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ABBREVIATIONS

Be Bacillus cereus

Bt Bacillus thuringiensis

Bta Bacillus thuringiensis subspecies aizawai

Bud Bacilluy thuringiensis subspecies darmstadiensis
Bte Bacillus thuringiensis subspecies entomocidus
Btg Bacillus thuringiensis subspecies galleriae

Bii Bacillus thuringiensis subspecies israelensis

Btk Bacillus thuringiensis subspecies kurstaki

Btm Bacillus thuringiensis subspecies morrisoni

Bt Bacillus thuringlensis subspecies thuringiensis
CFU colony forming unit

GILSP

GMO genetically modified organism

HPLC high performance liquid chromatography

ICP insecticidal crystal protein

ITU international toxic unit

IUPAC International Union of Pure and Applied Chemistry
MPCA microbial pest control agent

NTO non-target erganism

SDS-PAGE sodium-dodecyl-sulphate polyacrylamide gel electrophoresis
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INTRODUCTION

Microbial Pest Control Agents (MPCAs) are increasingly used in integrated pest
management programmes. The most used MPCAs are the products of various Bacillus
thuringiensis (Bt) subspecies that are effective against the larvae of several insect pests of major
agricultural crops and several insect vectors of human diseases. Bt has been used widely in the
fields, but commercial production is only about 1% of that of chemical pesti¢ides.

The suceess of Bt as a component of integrated pest control has depended on its
characteristics of insect specificity, safety to non-target invertebrates and vertebrates, and its
environmental fate as cultured Bt merges into naturally occurring populations of Bt without
bioaccumulation.

MPCAs differ from chemical pesticides in their capacity to proliferate but Bt has some of
the characteristics of a chemical larvicide and exerts its activity through its microbial products.
These cause disruptions in the structure and function of target organisms in the same way as
chemical pesticides, and biochemically react similarly, Resistance to these products can arise in
target organisms in the same mode as it can to chemical pesticides.

Laboratory safety tests have been carried out over the years and have given outstanding
results in confirming the specificity of the products and their safety (non-toxicity) for non-target
organisms (NTOs). The NTOs do not act as hosts to the vegetative bacteria except as a

commensal, as might be anticipated due to the wide distribution of Bt in nature.
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1. SUMMARY
1.1 Identity, biological characteristics, and analytical methods
1.1.1 Identity
1.1.1.1 Phenotypic characteristics of Bacillus thuringiensis
Bt is a facultative anaerobic, pram-positive bacillus which forms characteristic crystalline
inclusions adjacent to the endospore.
Most Bt subspecies can synthesize more than one parasporal crystal.
1.1.1.2 Relationship of Bt and Bacillus cereus
Bt 1s genetically closely related to Be.
Bt is toxic for the insect orders Coleoptera, Diptera and Lepidoptera, thereby
distinguishing Bt from Be.
1.1.1.3 Crystal composition and morphology
The parasporal inclusions are formed by different insecticidal crystal proteing (ICPs).
The crystals have various shapes (bipyramidal, ¢uboidal, flat rhomboid, or composite with
two crystal types), depending on their ICP composition.
A partial correlation between crystal morphology, ICP composition, and bioactivity
against target insects has been established.

I.1.1.4 Classification of Bt subspecies

The basic taxa is the subspecies, which are identified by their flageliar (H) serotype.

To date, 54 subspecies have been described.

1.1.1.5 Genetics of ICP

The genes that encode the ICPs are on plasmids.
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Each ICP is the product of a single gene.

The ICP genes on plasmids are readily transferred by conjugation between Bt strains and
may be transferred to other bacterial species.

Crystal (Cry) gene types encode ICPs that are specific to Lepidoptera (Cryl), Diptera and
Lepidoptera (Cryll), Coleoptera (CeylID, Diprera (CryIV) and Coleoprera and Lepidoprera
(CryV).

Diffarent domains of the ICP are responsible for host susceptibility (receptor recognition)

and toxicity (pore formation).
1.1.1.6 Methodologies to characterize the ICP or strains
Technigues commonly used to characterize Bt strains or the ICP itself include: cell wall
fatty analysis, monoclonal antibodies, oligonucleotide DNA probes, plasmid profiles, and SDS-
PAGE profiles.
1.1.1.7 Beta-exotoxin
Beta-exotoxin, a heat-stable nucleotide, is produced by some Bt subspecies and may
contaminate their products.
Beta-exotoxin is toxic for almost all forms of life including humans and the insect orders
Coleoptera, Diptera and Lepidoptera.
Regulatory agencies prohibit the presence of beta-exotoxin in commercial Bt products.

1.1,1.8 Other Bt metabolites

The various Bt straing produce an assortment of antibiotics, enzymes, metabolites and

toxins that may have detrimental affects on both target and NTOs.

1.1.2 Bioassay

1.1.2.1 Spore counts

Spore counts do not accurately reflect the insecticidal activity of a Bt strain or Bt product,
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1.1.2.2 International assay for ICPs

The potency (ITU/mg) of each Bt product is bioassayed using an international standard

that uses a specific test insect.

1.2 Made of action on tarpget insects

1.2.1 Bt field isolates and conventional Bt products

The sporulated Bt with ICP or spore-ICP complexes must be ingested by a susceptible
insect larvae. The efficacy of the ICP depends on the solubilization of the ICP in the midgut; the
conversion of the protoxin to the biclogically active toxin; specific membrane receptor binding by
the C-terminal domain of the toxin; and pore formation by the N-terminal domain with subsequent
lysis of the epithelial cells. Spore germination and proliferation of the vegetative cells as well as
the liberation of the normal gut fiora into the haemocoel may result in a septicemia, thus
contributing to the cause of death.

Receptor binding by the ICP is the major determinant of host specificity by the different

Bt subspecies.

1.2.2 Genetically modified organisms

Transgenic plants and heterologous procaryotes with ICP genes are being developed, using

recombinant DNA technology, and field tested. In GMOs, the ICP is the active ingredient.
1.2 Habitats
1.3.1 Natural habitats
1.3.1.1 Insect hosts
Bt was initially regarded as an insect pathogen, and many different Bt subspecies were
isolated from dead or dying insects in the orders Coleoptera, Diptera and Lepidoprera.

The carcasses of dead insects often contain large quantities of spores and crystals that may

contaminate the environment,
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1.3.1.2 Soil, water, and phylloplane habitats

The coleopteran-active and lepidopteran-active Bt subspecies are primarily associated with
the soil and phylloplane, whereas the dipteran-active Bt subspecies are frequently found in water.
In the environment, the spores persist and vegetative growth occurs when atmospheric conditions

are favourahle and nutrients are available,

1.3.2 Artificial habitats

Commercial Bt formulations may be applied as an insecticide on foliage, in so0il, in water
environments, and in food storage facilities. Each year approximately 3,000 tons of Bt are used,
mostly to control pests in agriculture and forestry.

After the application of a Bt subspecies to an ecosystem, the vegetative cells and spores
may persist at gradually decreasing concentrations for weeks, months or years as a component of

the natural fauna. The ICP, however, is rendered biologicaily inactive within hours or days.

1.4 Commercial production

1.4.1 Production levels of conventional Bt products

Conventional Bt products, which utilize naturally occurring or modified Bt strains, account
for approximately 90% of the world biopesticide market.

Most Bt products contain ICP and viable spores, but in some Bti products the spores are
inactivated,

Each year from 2000 to 3000 tons are produced using aerobic fermentation technology.
1.4.2 Commercial applications of Bt products

1.4.2.1 Conventional Bt formulations
Conventional Bt products have been directed directly against lepidopteran pests of

agricultural and forestry crops; however in recent years, Bt strains active against coleopteran pests

have also been marketed.
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Strains of Bti active against dipteran vectors of parasitic diseases have been used in public
health programmes.

Strains of Bt with bioactivity against nematodes are being developed for commercial
application.

1.4.2.2 Genetically modified plants and procaryotes

Transgenic plants and heterologous procaryotes with ICP genes have been developed, but
only a few are being used for commercial applications. It is anticipated that a number of these
GMOs will be licensed for commercial application in the near future.
1.5 Effects of bt on mammals

1.5.1 Mammalian safety tests

Mammalian safety studies, particularly those in laboratory animals, evaluate possible
infectivity and toxicity of various Bt preparations which include the ICP, vegetative cells and
spores.

1.5.2 Definitions for mammalian safety tests

1.5.2.1 Infection

A MCPA, such as Bt, is infectious if it proliferates in the host’s tissue and causes damage

to the tissue.

1.5.2.2 Toxicity

Acute toxicity by a MCPA, such as Bt, causes mortality.

1.5.2.3 Colonization

A Rﬂ"ICPA, such as Bt, colonizes and proliferates either on the surface or within an animal

without causing tissue damage.
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1.5.3 Mammalian safety studies in animals

The ICP, spores and vegetative cells of the Bt subspecies, which were administered by
different routes, were nonpathogenic and nontoxic to the various animal species tested.

