 shows a representative result of the influence
of selected strains of 8. thuringrensis at one dosage (2?25 xqg protein/ml)
on frass production The number of frass pellets per ansect exponed to
strains A30. BTT, and A429 exhibited a 3-4 fold decrease after 6 daye of
intoxication. Conversely, the decrease an number of peliets produced pey
mmsect exposed to strain A311 was not signifarcantly different from the

control qroup.

Insect survival and frass production after removal from diel containing
1cP

When adult weevils surviving ar 1D dosage for a given [P Strain
were placed onto untreated diet 5 for 7 days, mortality continued b
strains A?99, AR11, A409, A30 and A410, mortality was not cignifrcant by
different from the control (10-20%) (tig. 7) However, mortalily of
survivors previously subjected to strains A429 and BT ranged between 45
55%

Survaving adults previously subjgected to 1D, dosages of [CF of
strains A30. BTT, and A429 displayed a continuously low defecaton rate
(3-6 frass pellets/insect/day) as compared to the contyol ansects (10 14
frass pellets/insect/day) during the 5 days of crposure to untreated dpet
(Fig. 8). Strain A311 elicited frass production comparable to the contral
groups (8-12 frass pellets/insect/day).
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frgure 4. (A) Dose-response curves of Bacillus thuringiensis strains A30,
A429, BTI, and A311 1n terms of the cumulative production of
frass pellets over a period of 6 c¢iys. (B) Corresponding

regression lines.
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Figure 5.

The relationship between FPo, values (dose inducing 50% decrease
in frass production) of Bacillus thuringiensis strains A30,
A429, BTT, and A311 and their corresponding LD, values (median
lethal dose).
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Fiqure 6. The effect of strains A30, A429, BTT, and A311 of B.
thuringiensis on the rate of defecation in a frass biocassay using a
representative dosage of 225ug9 protein/ml. The data represents the
mean of 3 bioassays containing 60 insects per treatment.
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Figure 7. Cumulative 7-day mortality of the adults of Listronotus
oregonensis that had survived a prior 8-day exposure to the
LD., dosage 1nsecticidal crystal proteins of different strains of B.
thuringiensis.
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Figure 8. Rate of frass production of Listronotus oregonensis previously
exposed to LD., values of Bacillus thuringiensis strains A30, A429,
BI1, and A31]
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Detection of B. thuringiensis-like bacteria

B.thuringrensis subsp. tenebrionis readily grew on NAP whereas no
Gram negative bacteria grew confirming the validity of the medium for
solectaing for B thuringrensis (Table 2). B. thuringiensis-1ike organisms
wore detected 1in and on all structures excepl the haemolymph of adults,
larval gut and on the carrot on NAP medium. In addition, there was no
evidence of B. thuringiensis-11ke organisms 1n larval gut, haemolymph of
larvae and adults, elytra, and carrots when streaked on NA.

DISCUSSION

The discovery of B. thuringirensis isolates with toxic activity
against coleopterans (Krieg et al., 1983; Herrnstadt et al., 1986) has
imitrated an interest 1n evaluating ICP toxicity and identifying and
explaining  susceptibility in o pest insects. Different species of
coleopterans display variable degrees of sensitivity to B. thuringiensis
1solates including the Colorado potato beetle, Leptinotarsa decemlineata,
the elm leaf beetle, Pyrrhalta luteola, the boll weevil, Anthomonus
qrandirs grandis, the yellow mealworm, Tenebrio molitor, and the black vine
weevil, Otrorhynchus sulcatus, (Herrnstadt et al., 1986). This study
reports the relative toxicity of several strains of B. thuringiensis with
known activity against coleopterous insects (Moser, 1990) to the adult
tage of the carvot weevil, Listronotus oregonensis. The results show
that three out of the seven strains tested are pathogenic to these
myect s

the Tack of avarlabality of the natural diet (fresh foliage) of the
adult weevals year round has lead to the search for a more practical
alternative.  The preterved foed source in terms of fecal production (as
a4 measure of consumption rate) was found to be the semi-artificial diet
composed of chopped foliage with 4% agar. The foliage can be chopped and
stored with water at 20°C until needed  Members of the Umbelliferae

family are aromalyrc due to the presence of essential oils and resins

(o))
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Table 2. Detection of Bacillus thuringiensis-like bacteria in/on 1insect structures of untreated adult

L1stronotus oregonensis and 1n the insect environment.