In laboratory animal studies, the vegetative cells and/or spores of Bt were demonstrated to
persist for weeks without causing adverse effects.

1.6 Effects of bt on birds

Bt has not been observed to adversely affect birds in 4 number of laboratory and field

" studies.

1.7 Effects of Bt on fish and other aquatic vertebrates

Bt has not been observed to adversely affect fish or many other non-target aquatic

vertebrates tested in 4 large number of laboratory and field studies.

1.8 Effects of Bt on aquatic and terrestrial invertebrates

Relatively few species of aquatic invertebrates are susceptible to Bt under either laboratory

or field conditions.

1.8.1 Effects of Bt on aguatic oligochaetes

Relatively few species of aquatic invertebrates are susceptible to Bt under either laboratory

or field conditions.

1.3.2 Effects of Bt on terrestrial oligochaeres

Bt does not adversely affect earthworms.
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1.9 Effects of Bt on non-target arthropods

The Bt subspecies, which have been shown to be highly specific in their insecticidal
activity for Coleoptera, Diptera and Lepidoptera, have generally demonstrated little, if any, direct
toxicity to non-target arthropods.

Most of the existing safety data on non-target arthropods has been generated on the Bt
subspecies with activity against Diptera and Lepidoptera; however, little data is publicly available

on the Bt subspecies that are commonly used to control pests in the order Coleoptera.

1.9.1 Effects of coleopteran-active Bt subspecies

In the early 1980s, Bt subspecies morrisoni was reported to be active against the
Coleoptera; however, documented literature regarding its effects on non-target arthropods is very
limited.

1.9.2 Effects of dipteran-active Bt subspecies

A number of registered Bti products have been used for the control of mosquitos and
blackflies that serve as vectors for malaria and onchocerciasis of humans, However, relatively
few species of aquatic insects are susceptible to Bt under either 1aboratory or field conditions.

Studies of Bti formulations free of toxic contaminants have demonstrated a lack of
deleterious etfects on the vast majority of non-target arthropods.

Some midges (Diptera: Chironromidae), which are closely related to mosquitos, have been
documeanted to be susceptible 1o high dosages of Bti, but are not atfected by mosquito larvicidal
dosages. In field studies, a transient decrease or increase in populations of some non-target
arthropods have been reported. These effects appear to be secondary to the availability of food or

a decline in nutritional value of the host.

1.9.3 Effects of lepidopteran-active Bt subspecies

1.9.3.1 Effects of Btk on non-target arthropods

A large number of insect orders have been tested in either the laboratory or field, most of

which have shown no effect from Btk.
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Reported toxicity to the honeyhee (Apis mellifera) from a Btk preparation was attributed to
contamination with a heat-labile toxin, possibly alpha-toxin. However, a fully sporutated
preparation was not toxic under the same conditions,

1.9.3.2 Effects of Btg on non-target arthropods

Btz in both laboratory and field studies demonstrated no adverse effect on honeybees (Apis

mellifera),
1.9.3.3 Effects of Bt on non-target arthropods

In 1958, the first commercial Btt was introduced in the USA for use against lepidopteran
larvae. The Bit stain produced both ICP and beta-exotoxin. In 1973, commercial products
containing beta-exotoxin were prohibited in the USA due to concern over the safety of this
metabolite, and all Br products made since then have been free of beta-exotoxin.

The deleterious effects of Btt products have been attributed to the presence of beta-
exotoxin.

1.9.3.4 Effects of Bte on non-target arthropods

Bte strains which produce beta-exotoxin have been shown to have adverse effects on non-

target arthropods.

1.10  Exposure and effects of Bt on humans
1.10.1 Human exposure to Bt in natural habitats
No adverse effects of human exposure to Bt in its natural habitats have been documented.
1.10.2 Human exposure te Bt in artificial habitals

The field application of Bt products can result in aerosol and dermal exposure of workers,

while agricultural uses of Bt can result in Bt contamination of potable water and food.
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1.10.2.1 Experimental exposure of humans

Human volunteers ingested and inhaled large quantities of a Bt formulation but

experienced no adverse health effects.
1.10.2.2 Exposure of workers in manufacturing
There are no reports of adverse effects in workers which manutacture Bt products.
1.10.2.3 Exposure of workers in spraying operations
Antibody titers to the vegetative cells, spores, and spore-crystal complexes have been

demonstrated in workers who spray Bt products; however, no adverse health effects were

reported.
Dermal and eye irritations were reported in spray operators in another study. These
symptoms were transient and posed no long term effects.

1.10.3 Clinical case reports

Bt has been cultured from several infectious processes in humans; however, Bt has not

been demonstrated to play an active role in the pathogenesis of the reported condition.

1.10.4 Dietary exposure of the general population

Bt has not been documented to cause any adverse effects on human health when present in

drinking water or food.

1.11  Evaluation

1.12 Conclusions angd recommendations

1.13  Research




2. TDENTITY, BIOLOGICAL PROPERTIES, AND ANALYTICAL METHODS

2.1 Xdentity

2.1.1 Phenotypic characteristics of Bacillus thuringiensis

Bacillus thuringiensis (Bt), like other Bacillus species, has been classified based on its
cellular, cultural and biochemical characteristics (Claus & Berkley, 1986; Slepecky & Hemphill,
1992; Stahly et 4l 1992), In 1958, Heimpel and Angus (1958) introduced a classification scheme
to identify these crystalliferous bacteria based on their morphological and biochemical
characteristics.

Bt is a facultative anaerobic, motile, gram-positive, spore forming bacillus. The formation
of parasporal crystals adjacent to the endospore during sporulation stages III to IV distinguishes Bt

from other Bacillus species, except for B. sphaericus.

2.1.2 Relationship of Bt and Bacillus cereus

Genetically, Bt is closely related to Baciflus cereus (Bc), and cannot be distinguished from
Bc using biochemical criteria. Bt is distinguished from Bc by its pathogenicity for selected species
it the orders Coleoptera, Diptera and Lepidoptera as well as for some species of nematodes, and
the production of one or more crystalline bodies in the vegetative cell adjacent to the spore
(Andrews et al 1987; Baumann et al 1984; de Barjac, 1981b; Claus & Berkley, 1986; Kaneko et
al 1978; Nakamura, 1994; Stahly et al 1992).

2.1.3 Crystal composition and morphology

The existence of parasporal crystals in Bt was first noted in 1915 (Berliner, 1915);
however, their protein composition was not delineated until the 1950s (Angus, 1954; Hannay,
1953; Hannay & Fitz-James, 1955). Most Bt subspecies can synthesize more than one crystal,
which may itself be formed by different insecticidal crystal proteins (ICP). Depending on their

ICP composition, the crystals have various forms (bipyramidal, cuboidal, flat rhomboid, or

composite with two crystal types) and a partial correlation between crystal morphology, ICP

composition, and bioactivity against target insects has been established (Buila et al 1977; Cheung
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et al 1983; Dulmage et al 1981; Hofte & Whiteley, 1989, Lynch & Baumann, 1985; Pendieton &
Morrison, 1966).

2.14 Classification of the Bt subspecies

The classification of Bt subspecies based on the serological analysis of the flagella (H)
antigens was introduced in the early 1960°s (de Barjac & Bonnefori, 1962). This identification
scheme supplemented the morphological and biochemical criteria used in classification (de Barjac,
1981a; de Barjac & Frachon, 1990), Until 1977, only 13 Bt subspecies were described, and at that
time, all subspecies were only toxic to Lepidopteran larvae, The discovery of other subspecies
toxic to Diptera (Goldberg & Margalit, 1977, Coleoptera (Krieg et al 1983) and Nematodes
(Narva et al 1991) enlarged the host range and markedly increased the number of subspecies. To
date, 54 H-serovars are known, including 40 antigenic groups and nine subgroups (Table 2.1),
Each H-serovar has been designated as a subspecies (or serovariety).

Crystal serology demonstrated that a particular crystal type can be produced by more than

one H-serovar (Krywienczyk et al 1978: Krywienczyk et al 1981; Smith, 1987; Wie et al 1982).

215 Genetics of ICP

In the early 1980%s, it was established that the genes coding for the ICPs reside on large
transmissible plasmids that can be cured and are readily exchanged between strains by conjugation
(Gonzales et al 1981; Gonzales & Carlton, 1980). Since these initial studies, numerous ICP genes
have been cloned, sequenced, and used to construct Bt strains with novel insecticidal spectra
(Aronson et al 1986; Hofte & Whiteley, 1989; Lereclus et al 1989).

The currently known crystal (Cry) gene types encode ICPs that are specific to either
Lepidoptera (Cryl), Diptera and Lepidoptera (Cryll), Coleoptera (CrylIll), Diptera (CryIV), or
Coleoptera and Lepidoptera (CryV) (Hofte & Whiteley, 1989). A separate designation is used for
the cytolytic (Cyt) genes that encode a nonspecific cytolytic factor, present in Bti ICP and some
other Bt subspecies. The Cry genes and their subtypes are summarized (Table 2.2) (Lereclus et al
1993). Current identification of Bt employs both the identity of the Cry genes, which define the
host range, and the H-serovars, which define the subspecies.