TREATMENT
L ANF  AF SJ Haem Elyt So1l Carr BTT
MECTUM N U
NAP - ++ ~ + + + B +++
NA ++ - 4 + e

o i o m ot e e E e e A e e M M Dr T AT NT T M M S W ST I MR W M A S A N MG M e e T A oew o e oSS

L.larvai gut: ANF, ronfed adult gut. AF. fed adult gut: SJ, gut of fed adults from another location
(St. Jean-sur-Richeliau): Haem. haemolymph form adults: Eiyt. elytra: Carr. carrot: BTT, pure culture of
Sactilus thuringrensis subsp. tenebrionts (a positive control): NAP. nutrient agar - Polymy«in B sulfate

- Awpicillin: NA. nutrient agar. -. preserce of B thuringiensis-1ike bacteria; -. absence.




(Berenbaum, 1990). Chopping up the foliage may have released the chemicals
causing a strong attraction stimulus to the insect relative to the intact
fresh foliage thus creating a high consumption rate. The agar clearly
does not play a nutritional role but may help preserve the texture of the
folrage and minimize water loss from the diet which collectively would be
conducive to feeding and/or frass production The diet also ensured
maxtmum 1nitial feeding of toxin-contaminated diet.

Although a method to standardize the potency (IU/myg) of the active
imgredient of 8 thuringiensis strain; tcxic to coleopterans using the
tolorado potato beetle as the test insect has been proposed (Ferro and
Gelernter, 1989), a publicly available RB. thuringiensis-coleopteran
specriic standard has not been developed to date (Tompkins et al., 1990).
ITherefore, the active ingredient n the bioassays 1n this study was based
on the protein content of the crystals per weight of spore-crystal mixture
of each stramn as determimed by analytical methods.

The tow 1D., values of strains BTI, A429, and A30 established these
strains ds the most toxic In addition, BT1 has the lowest crystal protein
content followed by A429. This suggests that BIT possesses the most potent
toxin with A429 n <econd place Although the protein content (ung/mg
spore-crystal mixture) of strains A409 and A299 are low compared with the
toxi1c strain A30, their corresponding LD., values are relatively high,
mplying that the crystals are less tovic. As Judged by 1ts LD.. value,
strain A30 was found to be retatively toxic, although 1ts crystal protein
‘content was higher than that of BTT and A429 This suggests that *he
toxicity of the endotoxan of strain A30 15 less thae tnat of the latter
two strains

The ranking order of toyicity of the three lect.d strains is a
functron of the percentage of inscct kill being souynt. The steepness of
the slopes will dictate the rank of the strains, e.g., the rank order of
toxacity for a H0% kill 1s A429 > BTT > A30 while for a 70% k111 it is BTI
~ A30 - A429  In all cases, the siopes were significantly greater than or
erdal to unity thus, nsect demise was the more i1mmediate result of
tuxicosts as opposed to septicemia (Bucher . 1973).

While mortalrty of survivors previously exposed to ICP dosages at
the LD.. values of most of the bacterial strains were not significanty
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different from the controls. the percent mortality due to strains A429 and
BTT were significantly different from the control groups, but not trom
each other. This further suggests that the Tatter strains are more toxic
than the former and that the effect of strains A429 and BT at that dose
1s 1rreversible. The long-term mortalrty effect of these strains at the
LD.;dose might be of economic wmportance under field conditions since only
a minimum number of sprays would be required to achieve etfective control
In contrast, a more repetitive spraying scheme miaght be n order to
strain A30 to obtain similar results.

An alternative procedure for assessing ICP toxicity against heetles
clearly established 1n this stuedy is the frass production assay, an
indication of feeding nmmibition  The dose-response curves for  the
effective strains regarding the decrease in number of frass pellets per
insect correlated well with those of the mortality biroassay [n geneval,
the frass production curves trace a dosaqge dependent response with respect
to reduced feeding. Mortality of invects caused by 1CPs 18 generally slow
being mediated by a series of events such as cessation of feeding,
development of septicemia from germinating L. thuringiensis spores o
othey opportunistic micoorgantsms  all of  which  complicated by
starvational stress and an irrepainvable damaged qut which eventually ¢ ause
insect  mortalaty (Hall and  Dunn,  1958:  Hesmpel  and  Angus, 1949,
Somerville et al.. 1970, van Prankenhuyszen and Gringorten, 1991). Thus,
this assay offers an expedient means of reliably determining bacterial
1solate toxicity against bheetieo similar to the dassay protocol of van
Frankenhuyzen and Graingorten (199])

At all test dosages of the haghly toxic strams, feeding was
significantly reduced by the third day of treatment. Beyond that pevod,
feeding remained very low Thiu may tndicate that the qut wa, everely
damaged by day three  Following intosicathion and exposure bo untreatod
diet, frasc productyon remerncd very low for ancects esposed to o the
effective strayns, which suggeaty that tne qgut had underqone vrrevey able
paralysis. Thic 1s unluike the spruce budworn, Choristoneure fumiferana, o
which sublethal levely of £ thuringrensis dvd not antbit madgut ta e
reqgeneration (Milne et al , 1990)

The detection of £ thuringiensis-live harterva an the qgut of
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untreated ansects from 2 distinct cultures made it impossible to fulfil
Koch’s postulate using the present method. The absence of these organisms
in the haemolymph of the insects suggests that the insects were not
drseased. These microorganisms might be part of the natural flora of the
insect gut which was picked up from the soil. Additional tests are
required to confivm the 1dentity of B. thuringrensis-1ike bacteria.