The ICP pene sequences provided the basis for the construction of gene specific probes to
screen established Bt strains by hybridization analysis for the presence of known nucleotide

sequences, and for characterizing the ICPs from new Bt isolates (Adang et al 1985; Hofte et al
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1988; Kronstad & Whiteley, 1986; Lereclus et al 1989; Prefontaine et al 1987; Sanchis et al
1988; Schnepf et al 1985; Visser et al, 1990). These studies have permitted the distinction of
numerous subclasses of ICP genes based on sequence homology and toxicity spectra of the
encoded proteing,

All ICPs described to date attack the insect gut upon ingestion (see Section 3). To date,
each of the proteolytically activated ICP molecules with insecticidal activity have a hypervariable
C-terminal domain, which is responsible for receptor recognition (host susceptibility), and a
conserved N-terminal domain, which induces pore formation (toxicity) (Convents et al 1990;
Convents et al 1991; Ge at al 1989; Ge et al 1991; Schnepf et al 1990). .

Most naturally oceurring Bt strains contain ICPs active against a single order of insects;
however, conjugative transfer between Bt strains or related species occurs, resulting in new strains
with various plasmid contents. The mobility of the Cry genes and the exchange of plasmids may
explain the diverse and complex activity spectra observed in Bt (Gonzales et al 1981, Gonzales et
al 1982: Gonzales & Carlton, 1980; Jarrett & Stephenson, 1990; Lereclus et al 1983; Reddy et al
1987). New Bt strains have been developed by conjugation that are toxic to two insect orders.

In 1981, the first genetically modified organism (GMO) was developed when an ICP gene
was cloned into Escherichia coli (Schnepf & Whiteley, 1981). Since then pumerous genetically

modified procaryotes and plants have been developed.

2.1.6 " Methodolagies to characterize the ICP or strains

In addition to oligomeric DNA probes, a variety of methods have been used to
characterize Bt strains and their ICPs. These techniques include: cell wall fatty acid analysis,
plasmid profiles, monoclonal antibodies, and SDS-PAGE profiles (Frachon & de Barjac, 1991;
Lereclus et al 1993; Wie et al 1982; Winkler et al 1971; Yamamoto, 1983).

2.1.7 Bera-exotoxin
Beta-exotoxin has been historically associated with certain Bt subspecies (Btd, Btg, Bim

and Btt), and products mads from these Bt subspecies may contain the toxin (Cantwell et al 1964,
Mohd-Salleh & Beegle, 1980). This heat-stable nucleotide, which is composed adenine, glucose,

and allaric acid, inhibits RNA polymerase enzymes by acting competitively with ATP (Farkas et

al 1977; Faust, 1973) Since RNA synthesis is a vital process.in atl life, beta-exotoxin exerts its

toxicity for almost all forms of life tested including numerous insect species in the orders
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Coleoptera, Diptera and Lepidoptera (Krieg & Langenbrunch, 1981). The presence of beta-
exotoxin can be assayed using house fliss (Musca domestica) or high performance liquid
chromatography (HPLC) techniques (Campbell et al 1987),

Regulatory agencies currently prohibit the use of beta-exotoxin in any commercial Bt

product.
2.1.8 Other Bt metabolites

Bt, like other bacteria, may produce an assortment of antibiotics, enzymes, metabolites
and toxing, which may have adverse effects on both the target and non-target organisms (NTOs).

Alpha-toxin is a phospholipase C, which primarily affects the cell membrane
phospholipids (Bonnefoi & Beguin, 1959; Heimpel, 1954),

Gamma-toxin is toxic to sawflies (Tenthredinidae); however, the mode of action of this
heat-labile toxin has not been determined (Heimpel, 1967; Smirnoff & Berlinguet, 1966).

The "water-soluble toxin" paralyzes Lepidoptera (Fast, 1971), and the "mouse factor
exotoxin” is toxic to mice as well as to Lepidoptera (Krieg, 1971), The modes of action of these

toxins have not been delineated,
2.2 Bioassay
2,21 Spore counts

Bacterial spore counts cannot correctly refiect the insecticidal activity of a Bt strain or Bt

product because the number of ICPs may vary within the bacterial cells.
2.2.2  International bivassay for ICPs

The final formulation of each Bt product is bioassayed against an accepted international
standard using a specific test insect (Dulmadge et al 1981). Its potency then is defined in ITU/mg
product. The standardization allows comparison of different formulations in the laboratory,
Currently, the larvicidal activity is expressed in terms of lethal doses (LDy,) or lethal
concentrations (LCy, LCq4 ...) according to the bicassay method used. For example, when
susceptible mosquito larvae are exposed to Bti ICP, they have an LC,, approximately 10 ng/ml
water. A Bti whole culture gives an LCy, approximately 10° cells/ml for susceptible mosquito

larvae while a 10° cells/ml culture does not affect any laboratory mammals exposed by various

routes,
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Flagellar
Antigens

B. thuringiensis
Subspecies

Flagellar
Antigens

B. thuringiensis
Subspecies

thuringiensis
finitimus
alesti
kurstaki
sumiyoshiensis
fikuokaensis
SO

kenyae
galleriae
canadensis
entomicidus
aizawai
morrisoni
ostriniae
nigericnsis
tolworthi
darmsradiensis
londrina
toumanaoffi
kyushuensis
thompsoni
pakistani
israelensis
dakora
indiana
tohakuensis

18
19
20a, 20b
20a, 20c
21
22
23

29
30
31
32
33
34
35
36
37
38
39
40

kumamotoensis
tochigiensis
yunnanensis
pondicheriensis
colmeri
shandongiensis
Jjaponensis
neoleonensis
novosibirsk
COTeanensis
silo
mexicanensis
maonterrey

367
amagiensis
medellin
toguchini
CAMEToun
leesis
konkukian
seoulensis

IMR 81.1
anadalousiensis
oswaldocruzi
brasiliensis
Shanxiensis

= Data provided by the Unité des Bacteries Entomopathogenes, Institut Pasteur, Paris, France.
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Gene Type® Predicted Relative Molecular Host References®
Mass (kDa) Range®
CrylA(a) 132.2 L Ge et al 1989
Masson <t al 1989,
Moar et a1 1990
CrylA(b) 131 L Hofmann et al 1988
130 LD Hofte et al 1986

Moar et al 1990
Wabiko et al 1986

Haider & Ellar, 1989
CrylA(e) 133.3 L Adang et al 1985

Hafte et al 1988

Von Tersch et al 1991

CrylB 138 L Brizzard & Whitely, 19338
Hofte et al 1988
CrylC 134.8 L Honée et al 1938

Sanchis et al 1988
Sanchis et al 1989
Visgser et a] 1988
CrylD 132.5 L Héfte et a] 1990
Sanchis et al 1988
Visser et al 1988
CrylE 130 L Bossé et al 1990
Van Rie et al 1990
Visser et al 1990
CrylF 133.6 L Chambers et al 1991
CrvllA 70.9 L/D Ahmad et al 1989

Donovan et al 1988b
Widner & Whitslay, 1989

CryllB 70.8 L Dankocsik et al 1990
Widner & Whiteley, 1989

CryllC 69.5 L Wh et al 1991

CrylllA 73.1 C Donovan et al 1988¢

HMermstadt et al 1987
Hfte et a] 1987

Iihn et al 1987
McPherson et al 1988
Sekar et al 1987

CryllIB 4.2 Sick et al 1990

CrylVA 134.4 D Bourgouin et al 1988
Sen et al 1988
Ward & Ellar, 1987
Ward & Ellar, 1988

CrylVE 127.8 D Bourgouin et al 1986
Angsuthanasombat et al 1987
Sekar & Carlton, 1985
Sen et al 1988
Tungpradubkul et al 1988
Ward & Ellar, 1988
Yamamoto et al 1988

1
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CrylVC 77.8 D Thorne et al 1986
CrylVD 72.4 D Chang et al 1990
Donovan et al 19832
CryVA 8.2 L/c Blenk et al 1989
Tailor et al 1992
CryV 130 N Narva et al 1991
CryVl 43-52 N MNarva et al 1991
CytA 21.4 non-specific  Delécluse et al 1991
Waalwijk et al 1985
Ward & Ellar, 1936
Ward et al 1984
CytB ND* non-specific  Koni & Ellar, 1993

"Table modified from Bacillus thuringiensis, An Environmental Biopesticide: Theory and practice”, pp. 48-
49, Lereclus et al 1993, Additional toxins also are described,

*According to Hifte & Whiteley, 1989

°C = Coleoptera; D = Diptera; L = Lepidoptera; N = Nemaltode.

‘References correspond both to the isolation of the gene and determination of gene product activity.