[n conclusion, 3 of the 7 strains are promising for use against the
carvol weevil. for greatest efficacy, an optimal relationship between the
insect and the toxin is required. Therefore, further research into the
mode of action would be useful.
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CONNECTING STATEMENT

In Chapter 2, seven strains of Bacillus thuringiensis active against
Coleopiera were evaluated for their toxicity against the adult <tage of
the carrot weevil, Listronotus oregonensis. Three strains were selected
with high toxicity and one strain with low toxicity to determine
differences in modes of toxicity of the strains n Chapter 2 The
solubility of the crystals of the three toxic strains compared with a
weakly toxic strain and the proteolytic modification of the solubilized

crystals in carrot weevil gut extract were studied.
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Chapter 3

Solubilization and proteolytic processing of Bacillus thuringiensis s-
endotoxin in the midqut fluids of the carrot weevil, Listronotus
oregonensis (Coleoptera: Curculionidae), in vitro



ABSTRACT

Several strawns of B. thuringiensis active against Coleoptera were
selected for toxicity agamnst the adult «carrot weevil Both,
solubilization and proteolytic processing of the s-endotoxins of the toxit
strains (BTT. A30 and A429) and a weakly toxic strain (A311) were examined
to determine their relationship to toxicity. Crystal solubility increased
as the buffer pH 1ncreased and, with the exceptyon of strain AL, was
correlated with LD.. values mplying that toxin availability may explan
toxicity. Proteolytic activation of the crystals from the toxic bacter val
isolates with carrot weeval gut extract yielded similar electrophoret
profiles. Unlike strain A31l, stramns BTI, A30 and A429 possessed a
putative toxic protein band (66-67 kDa). These results suggest that the
relative low toxicity of strain A31l crystal 1s due, n part, to the

absence of the toxic moiety in the s endotoxin.
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INTRODUCTION

The carrot weevil, Listronotus oregonensis {(Le Conte) (Coleoptera:
Curculionidae) is amajor pest of Umbelliferous plants in the northeastern
states of the United States of America (Chandler, 19265 Pepper, 1942;
Whitcomb, 1965; Grafius and Otto, 1979) and Canada (Perron, 1971). Its
preferred host 15 (arrots, and when the 1nsect 1s left uncontrolled, up to
40% of the crop has been repor ted to be damaged 1n Quebec (Boivin, 1985).
The adult female lays eqggs 1n the petiole and crown of the carrot and,
upon emergence, the larvae tunnel down into the sorl and pupate (Perron,
1971).  The carrot weevils overwinter 1n the soil as adults. Three highly
virvulent strains of Bacrllus thuringiensis active against the adult stage
of the carrot weevil were selected (Chapter 2).

Bacillus thuringrensis 1s a Gram-positive, spore-forming, soil-
dwelling bacterium characteriyzed by 1ty ability to produce 1nsecticidal
crystalline proteins (1CPs) during sporutation. The ICPs, also designated
as o aoendotoxans . are toxic to many nsects belonging to the orders
Leprdoptera, Diptera and Coleoptera (Hofte and Whiteley, 1989). The
crystalline protoxins that dissolve in the midqgut have relative molecular
masses (M) of 70 kDa-135 kDa depending on bacterial variety (L3, et
al. . 1991)  Gut proteases release the active toxin which then binds to
veceptors on the midgut epithelyum (Hofmann et al., 1988a.b) and induces
Feakage channels i the midgut cell membranes (Crawford and Harvey, 1988).
Death of the ansect enwues due to gut and haemolymph 1on contamination
Teading divectly and andivectly to starvation and septicemia (Hofte and
Whiteley, 1989)

The basis for the differential toxicity of the B thuringiensis
shrains tor the carrot weevil may be attributed to one of the three stages
arnsoctated with the mode of action of the «-endotoxin for other insect
pecres as proposed by Aronson et al.(1991). These stages 1include
colubrlacathion of 10Ps. proteolytic activation of the protoxin and toxin
baindina to specitic receptors The mportance of solubility has been
demons tyvated tor 14 serotype of B thuringrensis strains against three
Teprdopteran spec.es known to respond differently to the s-endotoxins
Wlaquet et al.. 1987).  Although proteolytic processing of the protoxin is
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essential for the activation of the toxin, rapid deg adation of the toxin

might be an additional factor explaining reduced toxicity.  However,
according to Slaney et al. (1992) using 8 thuringrensis subsp morrison:
strain £G2158 against the Colorado potato beetle, [leptinotarsa

decemlineata. and the southern corn vootworm Diabrotica undecimpunctata,

the rapid proteolytic degradation of the toxin an digestive flurd of the

“former insect did not hinder toxicity The toxacity and specitrcity of

endotoxins have been shown to correlate with the presence of high affinity
binding sites 1n the brush border membrane of tarcet ansect midgut
epithetrum (Hofmann et al , 1988a, b) Thewr study concentvated on B8

thuringiens's strains which ditteved wn thenr secticidal actyvaty toward
tobacco hornworm, Manduca sexta, and cabbaqge buttertly, Preris brassicae

Receptor binding studies by Van Rie et al  (1990) have shown that
resistance  of the Tlaboratory-selected Indiranmeal  moth,  Plodid
interpunctella, strain to B thuringrensts subup.  berliner TP was
correlated with a reduction in affimity of the membrane receptor for the
toxic protein. However, different classes of 1CP may bind to daistinct
receptor sites (Hofmann et al , 1988b) This may explain the conitivity
of P. interpunctella to a second type of insecticidal crystal protein that
seems to recognize a different receptor (Van Rhe et al. , 1990).

The examination of the three steps 1n the mode of action of B.
thuringrensis s-endotoxins should determine the factors responsable for
the differential actiwvity of the four strains of B thuringrensts against
the carrot weevil. In this study, the two primary key «<teps, solubriaty

and proteolytic processing, involved 1n the activation of the toxin were
1nvestigated,

MATERIALS AND METHODS

Chemicals

Monobasic and dibasic potassium phosphate (KH,PO, and KHPO,,
respectively), 2-b-mercaptoethanol, boric acid (H,BO,), phosphoric acid
(H;PO,), and acetic acid ((H,COOH) were purchased from Sigma Chemical
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Company (Mi<souri, USA). Glycerol and sodium dodecyl sulfate (SDS) were
purchased from the United States Birochemical Corporation (USA) and Tras-
HCT  from Boehringer Mannheim (Quebec, Canada).  Bromophenol blue was
dacquired from Bio-Rad (Ontario, Canada), diethylether from BDH (USA), and
nutrient agar from BBL (Maryland, USA).

Insects

{arrot weevil available in Tlaboratory culture and periodically
supp temented with carrot weevils from Agriculture Canada Research Station
(St Jedan-sur Richelieu) were used to maintain hybrid vigor. The i1nsects
were reared on carrots at a temperature day:might cycle of 24:16 °C with
¢ 16 h photoperiod (Martel et al., 1975). For additional detairls consult
Chapter 2

Bacterial strains

Bac:llus thuringiensis subsp. tenebrionis and unidentified B.
thuringrensis strains coded A30, A429, and A311 with activity against
l1stronotus oregonensis (supplied by Imperial Chemical Industries,
Biological Products. Mississauga, Ontario) were grown on nutrient agar
supp lemented with equimolar concentrations (0.05M) of KH.PO, and K,HPO, (pH
7 0) After 5 days ncubation at 30 °C the bacterial Tawn which, based
upon meroscopic examination consisted of vegetative cells, sporangia,

spores, and crystals was then scraped and lyophilized.
Midgut 1soilation and digestive fluid pH

The adult carrot weevils were anaesthetized for 10 min with
drethylether an a jgar Imagoc with amputated legs were pinned at the
pronotum and Tast abdominal segment onto a wax plate. The alimentary canal
was exposed by oremoving the elyvtra, hind wings, abdominal tergites,
metanotum, and pronotum  (Calder, 1989) Since protease activity is
located n the midgut. the pH of the anterior and posterior midgut was

determimed uving o microelectrode (Beetrode’ pH microelectrode, World
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Precision Instruments, Conn., USA) and a 1liquid Junctron reference
electrode (World Precisien Instruments, Conn., USA) connected to the pH
meter. To determine whether the type of food influenced midqut pH. the
adults were fed on either fresh foliage or chopped foliage with 4°% agar
(Chapter 2) for three days prior to exposing the qut. Twenty pH yeadings
were taken for each treatment.