“Not described.
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3. MODE OF ACTION ON TARGET INSECTS
31 Bioactivity of field isolates
3.1.1  Overview of mode of action

The mode of action of Bt can be summarized in the following stages: 1) ingestion of the
organism by an insect larva; 2) solubilization of the crystalline ICP in the gut; 3) activation of the
ICP by proteases; 3) binding of the activated ICP to specific receptors on the gut cell membrane;
and 4) formation of pores in the gut cell membrane followed by destruction of the epithelial cells
(Cooksey, 1971, Fast, 1981, Faust, 1975; Huber & Luthy, 1981; Luthy & Ebersold, 1981;
Norris, 1971).

3.1.2 Insecticidal crystal proteins (ICP)

The bioactivity of Bt is dominated by the ICP which are encoded by the Cry genes and are
only active against susceptible species in the insect orders Coleoprera, Diptera and Lepidoptera
(Bosse et al 1990; Chambers et al 1991; Dardene et al 1990; Insell & Fitz-James, 1985; Sick et al
1990; Tailor ¢t al 1992; Visser et al 1990; Yamamoto & McLaughlin, 1981). The ICP must be

ingested to be effective against the target insect.

3.1.3  Field isolates without ICP

Hofte & Whitely (1989) reported spores, sporulated cells and vegetative cells, which
gither lack ICP genes or do not produce ICP, cause no adverse effect on target insect larvae or on
NTO,

3.2 Bt formulations and products

In all commercial Bt formulations and products, the ICP is the principal active ingredient.
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3.2.1 Conventional formulations with Bt strains

Conventional Bt formulations and products contain a Bt strain with one or more types of
ICP, some vegetative cells and spores, but some may contain only ICP-spore complexes (Bernhard

& Utz, 1993; Dulmage, 1989).

3.2.2  Formulations with geneticelly modified organisms (GMOs)

The genetic manipulation of ICP genes with recombinant DNA technology is being
employed to develop a new generation of Bt products (Carlton et al 1990; Gelernter, 1990). The
development of GMOs has been recently reviewed (Ely, 1993; Gelernter & Schwab, 1993).

3.2.2.1 Procaryotes with ICP genes

Transgenic heterologous procaryotes, such as the Pseudomonas species, possess one or
more Cry genes, which are suitably modified to express the ICP in the GMO (Angsuthansombat et
al 1987; Schnepf & Whiteley, 1981; Waalwijk et al 1991). In genetically modified procaryotes
where the ICP is the principal active component, the GMQ must be ingested to be efficacious

against the target insect.

3.2.2.2 Plants with ICP genes

Transgenic plants with ICP genes, particularly those that produce ICP toxic to
Lepidopteran insect pests, are being developed and field tested. In plants, the ICP may be
expressed constitutively in all tissues or only during selected stages of development (Barton et al

1987; Delannay et al 1989, Hong et al 1989).
3.3 Pathogenesis of conventional Bt formulations
3.3.1 Ingestion and toxin activation
Sporulated Bt cells or ICP-spore complexes are ingested by susceptible insect larvae. In

the midgut under alkaline and reduced conditions, the parasporal crystalline ICP is dissociated to

the protoxin form, then the protoxin is activated to a holotoxin by proteases, which are similar to
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chymotrypsin and trypsin, depending on the insect (Aronson et al 1991; Haider et al 1988; Honee
& Visser, 1993; Jaquet et al 1987; Lecadet & Martouret, 1987: Warren et al 1984). Shortly

afterwards, the gut becomes paralyvzed and the larvae cease to feed.
3.3.2  Holotoxin structure and function

Binding of the ICP holotoxin to putative receptors is 4 major determinant of ICP
specificity and the formation of pores in the midgut epithelial cells is a major mechanism of
toxicity (Van Frankenhuyzen, 1993).

The holotoxin consists of three distinct components (Li et al 1991). The binding
component binds to the epithelial cell receptor; the biologically active component forms a pore in
the surface of the cell membrane; and the third component helps facilitate the functions of the
other two components. The C-terminal domain of the holotoxin is involved with receptor binding
and the N-terminal domain with pore formation (Choma et al 1990; Convents et al 1990;
Convents et al 1991; Huber et al 1981),

Binding to specific receptors has been demonstrated to be closely related to the insecticidal
spectrum of the ICPs. Van Rie et al. (1989) found the affinity of these toxins similar for the
tobacco budworm (Heliothis virescens) and the tomato hornworm (Manduca sexta) brush border
membrane vesicles, but the number of binding sites differed and reflected varied bioactivity.
However, the toxin affinity for binding sites does not appear constant for all insects.
Wolfersberger (1990) reported that toxin binding site affinity was inversely related to toxicity for
the gypsy moth (Lymantria dispar).

Pore formation occurs after the binding to the receptor and results in colloid-osmotic lysis
of the cells, which is the main cytolytic mechanism that is common to all ICP toxins (Knowles &
Ellar, 1987; Slatin et al 1990; Schwartz et al 1991}, When the midgut epithelium of the larva is
damazed, the haemolymph and gut contents can mix. This results in favourable conditions for the
Bt spores to germinate and for resulting vegetative cells of B-t and the normal gut flora in the
haemocoel bacteria to proliferate causing a septicemia, which may contribute to or cause the death

of the insect larva,
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4. NATURAL AND ARTIFICIAL HABITATS

The Bt subspecies represents a group of organisms that occur both naturally and can be
added to an ecosystem to achieve insect control (Andrews et al 1987; Stahly et al 1991),

Insecticides formulated with Bt are currently being manufactured and used worldwide
(Bulla et al 1985). These commercial Bt producis may be applied as an insecticide on foliage, in
s0il, In water environments, and in food storage facilities, After the application of Bt to an

ecosystem, the organism may persist as a component of the natural fauna.

4.1 Definitions of habitat types

A natural habitat is one where Bt can be isolated when there has been no previous history
of application of the organism to that ecosystem.
An artificial habitat is one where Bt can be isolated after a previous history of application

of the organism for insect control.

4.2 Natural habitats

4.2.1 Insect hosts

Bt was initially regarded as an insect pathogen, and many different Bt subspecies were
isolated from dead or dying insect larvae (de Barjac, 1981b; Goldberg & Margalit, 1977), These
organisms have a narrow host range in the orders Coleoptera, Diptera and Lepidoptera and can
proiiferate within the bodies of their host insects, When the insect larvae dies, the dead insect
carcass usually contains relatively large quantities of spores and crystals that may be released into
the environment (Aly, 1985; Aly et al 1985; Grassi & Deseo, 1984, Prasertphon et al 1974).
Akiba (1986a) reported recycling of naturally oceurring Bt in ingect cadavers when competitive
microorganisms were at a low dengity.

Although all the early Bt isolates were pathogenic for insects, it is now apparent that many
Bt isolates are not toxic for all insects tested (Ohba & Aizawa, 1986; Obhba et al 1988). This loss
of insecticidal activity may be attributed to the loss of plasmids that encode the ICPs or a mutation
in the ICP gene that could prevent expression (Dean, 1984, Klier & Lecadet, 1976; Stahly et al
1978).
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Epizootics in susceptible insect pupulations vceur relatively infrequently; however when
epizootics occur, most have been limited to situations where the insect density is relatively high,
providing better opportunity for establishing the disease within the insect population (Burges &

Hurst, 1977; Lynch et al 1976; Margalit & Dean, 1985; Vankova & Purrini, 1979).

4.2.2 Soil and phylloplane habitats

Bt is widespread in nature. The spores of Bt readily persist in soil and vegetative growth
occurs when nutrients are available (Akiba, 1986a; DeLucca et al 1981; Martin & Travers, 1989,
Ohba & Aizawa_  1986; Travers et al 1987).

DeLucca et al. (1981) found that Bt represented between 0.5 and 0.005% of all Bacillus
species isolated from soil samples in the United States of America.

Martin & Travers {(1989) recovered Bt from soils of the United States of America and
from 29 other countries.

Meadows (1993) isolated Bt from 785 of 1115 soil samples and the percentage of samples
that contained Bt ranged from 56% in New Zealand to 94% in samples from Asia and central and
southern Africa.

Ohba & Aizawa (1986) isolated Bt from 136 of 189 soil samples in Japan.

Bt has been found extensively in the phylloplane. Numerous Bt subspecies have been
recovered from coniferous and deciduous trees, as well as other plants (Smith & Couche, 1991).
The Bt isolates have demonstrated a diversity of toxicity for insects in the orders Coleoptera,
Diptera and Lepidoprera. The bacterium has also been isolated from stored grain products
(Meadows et al 1992),

4.3 Artificial habitats of Bt

Artificial habitats are the locations where Bt insecticides (usually a mixture of spores and
crystals) have been applied. The use of Bt as a MPCA has markedly increased its abundance in
the environment.

In Canada, Meadows (1993) estimated that approximately 10" viable Btk spores ha™' were
released in a typical spray operation tor spruce budworm (Choristoneura fumiferana) control.