Solubilization of crystals at selected plf values

To study the effect of the pH on crystal solubalization, | mq of
spore-crystal mixture of each strain was washed 3 times with 0.01% ITriton
X-100 (Chapter 2). The final pellet was suspended 1n 2001 of Universal
buf fer (2.7ml of concentrated H.PO,, 2.29m1 concentrated glacial acetic
acid, and 2.48g H,B0. per 100m1 final volume) at pH 6.0 to 1.0 with
constant 1onic strength (Koller of al., 1992) in 1.5ml mycrocentrifuge
tubes at 30 °C for 2 hrs. At 30 min intervals . designated 5.1 aliquoty of
0.5M NaOH were added to arrest proteolysis (Brussock and Curyer, 1990)
The samples were centrifuged at 11,750 xg for 3 min and the supernatant
assayed for ts protein content according Lo the Bradford method (19/b)
using a Bro Rad protein assay kit (Bio Rad, Ontario, Canadd) . The assay 1
based on the colour change of & dye n recponse to protem bainding
Bovine serum albumin was used as 4 standard.  The percent solubtbivy was
based on the amount of protein in the supernatant relative to the total
solubility of the crystals dissolved 1n 200 .1 of 3.3M NaBy (Bernhard,
1986).

To determine the amount of protemn per crystal per strain, the
pellets were resuspended n o« known volume of Universal buffer at the
corresponding pH, and the pumber of unsolubt Tized crystal s counted ying
a haemocytometer. the absorbance of the dye-protean compies of The
sotubilized crystals at 595 nm wa. then ~ubtrarted from the total
absorbance 1n 3.3 M HaBr <oluthron, Ir the Tatter colation, the cry.tgl,
were total ly solubilized. The dafference in ab orbane ¢ was transformed to
amount of protein corresponding  to the  unsotubibized  crystaly
(pg/crystal/strain)
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Residence time of food in the gut

To determine a time range for the midgut protease activation of the
protoxins, 1t was necessary to ascertain an approximate range of time that
the ICP would be in the qut Adult weevils were primarily fed carrvot roots
(orange colour) for 3 days. They were then fed folrage with 4. aga
(green colour). The time from the nitiration of nsect feeding on the
green coloured food source to the first observation of green frass was
determined to be 68-159 min While recognizing that the time represented
the total passage time as opposed to the duration of food 1n the midgut,
the upper Timt for incubating the crystals with midgut flurds was 2 h
This time 1s regarded valid due to the midqgut occupying approximately 75%
of the gut volume.

Electrophoresis of protease-digested crystals

The alimentary canal of adult weevils were excised a« described
previously ("Midgut 1solation and digestive flurd pH"), homogenized an
50mM Tris buffer (pH 8 0) and then centrifuged at 11,750 xqg for 5 min
Percent solubility of crvotal proteans of the strains in Tras buf fer at pH
8.0 was not sigmifaicantly different from that in Universal buffer at the
same pH. The crystals were so'ubilazed as in "solubihizathyon of crystals
at selected pH values", but with 50mM Tras buffer (pH 8 0) av opposed to
Universal buffer. Preliminary results of  crystal  wolubalizaton
established the same level of solubilizatyon in 50 mM Trie buffer (pH 8.0)
as n the Universal buffer at the same pH. The 1P <olutvon. were
incubated with qut juices (15 v/v qut Juice:crystal protemn <olulion)
producing a final concentration of 3,9 of crystal protein per 1l of
final suspension. The samples were incubated at 30 °C for 5 min, 30 min,
1 h, and 2 h which span the time of tood passaging in the gut  Control
samples consisted of solubilized crystale.

Samples dicsolved in <olubrlizing buffer (0 5M Trio HLL, pH
6.8; 10% glycerol, 10% w/v SDS, 5% 2-b-mercaptoethanol, 0.0% w/v
bromophenol blue) (Laemmli. 1970) n a ratio of 1.3 were borled for 5 min

at 100 °C, loaded onto a sodium dodecyl <ulfate-polyacrylamde qgel (10%
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w/v) and run for 45 min at 200 mV. The molecular weights of protein
vtandard, included myosin (200.0 kDa), B-galactosidase (116.2 kDa),
phosphorylase B (97 4 kD4), hbovine serum albumin (66.2 kDa). ovalbumin
(45.0 kDa), carbonmic anhydra<e (1.0 kDa), and soybean trypsin inhibitor
(21 5 kDa) (Bro-Red, Ontario, Cdnada). The gels were stained with 0.1%
Coomas 1e blue (Bio Rad, Ontario, Canada) 1n fixative (40% methanol with

10% acetic acid) and destained in the fixative.
Data analysis

Statistical analysis of paired data was performed using Student’s t-
test.  One way dnalysis of variance (ANOVA) complimented by Tukey’s test
wdas used to compare groups of means. Statistical significance was taken
at p<0.05  Results are presented as means + standard error of the mean.

RESULTS
pll measurement of midgut digestive fluids fed on selected diets

The ant. oy and posteriyor midgut pH readings of insects fed either
diet were not sigmificantly different (Table 1).