After the application of Bt insecticides under field conditions, Couch & Ignoffo (1981)

found it difficult to demonstrate reinfection in target insects,
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4.4 Environmental distribution and movement

4.4.1 Fate of Bt in natural habitals

Bt, like other members of the genus Bacillus, has the ability to form endospores that are
resistant to inactivation by heat and desiccation and persist in the environment under adverse
conditions (Stahly et al 1991).

4.4.2 Fate of Bt in artificial habitats

The distribution and environmental transport ot applied Bt formulations are influenced by
the type of application and environmental factors (Andrews et al 1987; Buila et al 1985), Bt
formulations for coleopteran and lepidopteran pests are used in agriculture and forestry and are
usually directed towards the surface of plants, while the Bt formulations for dipteran pests
(mosquitos and blackflies) are applied to their water habitats. These Bt insecticides exhibit poor
stability under field conditions, therefore trequent reapplication is required. (Beegle et al 1981;
Griego & Spence, 1978; Sorenson & Falcon, 1980).

4.4.2.1 Fate of Bt in terrestrial applications

Applied Bt may be lost rapidly to the soil by overspray or through physical removal of
spores, with further reductions arising from in siru degradation by environmental factors, such as
ultraviolet (UV) radiation and microbial degradation (Beegle et al 1981; Griego & Spence, 1978,
Sorenson & Falcon, 1980; West et al., 1984a; West et al., 1984b). The fraction of Bt remaining
on plant surfaces is available to target and non-target herbivores and may thus enter the food
chain.

Studies have indicated that Bt is relatively immobile in soil. Martin & Reichelderfer
(1989) found no vertical movement outside of a 6 ¢cm deep zone in soil, and less than 10 m laterat
movement, even along drainage courses.

Soil dispersion of field-applied Bt under naturally and artificially irrigated conditions was
assessed (Akiba, 1991), There was no translocation of Bt down t0 a depth of 10 cm under aln a
one month irrigation simuiation of the summer rainy season in Japan, there was no translocation
of Bt down to a depth of 10 cm. Artificially irrigated soils receiving 43 ¢m rainfall resulted in
detection of Bt down to 2 depth of 3-6 cm. Bt did not pass through 4 column of volcanic ash soil




g |

233 -

in tests using soil columns, but a few spores were detected in flow-through water from an alluvial

sand column, Results suggested that the major factor causing a decrease in the level of Bt was not

a physical dilution due to the rainwater, but possible atfinity of the spores for the soil particles,
Venkateswerlu & Stotsky (1992) further elucidated the factors affecting the distribution of

Bt in 50il. Adsorption and binding of Bt toxin proteins were greater on montmorillonite than on

kaolinite clays. Maximum adsorption occurred within 30 minutes, and adsorption was not

significantly affected by temperature between 7 °C and 50 *C.

4.4.2.2 Fate of Bt in aquatic applications

Btj is ofien applied directly to water for the control of mosquitos and blackflies. Rapid
sedimentation in all but the fastest flowing streams is regarded as an important limitation on the
efficacy of such applications.

Sheeran & Fisher (1992) demonstrated that the sedimentation of Bti is facilitated by
sorption onto particulate material.

Ohana et al. (1987) found that spores may persist for at least 22 days in sediments, and
the spores may be mobilized with such sediments during floods.

Special Bti formulations have been developed to prolong residence time of Bt at the

surface or in the water column, where target insects feed.

4,4.3 Movement of Bt by NTOs

Mobile NTOs have seldom been incriminated in the dispersion of Bt from their sites of
application.

In a study of interactions between Bti and fathead minnows (Pimephales promelas),
ingestion of Bt resulted in a high number of spores recovered from the gastrointestinal tract and
facces (Snarski, 1990). Bti spore counts decreased rapidly after test fish were transferred to clean
water, and spores were rarely detected after eight days, but were detected in feces for over two
weeks. The data indicated that minnows can disperse Bt spores into the environment, but did not
indicate that bioaccumulation of Bt occurs in the nontarget minnows.

After the application of Bt to land, Meadows (1993) reported that Bt may be dispersed by
NTOs (i.e., birds and mammals) feedling on infected target insects.

Burges & Hurst (1977) reported that Bt infected insect larvae contained 6.6 x 10° to 4.2 x

10% spores per gram dry miass.
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4.4.4 Degradation and proliferation

It is important to distinguish between changes in the numbers of viable spores and changes in
biocidal activity, when considering the degradation of Bt in the environment.

Solar radiation appears to be the most devastating environmental factor that can influence
the stability of Bt (Griego & Spence, 1978; Pinnock et al 1974; Pinnock et al 1977; Pusztai et al
1991).

Griego & Spence (1978) demonstrated that Bt spores were inactivated rapidly when
exposed to UV radiation, while Pusztai et al. (1991) demonstrated that the tryptophane residues of
the Bt protoxin are damaged by solar radiation in the 300-380 nm range.

The combined effect of sunlight, leaf temperature, and vapour pressure deficit appeared to
contribute more to decreased bioactivity than any other single factor (Leong et al 1980). Residue
bioactivity can be measured up to two weeks post treatment for formulations containing UV
protectants (Hostetter et al 1975). Other studies on the effect of environmental exposure to Bt
spores revealed that spore survivat can be affected by the surface to which the material is applied.

Pinnock et al, (1974) demonstrated the half-life of Bt spores on the leaves of California
live oak (Quercus agrifoliay was 3.9 days as compared to a halt-life of 0.63 days when applied to
leaves of western redbud (Cercis occidentalis).

Ignotfo (1992} summarized data for the reduction of spore viability and ICP activity on
leaves of various plants in sunlight. Bt spore viability was reduced by 8-80% in one day, but the
beta-exotoxin activity declined more slowly.

Dent (1993) reported Bt formulations on foliage frequently have half-lives of up to 10
days. However, unformulated Bt can have a half-life of only a few hours.

There is also evidence that plant chemicals can inactivate Bt, or influence infectivity,
Luthy (1986) demonstrated that extracts prepared from leaves would inactivate ICPs,

Commercially applied Bt may persist at low levels for considerable periods of time,
Reardon & Haissig (1983) reported that Btk was still present on Balsam fir (Abies balsamea) one
year after applications for spruce budworm (Choristoneura fumiferana) control. The proliferation
of spores through infection of susceptible insects should not be discounted as a source of low
levels of Bt. Several studies have demonstrated that Bt is able to grow and sporulate in insect
cadavers (Meadows, 1993). From dead Egyptian cotton leafworm (Spodoprera littoralis), Jarrett &
Stephenson (1990) isolated from 5.0 x 107 10 9.2 x 107 spores per larvae.

Petras & Casida (1985) reported Bt spore counts in soil decreased by one log unit in the

first two weeks, then remained constant for eight months. The response was similar in spores -
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from commercial and laboratory cultures. In contrast, vegetative cells introduced into soil
persisted for only a short time, Soil pH had littie effect on their survival, Spore persistence for
more than two weeks apparently resulted from the inability of the spores to germinate in the soil,

West et al. (1984a, 1984b) reported that vegetative cells in soil disappeared at a rapid
exponential rate, parasporal crystals disappeared at a slower non-exponential rate, and spore
numbers remained unattered through 91 days incubation at 25 *C with no detectable germination.
The proteinaceous crystalline protoxin of Bt has been shown to be degraded by soil
microorganisms at an exponential rate with the half-life varying from about three days to about six
days.

Saleh et al. (1970} reported Bt spores remain viable for several months in the soil and the
spores ¢could germinate when soil conditions favour bacterial growth.

West et al. (1984a) reported that Bta in $0il showed an exponential loss of insecticidal
activity. The rate of loss was greater in non-sterile soil than in autoclaved soil. There was an
initial rapid decrease, which stabilized at approximately 10% of the original inoculum level after
250 days incubation, until the cessation of sampling after two years. No loss of insecticidal
activity was observed in autoclaved soil, which suggests that soil microorganisms were responsible
for the loss of insecticidal activity in the natural, non-sterilized soil.

Bt spores do not appear to germinate readily in most soils and the crystalline protoxins are
metabolized by other microorganisms. Several studies determined that Bt did not grow under most
natural s0il conditions (Akiba, 1986a; West et al 1984a; West et al 1984b). The data suggested
that this is attributable to a failure of Bt to germinate in soil under these conditions and the spore
is the only state in which Bt persists in natural soils,

An environmental fate study demonstrated no significant spore accumulation in either the
organic or the mineral layers of soil over an eleven month period when Bt was applied aerially at
100 times the concentration used for operational programmes (Bernier et al 1990). In running
water, the spores were not persistent.

Btk has been reported to survive in fresh water and in sea water for more than 70 and 40
days, respectively, at 20 *C (Menon & DeMestral, 1985). A higher percentage of Btk was found
surviving for extended periods in lake water than in tap and distilled water, presumably due to the
presence of more nutrients in lake water. Bt has not been isolated from any drinking water
supplies.