‘Fffect of pH on crystal solubilization

Fhe crystal solubihity of the four 1solates of ICPs increased as the
pH o mcreased from 6.0 to 11.0 (Frg. 1). Strain A30 had the greatest
solubv baty for the pH range tested while strain A31] had the least. The
percentdage solubility at o given pH varied with the bacterial strain. At
the pHoof the midqut (8 0), the order of solubility for the strains was
A0 (69°) ~ BTT (55%) ~ A429 (37%) > ALl (13%).

A corretdatyon (r-0 98) was found between the solubility of the more
toxic ICP 1solates at pH 8.0 and their LD., values (Fig. 2). LD, values
mereased with ancreasing solubility. This was not the case for strain
A3l whach had a high LD, value but a low percent solubility.

83



Table 1. pH measurements of the midgut of the carrot weevil, listronotus
oregonensis, fed selected diets.

D M SR M W S T e e S SR EE el My 6 A S R N R S G D D T MR G G W R G R R G T WD R R TR UM RS M A R R A D A W e e

FOOD - e - .

Anterior Posterior
Fresh 8.19+ 0.17 8.27 +0.21
foliage
Foliage with 8.05+ 0.18 71.74 + 0.09
4% agar

a Mean t standard error of the mean, N=20




Figure 1. The solubility of the crystals of different strains of Bacillus
thuringiensis in Universal buffer for 2 h at selected pH values.
tach point represents the mean + standard error, N=3.
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Figure 2. Relationship between the percent solubility of A429, BTT and A30
strains of Bacillus thuringiensis at pH 8.0 and their LDs, values
against the adult carrot weevils (see Chapter 1 for LD, values).
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The determination of the protein content per crystal per strain
revealed that the least toxic strain, A311, had a significantly higher
protein content than the more toxic ICPs of A429, A30, and BTT (Fig. 3).

Flectrophoretic profile of protedase-digested crystals in insect midqut
fluids

The major proteins 1n the lanes with and without gut solubilized
ICPs for strains A30, A429, and BTT consisted of polypeptides with
apparent molecular weights of 70-71 kDa, 66 KDa and 33-36 kDa (fig. 4).
With strain B11, these polypeptides remained stable after 2 h of
proteolyt1c processing with weevil gut extracts. However, with strains A30
and A4?29, the band corresponding to the 71 kDa polypeptides d:minished by
I h postincubation a4 the 66 kba band 1increased These changes also
occurred wath strain Ad29 n addition to the appearance of a thin 58 kDa
band as incubation continued Smaller bands of 33-36 kDa also seemed to
shift anto smaller molecular weight polypeptides for the highly toxic
1solates. The Targest polypeptide that appeared in strain A311 was 35-36
kDa 1n weaght when no protease had been added (Fig. 4). Proteolytic
digestion for 2 h did not degrade this band.

DISCUSSION

Coleopterans including those susceptible to B. thuringiensis subsp.
tenebriont s have been shown to have an acidic midgut environment (Murdock
et al ., 1987, koller et al., 1992) essential to cysteine and aspartic
proteases that predominate 1n the qut of phytophagous beetles (Thei and
Houseman, 1990) However, the midgut pH ot the adult carrot weevi) proved
to be sThghtly alkaline Although this might ymply that B. thuringiensis
stramns toxic to most Coleoptera with acidic midgut flurd would be
ineffective against the carrot weevil, purified CRY II1 gene product, the
crystal protein of B  thuringrensis subsp tenebrionis, with activity
against  Chrysomela scripta {midgut pH 5.0) 1s soluble under both
moderately acidic and moderately alkaline conditions (Bernhard, 1986;
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Figure 3. Protein content per crystal of the different strains of Bacillus
thuringiensis in Universal buffer (pH 8.0). Each bar represents the
mean t standard error, N=3.
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Figure 4. Proteolytic processing of the crystals of Racillus thuringrensis
strains A429 (A), BTT (B), A30 (C), and A311 (D) n the qut Juice of
the Listronotus oregonensis. For stramns A3, A30, and BI1, lane |
= gut extract, lane 2 - solubilized crystal, lane 3 byoad vange
molecular werght standards, lanos 4 7 gut oxtyact with cryotals al
increasing tames of ancubattron (5 min, 30 min, | h, and 2 h) The
difference with strain A429 15 that lanes 3 and 4 are interchanged.
Concentration of protein applied is 30 ug/10 pl.
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Koller et al , 1992) making 1t potentrally soluble with the midagut
environment of a wide range ot coleopteran hosts, In the prewent study,
the test crystals trom the difterent bacterial sources, ncluding the B
thuringiensis subsp  tenebrionis control culture, appeared to morecase
solubility throughout the pHirange tested e reault ditter s frem kollm
et al (1992) n whych purafied cvyetals had Trmated solubibaty at plo s Q
to G.0. The difference may reflect bacterial  gsolate and o cultural
conditions. However . the continuous increase 1n colubalized potern may
represent leaching of «pore proteins over the pH oyange of 6 0 {0 9 0 M
pH>10.0 the crystals may have solubilized explarning the sharp vise o the
solubility observataon. This beang the case, spore cvystal madw e are
not acceptable for crystal soluby izatton studres  That o not to sav that
spore crystal wamples would be anvabid for analyses of activily pechia
since Jacquet et al  (1987) reporvted that fer susceptable ansecls toxin
activity spectra way the same with both purafied crvystale and <pore
crystal mixtures. The results atwso poso the question a, to whothey  the
carrot weevil belongs to the type TIL gyvoup of wnsect o that vequine both
spores and crystale for intoxacation Soluba bty of the tavn, while
generdally not thought to be o barvier to tosicity mm ouceptablo et
soan essentiral step an the expresoon of toocaity (Folle ot gl 1999)
The crystal wolubr oty of otvains A9 A30, and BIT, which ave yelat vvely
tox1c to the adult carvot weevil (Chapter 2), at ph 8 0 v rgmbficantly
more soluble than that of the Jes toxic wtramn A3 this saggest thal
the midgut environment may be mor e conduc ive to soluby bizing 1t he toxins of
the former strains than A3 [CP

Since expression of toxacrty o g functaon of  coluba bty at the
midgut pH (8.0), one would espect to associate high toxicity with high
crystal sotubility  Suwrprvomgly . arebatvely Tow solubililby wa, ob oyyed
for the most tocic trarn (A29) with ancredsing solubibity correlating
vwith ancreas ng LD values  This inverse relatronshin between tozicity and
crystal solubility might Suggent that the active tosine of the more Loz
strains bind to veceptors with greater affinnty andZor ancbuce ool bilar
damage more quickly than the te<s toric 1oolater,

The amount of total protean per crystal wa, negatively correlated
with the insecticrdal actavity of the ~train Sance with the highly tosi
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trains A429, A30, and BTT, having the lower total protein content per
crystal than the Tdeast toxic strain A311l. This also suggests that
tox1c1ty may he more dependent on the solubilization of specific protein
components in the crystal rather than the gquantity of protein 1n the
crystdls,

Unlike  the  lepidopteran-active crystal, CRY  IA(c) which
proteolytically breaks down from the 135 kDa protoxin to a stable 55-68
kDa toxin (Slaney et al., 1992), none of the strains tested revealed a
band larger than 71-72 kDa. The CRY TIIA toxin 1s synthesized as an
unstable 70-73 kDa protein, which 1s cleaved to the stable 66-67 kDa
protern an . decemlineata (Carroll et al., 1989, Slaney et al.. 1992).
Stydains A30, A429, and BT1 possessed both polypeptides, and after 1-2 h of
incubatron an ogut fluad, the 70-73 kDa band daminished as the 66-67 kDa
band ncreased an antensity with prolonged incubation  Not surprisingly,
strain A311 appeared to lack the 70-73 kDa and 66-67 kDa bands 1n the
absence of gqut flurd, suggesting that the relatively weak toxicity of the
stramn may be due to the abwence of a highly toxic molety It 1s also
possible that the 66-67 kDa may be present at physiologically significant
levelsw but not detectable by electrophoresis. These observations argue in
favour of eather the total abuence, or the presence of the toxic moiety 1in
minule quantities an <train A31]

The Titerature <hows that proteolytic digestion 1s mportant for
both activation and detoxifircation or degradation of the crystals
(Nakamura et al., 1992) Proteolysis of CRY IIIA 1n the digestive fluid of
the Colorado Potato Beetle caused the complete degradation of the 67 kDa
polypeptade after 16 min (Slaney et al . 1992) However, none of the
stramns with polypeptide 66-67 kDa showed any signs of detoxification
atter 2 b dhis wuggests that the toxic morety 15 stable (1 e protease
vesaistant) an the qut throughout the residence time of food The failure
ot the oo 67 kDa band ot strayns A30. A429 and BTT to be digested in the
aut flurd of the carrot weevil may represent the absence of a proteolytic
encvme with the ability to digest that protein

Further research nvolving receptor binding studies should be
undertaken to reveal the presence of a site of action (receptor binding

site) of the toxins 1n the midaut epithelium brush-border membrane of the
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. carrot weevil. A comparative receptor binding study for the 4 strains
would be an important step in further understanding the mode of action of
the toxic strains, and in examining toxicity of strain A311].
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CONCLUSION AND FUTURE RESEARCH

Laboratory studies indicated that selected strains of Bacillus
thuringiensis active against Coleoptera are potentially effective
biological control agents of the adult carrot weevai  These strains could
be incorporated i1nto an 1ntegrated pest management (IPM) program