Spores of Bti remained viable for shorter periods when suspended in moving water verse
static bottles, indicating that laboratory trials may overestimate the longevity of these spores in the

environment {Yousten et al 1992).
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Carcasses of mosquito tarvae killed by Bti have been shown to allow for the complete
growth cycle (germination, vegetative growth, and sporulation}, thus becoming toxic themselves to
scavenging yellow fever mosquito (dedes aegypti) larvae (Khawaled et al 1990).

Contact of Bti with mud can result in an immediate disappearance of larvicidal activity,
however, it has little influence on spore viability (Ohana et al 1987). The cessation of toxicity was
caused by bacterial adsorption to soil particles, but the inactivation could be restored by washing

the mud away.

4.5 Future developments of Bt formulations

Formulations and novel modes of delivery are constantly under development to prolong
the period of effectiveness of Bt in both aquatic and terrestrial applications,
The future deployment of transgenic plants expressing Bt gene products may provide a

further route of entry into food chains.

4.6 Collections of Bt strains

Two principal public collections of Bt strains are located in the Institut Pasteur in Paris,
France, and in the Northern Regional Research Laboratories of the United States Department of
Agricuiture in Peoria. Hlinois. Thousands of strains are held in these collections, with almost all
originating as isolates from diseased insects. It is estimated that an additional 40,000 or 50,000 Bt

isolates are held in private collections of companies that manufacture Bt products. .
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5. COMMERCIAL PRODUCTION

5.1 History of Bt and its commercial applications

5.1.1 Production levels of Bt products

Conventional Bt products, which utilize naturally occurring or modified Bt strains, account
for approximately 90% of the world biopesticide market (Bernhard & Utz, 1993). Current annual
production of Bt has been estimated at 2000 to 3000 tons, not including the Bt products from
China and the former USSR, whose production may be of 4 similar magnitude. These products
are estimated to be worth USA $100,000,000 to $150,000,000 per annum.

Large-scale applications of transgenic heterologous bacteria and plants expressing the Bt
ICP have not been used; however, large quantities of these GMOs are predicted to be produced in
the near future,

5.1.2  Production processes for conventional products

Bt products are produced using fermentation technology (Bernhard & Utz, 1993), Most
commercial products contain ICP and viable Bt spores, but the spores are inactivated in some Bti
products. During commercial-scale production of Bt products, there is little Joss of bioactive
components to the environment. The type of 1055 incurred is a function of the recovery method
involved. No significant amount of bioactive components is lost from fermenter harvests if
filtration is used to separate the insoluble solids (active ingredients) from the soluble liquid (inert)
fraction of the harvest liquor, as shown by complete lack of bioactivity in the resulting liquid
fraction. The liquid waste fractions may contain 4 low concentration of insoluble active
component, but these are typically inactivated by processing in on-site waste treatment facilities.
Although it is not a physical loss, measurable bioactivity is diminished if the recovered active
material is processed through a dryer, due to the exposure of the bioactive components to the high
temperatures required for drying. Guidelines for the handling of microorganisms during
manufacture have been reviewed (Frommer et al 1989),

Quality standards for Bt fermentation products have been accepted by IUPAC (Quintan,
1980). These standards include limits on the ¢ongentration of microbial contaminants and

metabolites (Table 4A.1). In most cases straing of Bt which produce beta-exotoxing are not
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approved for commercial application, although some commercial use has been approved for

control of certain fly gpecies which are not susceptible to ICPs (Carlberg, 1991).

5.1.3 General patterns of use

Commercial applications of Bt have been directed mainly against lepidopteran pests of
agricultural and forest crops; however, in recent years strains active against coleopteran pests have
also been marketed.

Strains of Bti active against dipteran vectors of parasitic disease organisms have been used
in public health programimes.

Strains of Bt with biocidal activity against nematodes have been isolated and are under

development,

5.1,3.1 Applications in agriculture and forestry

Commercial use of Bt on agricultural and forest crops dates back nearly 30 years, when
‘Bactospeine’ became available in France (Reference). Use of Bt has increased greatly in recent
years and the number of companies with a commercial interest in Bt products has increased from
four in 1980 to at least 18 (Van Frankenhuyzen, 1993). Several commercial Bt products with Bta,
Btk, or Btm have been applied to crops using conventional spraying technology (Table 4A.2).
Various formulations have been used on major crops such as cotton, maize, soybeans, potatoes,
tomatoes, various crop trees and stored grains, Formulations have ranged from ultra-low volume
oil to high-volume, wettable powder, aqueous suspensions. Predominantly, naturally-occurring Bt
strains have been used, but transgenic microorganisms expressing Bt toxins have been developed
by conjugation and other methods of genetic manipulation, and in some cases, these have reached
the commercial market. These modified organisms have been developed in order to increase host
range, prolong field activity or improve delivery of toxins to target organisms. For example, the -
coleopteran-active crylIIA gene has been transferred to a lepidopteran-active Btk (Carlton, 1990).
A ICP gene bearing plasmid has been transferred from Bt to a non-pathogenic leaf-colonizing
isolate of Pseudomonas fluorescence; fixation of the transgenic celis produces ICP contained
within 2 membrane which prolongs persistence (Gelernter, 1990). The gene expressing crylA(c)
ICP has been inserted in Clavibacrer xyli subspecies cynodontis, a bacterium which colonizes plant
vascular systems. This has been shown to deliver the ICP effectively to European corn borer

(Ostrinia nubilalis) feeding within plant stems (Beach, 1990). Improvements in performance
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arising from such modifications are such that transgenic organisms and their products are likely to
be used much more widely in the future.

Although not used on a large scale at present, transgenic plants are likely to play an
increasing role in the future, Genes responsible for expressing insecticidal crystal proteing have
been cloned into a variety of plant species, including major crops such as cotton, rice and maize,
with potential to control some of the most important pests, such as the lepidopteran Heliothis
species and Spodoprera species (Ely, 1993). This technology overcomes some constraints of
conventional Bt application to protect plants from cryptic insects that feed on internal tissue of the
plant. To date, these products have only been used on a small experimental scale, but registration
of some transgenic plants for commercial use has already occurred and large scale use is likely in

future.

5.1.3.2 Applications in vector control

Bti was first isolated in 1976 (Goldberg & Margalit, 1977). Subsequently Bti has been
used to control both mosquitos and blackflies in large scale programmes (Becker & Margalit,
1993; Bernhard & Utz, 1993; Car, 1984; Car & Moor, 1984; Chilcott et al 1983; Cibulsky &
Fusco, 1987; Lacey et al 1982), For example, in Germany 23 tons of Bti wettable powder and
19,000 liters of liquid concentrate have been used to control mosquitos (Aropheles species, Culex
species) between 1981 and 1991 in the Upper Rhine Valley (Becker & Margalit, 1993). In China,
approximately 10 tons of Bti have been used in recent years to control the malarial vector,
Anopheles sinensis. The Onchocerciasis Control Programme of West Africa used approximately
750,000 liters of Bti in 1988 to control blackflies (Simulium damnosur), the vector of the
onchocerciasis (Onchocerca species) on the Upper Volta River System (Becker & Margalit, 1993).
Formulations of Bti range from wettable powder and fluid concentrates applied via conventional
spray equipment from ground and air t0 slow release briquet formulations. Examples of
commercial Bti products are listed (Table 4A.2).

Development of transgenic microorganisms has also been attempted with Bti ICP genes to
overcome the limitations of commercial Bti formulations, primarily the short residual activity
resulting from settling of Bti spores or adsorption of crystals to mud particles or organic material
{Ohana et al 1987). The ICP genes have been cloned to cyanobacteria and aquatic protozoa in

order to overcome these problems (Gelernter & Schwab, 1993). However, these have not been

developed to a commercial level.




- 40 -

Table 5.1 - Maximum allowable levels of microbial
contamination in Bt products

Group No.  Types of Microorganisms Maximum ¢con¢entrations

1 Viable mesophiles <1x 10/g

2 Viable yeasts and molds < 100/g

3 Coliforms < 10/g

4 Staphylococcus aureus <l/g

5 Salmonella serovars < 1/10g

6 Lancefield Group D <1 x 10%g
Enterococcus and

Streprococcus species

Table 5.2 - Examples of commercial Bt products used against agricultural,
Jorestry and public health pests

Target Insect Order  Product Name Bt Subspecies Company®
Lepidoptera Dipel Btk Abbott (USA)
Bactospeine, Biobit Novo Nordisk (DK)
Thuricide, Delfin
Jaelin, Certan Sandoz (CH)
Condor, Cutlass Ecogen (USA)
Dendrobacilline Glaumikrobium (R)
Xentari Bta Abbott
Florbac Novo-Nordisk
Coleopteran Di-Terra Btm Abbott
M-one* Mycogen (USA)
Trident Sandoz
Novodor Novo-Nordisk
Lepidoptera & Foil Btk/Btm Ecogen
Coleoptera
Diptera Vectobac Bii Abbott
Bactimos Novo-Nordisk

CH: Switzerland; DK: Denmark; R: Russia; and USA: United States of America

Genetically modified strain based on Pseudomonas species.