Bac1llus thuringrensis subsp tenebrionis and strains A30 and A429
were selected as the most toxic among the seven strains that were tested
against the carrot weevil adults The fact that survivors of the insedl
having been exposed to these three strains do not resume normal levels of
feeding suggests that irreversible qut paralysis has occurred which could
translate 1nto incredased crop protection. At this point, experiments under
field conditions would have to be carried out to test the <trains as
possible candidates for carrot crop protection The formulation of the: e
strains 1s also cratical for faeld efficacy It 15 necessary that the
msect ingest a lethal dose before they stop feeding The addityon of
baits and feeding stimulants could be advantageous av attractants. In
addition, the protection of the bacteryal mixture trom sunlight would be
essential since these are photosensitive One factor that would be useful
to examine is the effect of the strains on adult weevi] fecundity of
insects surviving the toxins. Although an attempt at that has been made,
the study failed to yield any suitable results. The decredase n the rate
of oviposition of nsects subjected to the pathogen would be of qreat
benefit in the control of this pest.

Studying the mode of action of the bacterium against this pest Teads
to a better understanding of the mechanisms involved in toxicity the
importance of solubility to toxicity should be tested by feeding adult
weevils previously solubilized [CPs. Tt should also be determined, using
purtfied ICP, 1f the carvol weeval requires both spores and crystale to be
effectively managed This would have substantial ampact on the use of
transgenic carrots containing only the s-endotosin. The 66-67 kbha protein
band 15 known to be the toric moiet of B. thuringrensis,  subp.
tenebrionis and should be tested for tosicity n strawns A30 and A429.

The Bacillus thuringiensis strains hold promise as a control agent
of the carrot weevil
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Dr. W.N. Yule

Department of Entomology
Faculty of Agriculture
Macdonald College

: . ; 2101 Hadwen Boad
McGill University

Shiend i o

21,111 Lakeshoire Road Misor s g Qntano
Ste Anne de Bellevue, PQ Canada Uok s
H9X 1CO Telephone (416) 8.8 7160

Fac (e 8.3 0044

Ref: DJG/File IA3-14-02 October 25, 1990

Dear Dr. Yule,

Please find enclosed six Bacillus thuringiensis strains (A30, A299, A311, A409,
A410, A429) on Nutrient Agar slants. These strains have been isolated here at
the ICI Biological Products, NATC, laboratory and are natural isolates from
Canadian soil or grain samples. The six straing were shown to have activity
against various insect species in insect bioanuay screening.

Regarding your letter sent to Dr. Gannon dated O tober 18th; unfortunately, the
strains which we are sending have not been identified as B. thuringlensi-

tenebrionis. Thece are natural isolates of B.t. which have been chown to he
active against coleopteran insect species by bioassay.  All of the straing nent
have been chosen fo this characteristic I hope thia o not a didappointment

to you. If you really need an isentitied tenebrionis culture, we can arcess
one for ynu through another division of ICI; o please let me know if this would
help your re~earch.

As a reminder, the detatls of our agreement with repard to theqe strains can be
found in the Secrecy Agreement which is also encloned.

If you have any further questions regarding these cultures, please feel free to
contact either Dr. Roger Bernier or me. We look forvard to further discussions.

/

Sincerely,
/.

~ g /( /
~ 4
r/< i } /»"-.L@’L
) I

Lori Moser
Microbiologist

Encl.
HD-MISC/1090.252

c.c. R.L. Bernier

1CI Biological Products

Notth Anvern an
lochmeal v enfre



Brolraical Products

-

ICl Biological Products

MNorth Atmens in
Techme 1 Contre
2101 Hoawen Road

Shondar 1ok
Whcar cavaa Ontano

Ms. Fabianne 5aade Cannd it sk oL
Dept. of Entomology lolephone (3100 823 7160
MacDonald College Fav (116) 823 0044

21111 Lakeshore Rd.

Ste. Anne de Bellevue,

P.Q.

H9X 1CO December 13, 1990

Dear Ms. Saade,

Enclosed in this package you will find 2 nutrient agar slants

. inoculated with our control strain of B.t. tenebrionis. Before
sending the rtrain to you I have checked its purity, Gram stain
and ability tn produce crystals. The strain is characterist-
ically a Gram positive rod that produces a large central spore
and small crystals upon lysis. The i1solated colony morphology
is creamy white with 1treqular edges. In general, all B.t.
strains qrow best at 30°C and will enter lysis stage on day 3 or
q.

Good luck 1n your research and do not hesitate to call 1f you
have any questions.

‘). .
w,jo;/;ﬂ/7147‘/
Guy MoseT
Microbiologist