Transconjugant,
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6. EFFECTS ON MAMMALS

6.1 Mammalian safety studies

In laboratory animal studies, the Bt preparations may contdin spores, vegetative cells, and
ICP. The test material may be laboratory grown and if so will not contain the additives found in
commercial formulations of Bt, or the test material may be a commercial formulation. These
studies evatuate possible infectivity of spores and vegetative cells, as well as toxicity resulting

from spores, vegetative cells, and ICP.

6.2 Definitions for mammalian safety studies

6.2.1 Infection

A MCPA is considered to be infectious in safety studies if there is evidence of the
establishment and proliferation of the MPCA in mammalian tissue coupled with tissue damage.
Evidence of multiplication includes a measurable increase in the total amount of MCPA recovered
ahove the amount administered, recovery of vegetative stages when spores were administered, and
failure of the inoculum to clear. It cannot be determined solely on the basis of Jesions since

injection of foreign material can elicit an inflammatory response (Siegel et al 1987).

6.2.2 Pathogenicity and virulence

Pathogenicity in safety studies is defined as the intrinsic capability of a MPCA to penetrate

host defenses and virulence refers to the speed by which this is accomplished.

6.2.3 Toxicity

Toxicity is defined in safety studies as an acute effect resulting in mortality following
exposure to the MPCA. In laboratory animal studies, which intentionally expose animals to high
doses of Bt, a test MPCA is considered toxic if mortality results from a dose less than 10° cfu per
mouse (Ignoffo, 1973; Burges, 1980; Shadduck, 1983).
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6.2.4 Celonization

Colonization refers to the multiplication of a MPCA either on the surface or within an
animal without causing any tissue damage. For example, the gastrointestinal tracts of animals are
colonized shortly after birth by a myriad of microorganisms that are restricted by host defenses to

areas where they can be tolerated. These organisms are defined as commensals.

6.2.5 Persistence

Persistence in mammalian safety studies refers to the recovery of the inoculum of the
MCPA over time. Safety studies by design introduce the MCPA into test animals by a variety of
routes and transient disturbances in the normal flora are expected. Clearance of an inoculum is not
instantaneous, consequently recovery of Bt from mammalian tissues after exposure is 1o be

expected and should not automatically be equated with infection (Siegel & Shadduck, 1990)

6.3 Mammalian safety studies in domesticated animals

6.3.1 Oral exposure

The purpose of this test are twofold, First, 1o evaluate possible toxicity associated with
ingestion of the MCPA. Second, to evaluate the possible infectivity of the MPCA when test
animals are exposed by this non invasive route. Oral exposure is a possible route by which man

and animals may be exposed to Bt.

6.3.1.1 Single dose laboratory studies in mice and rats

These studies evaluate the possible infectivity and/or toxicity associated with a single
exposure to the MPCA (Table 3.1),

In the studies conducted with a single oral dose of laboratory grown Bt and commercial Bt
formulations, there was no mortality associated with ingestion of Bti or Btk in mice and rats (de
Barjac et al 1980; Fisher & Rosner, 1959; Shadduck, 1980; Siegel et al 1987).
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6.3.1.2 Multiple dase labaratory studies in mice, rats and sheep

These studies are considersd more challenpging than a single exposure study because the
test animals are subjected to a higher cumulative dose (Table 5.2).

In a study with repeated oral exposure of mice or rats to laboratory grown Bti for 21
days, there was no mortality asgociated with ingestion of Bti and normal weight gain in all treated
rodents (de Barjac et al 1980).

Hadley et al. (1987) conducted 4 study in which sheep were repeatedly treated with two
commercial Btk formulations for 60 days. The only clinical sign was loose stools in sheep exposed
to one Btk formulation. There was also microscopic evidence of moderate to marked lymphoid
hyperplasia of the Peyer’s patches in the caecum and colon of 2 of 6 sheep treated with one Btk
formulation and in 1 of 6 sheep treated with the other Btk formulation, This was not considered to

be significant. All treated sheep experienced a normal weight gain,

6.3.2 Inhalation exposure

These tests primarily address the potential infectivity of a MCPA. Inhalation is a likely

route by which humans and animals may be exposed to Bt during application.

6.3.2.1 Single dose laboratory studies

De Barjac et al. (1980) exposed 10 female Swiss mice for 12 minutes to 2 x 10° Bti spores
(48 hour laboratory grown whole culture), The mice were monitored for clinical signs for 15
days, and then sacrificed. The lungs were removed aseptically and cultured for bacteria, no Bti
was recovered.

Siegel et al. (1987) exposed 27 female Sprague Dawley rats to 2 x 10° spores of a
commercial Bti formulation for 30 minutes. Rats were serially sacrificed over a 27 day period and
the tungs were cultured. Recovery of Bti declined from 5,92 x 10° ¢fu/g lung tissue at 3 hours

after exposure to none detected at 7 days after exposure. No gross lung lesions were observed.
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6.3.2.2 Multiple dose luboratory studies

Fisher & Rosner (1959) exposed 10 mice to 3 x 10% spores of a commercial Btk product
4 times in a 6 day period. The Btk treated mice exhibited no clinical signs during the treatment

period, and no gross pathology at necropsy.

6.3.3 Dermal exposure

This test is similar to the dermal exposure tests used in chemical toxicology. Since Bt does
not have any external contact toxicity due to its mode of action, a single representative study is

reported.

6.3.3.1 Single dose laboratory studies

De Barjac et al. (1980) applied 5.1 x 107 cfu Bti of a 48-hour laboratory grown culture to
the skin of 20 female Swiss mice. No mortality was observed and there was no evidence of skin

inflammation,

6.3.4 Dermal scarification exposure

This test evaluates both the potential toxicity and infectivity of a MCPA. In the case of Bt,
toxicity is unlikely due 1o its mode of action. However, this test aiso gvaluates the importance of

intact skin in preventing infection by Bt.

6.3.4.1 Single dose laboratory studies

Fisher & Rosner (1959) scarified the skin of 4 rabbits, then applied 2.2 x 10° ¢fu of a
commercial Btk formulation. No skin inflammation or sign of infection was observed.
De Barjac et al. (1980) applied 3.3 x 10" cfu of 4 commercial Bti formulation to the skin

of 6 male New Zealand White rabbits. No skin inflammation or sign of infection was observed,
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6.3.5 Subcuwraneous inoculation

This route of exposure is considered a more challenging test of potential infectivity than
oral and dermal exposure, becauge the barrier of the skin is breached. However, thig route of
exposure may only occur during the course of spray application if there is some type of trauma to

the spray application personnel.

6.3.5.1 Single dose laboratory studies

De Barjac et al. (1980} subcutaneously inoculated 20 female Swiss mice and 10 tricolour
guinea pigs, respectively, with 8.5 x 107 c¢fu and 1.7 x 10® cfu of a 48-hour Bti laboratory grown
Bti culture. There was no evidence of infection and no mortality was observed.

Siegel et al. (1987) subcutaneously inoculated 15 female BALB/¢ mice with 1 x 10° cfu of
2 commercial Bti formulation. Abscesses occurred at the injection site but these were attributed 1o
the introduction of high concentrations of heat stable foreign material, since they also occurred
when autoclaved Bti was injected. There was no evidence of infection and no mortality was

observed,

6.3.6 Ocular exposure

The primary purpose of this procedure is to test for the irritancy of a MCPA, although
this test also evaluates potential infectivity as well,
In these tests, Bt may persist for days in rabbit eyes because of the depth of the

conjunctival sac coupled with limited tear production by rabbits.

6.3.6.1 Single dose laboratory studies

De Barjac et al. (1980) inoculated the eyes of six male New Zealand White rabbits with
3.7 x 107 cfu of a 48-hour laboratory grown Bti culture, No conjunctivitis or ocular irritation was
observed. Siegel et al (1990) inoculated 12 female New Zealand White rabbits with 5.4 x 107 cfu
of a commercial Bti formulation. No ocular irritation or conjunctivitis was observed and no Bii

was recovered by swabbing after one week.
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6.3.0.2 Multiple dose laboratory studies

Seigel et al. (1987) inoculated the eyes of 6 male New Zealand White rabbits with 50 ml
of a commercial Bti formulation for 9 days and another 6 male New Zealand White rabbits were
treated with 50 ml of a laboratory grown Bti culture for 9 days. No ocular irritation or
conjunctivitis was observed in the rabbits that received the laboratory grown culture. The rabbits
that received the commercial formulation experienced severe conjunctival congestion and
discharge. This was not attributed to Bti but rather to the nature of the inoculum. The commercial
formulation was a dry paste with hard clumps while the laboratory grown culture was a soft

powder.

6.3.7 Intracercbral exposure

The goal of intracerebral injection was to gauge the effect of a "worse-case” exposure
scenario and does not correspond to any likely route of human or animal exposure to Bt. Mortality
resulting from intracerebral injection must be carefully evaluated because even nonpathogenic
bacteria can cause mortality when injected by this route. The route of exposure is controversial
because of the difficulty in interpreting the results.

Siegel et al. (1987) injected groups of 6 female Sprague Dawley rats intracerebrally with
1.from 2 x 10° to 2.0 x 107 ¢fu of a commercial Btk formulation, two commer¢ial Bti
formulations, and a laboratory grown Bti culture. In addition, they conducted a clearance study in
which 26 male and femate Sprague Dawley rats were injected with 1.1 x 10° ¢fu of a commercial
Bti formulation and serially sacrificed over 27 days. One rat that was intracerebrally injected with
Bti died, but the death may have been due to the injection itself. None of the other rats injected
with Bti died. Bti cleared as a logarithmic function from the brains of the rats and none was

recovered 27 days after injection.
6.3.8 Intraperitoneal exposure

The administration of a MCPA by this route is considered a highly challenging route of
exposure. Human and animal exposure to Bt by this route is unlikely to occur during the course of
normal application o Bt. This route evaluates the ability of Bt to cause infection or produce toxic

metabolites in the relatively anaerobic environment of the peritoneal cavity. The majority of safety
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studies that utilized this route of exposure also evaluated the clearance of Bt over time, by means
of serial sacrifice of the test animals,

Additional studies employing mice have been conducted using this route of exposure that
evaluates the role played by an intact immune system in preventing infection by Bt. These studies
were deemed necessary to assess the risk posed by Bt to humans undergoing immunosuppressive
chemotherapy for the treatment of cancer and the risk posed by Bt to humans infected with the
Human Immunodeticiency Virus (HIV), which causes AIDS. Immune suppression in mice was
accomplished either by use of corticosteroids, which inhibited helper T-cells and selectively
damage B-cell activity, or through the use of athymic mice, which lack the functional T

lymphoeyte component of their immune syster.

6.3.8.1 Single dose laboratory studies - immune intact animaols

De Barjac et al. (1980) intraperitoneally injected 100 fernale Swiss mice with 3.4 x 107 ¢fu
of a 48 hour laboratory grown Bti culture and sacrificed groups of [0 mice daily. Biood samples
were taken by cardiac puncture and Bt was recovered until day 8.

Fisher and Rosner (1939) intraperitoneally injected 30 mice of unspecified sex and strain
with a laboratory grown Btk culture and withdrew cardiac blood samples 24, 48 and 72 hours
after injection. There was no mortality and Btk cfu were recovered as late as 48 hours afier
injection from heart biood.

Siegel & Shadduck (1990) conducted three clearance studies using fernale CD-1 mice. In
one experiment, 33 females were injected with 2.7 x 107 ¢fu of a washed commercial Bti
formulation and serially sacrificed over 80 days. Bti did not clear and was recovered from the
heart blood on days 67 and 0. The investigators noted that the initial inoculum was comprised of
approximately 95% vegetative cells and that the vegetative cells take longer to clear than did the
spores. This was confirmed in a follow up experiment in which two groups of 16 females each
were injected with inocula containing 1.5 x 107 cfu of spores or a 25% vegetative cell and 75%
spore mixture. Both inocula cleared exponentially from the spleens of the mice but the 100%
spore inoculum cleared sooner than did the inoculurn that contained vegetative cells. These
experiments demonstrated that Bti and Btk persist for a variable length of time in mice following
injection but that they are cleared over time. These studies also suggest that the nature of the

inoculum may play a role in the speed by which it is cleared.
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6.3.8.2 Single dose laboratory studies - immune suppressed animals

Siegel et al. (1987) injected 42 female BALB/c mice with 1.25 mg of a corticosteroid
twice weekly in order to suppress their immune $ystem and subsequently injected them with 3.4 x
107 ¢fu of a washed commercial Bti formulation, Three mice died but this mortality was attributed
to injury caused by injection, In the remaining 39 mice, the clearance of Bti was logarithmic and
Bti was still recovered 49 days after injection. In a companion experiment, 42 Sprague Dawley
athymic mice injected with the same dose of a washed commercial Bti formulation. Twenty-six of
42 died within 5 to 10 hours after injection; the cause of this mortality was not determined. In the
surviving mice, Bti was recovered 49 days after injection. In a follow up experiment, 30 athymic
mice were injected with 2.6 x 107 c¢fu of a washed commercial Bti formulation and serially
sacrificed over a 36 day period. No mortality occurred and the clearance of Bti was logarithmic.
Bti was still recovered on day 36 after injection.

Siegel & Shadduck (1990) injected 24 Sprague Dawley athymic mice with 2.7 x 107 ¢fu of
a washed commercial Bti formulation and evaluated clearance over a 27 day period. No mortality
was observed and the clearance was linear. Bti was still recovered 27 days after injection,

These experiments demonstrated that an intact immune system is not essential to prevent
infection by Bti and Btk, but the kinetics of clearance differ between athymic and euthymic¢ mice
as well as between corticosteroid treated and untreated euthymic mice. Based on these data,

immune suppressed individuals do not face any increased risk of infection by Bt.

6.3.9  Attempts to enhance virulence by serial passage

These experiments seek to determine if the status of Bt as a nonpathogenic organism can
be changed by serial passage through mice.

Fisher & Rosner (1959) injected a group of 3 mice whose sex and breed were not stated
with 1.5 x 10® ¢fu of a commercial Btk formulation. Six hours after injection, blood was removed
and injected into another group of 5 mice. This was repeated 6 more times. No mortality was
observed and all treated mice had a normal weight gain.

In a similar study, de Barjac et al. (1980) injected 5 female Swiss mice with 1.7 x 10° ¢fu
of a 48-hour laboratory grown Bti culture. Blood was removed 12 hours after injection and
serially injected into 5 groups of 5 female Swiss mice at 12 hour intervals. Some Bii cfu were.

recovered from the blood but there was no mortality or other evidence of enhanced virulence.
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6.4 Effects of Bt ICP in mice

The ICP of Bt is not activated in mammals, hence has no activity. However, if the ICP is
activated prior to injection, it may have a toxic effect,

Two studies have demonstrated that the activated ICP of Bti is lethal when injected into
mice (Thoms & Ellar, 1983; Gill et al. 1987). Activated Bti ICP was also cytolytic to human
erythrocytes, mouse fibroblasts, and primary pig lymphocytes in virro. This activity is attributed
to a cytolytie factor encoded by Cyt A gene of Bti. Btk and most other Bt subspecies lack this
gene. However, human exposure to activated Bti ICP is unlikely. The laboratory safety studies
and field experience to date indicate that the ICP of Bti has a high dipteran specificity and that

mammals are not affected by the ICP.

6.5 Toxicity studies in wild animals

There have been many toxicity studies conducted on wild animals as part of the
registration process. However, most of the data is proprietary and is not publicly available,

In Canada, Innes et al. (1989) studied the effect of a commercial Btk formulation on small
mammal populations on 50 hectacre plots. Populations of 8 species of rodents (Clethrionorys
gappert, Ewtamius mimimus, Microtus chrotorrhinuy, Napaeozapus insignis, Peromyscus
maniculatus, Phenacomys intermedius, Tamias striatus and Zapus hudsonius) and 4 species of
shrew (Blarina brevicanda, Sorex cinereus, Sorex fumeus and Sorex hoyii) were studied by
trapping over a 3-month period and shown to be unaffected when compared to populations from

untreated areas.

6.6 Conclusion

The tests summarized in this chapter demonstrate that spores, vegetative cells, and ICF of
Bti and Btk are nonpathogenic and nontoxic to mammals, An intact immune $ystem is not a
prerequisite for clearance of Bti and Btk, However, clearance of Bti and Btk is not instantaneous
and cfu were recovered as long ag 80 days after intraperitoneal injection. These data suggest that
any reported infection by Bti or Btk must be examined critically and that the recovery of Bt from
animals or man does not demonstrate that infection may have occurred. These studies did not
specifically address the issue of the toxicity of activated Bt ICP, because activation does not oceur

in mammals. In two studies that addressed this issue, toxicity to mammals was correlated with the
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cytolytic factor encoded by the Cyt A gene. From the point of view of field exposure, it is highly

unlikely that mammals will be exposed to activated ICP. All of the safety studies conducted to
date, including studies that utilized intracerebral injection, confirm that Bt is nonpathogenic to

mammals,
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Table 6.1 Single Bt oral exposure of mice and rats

Subspeocics Matecrial tested Test arimal Dose Mortality®  Reference

tested

Btk Washed cclls 24 h Sprague  Dawley 1.4 x 10%fu /6 Shadduck, 1980
culturef Ral Female

Btk Commercial product Rar’ 2 x 10Mefu 0/10 Fisher and Rosner,

1959
Bu 48 h culure® Swiss Mouse 1.7x 10%f 0/20 de Bajac et al 1980
Female

Bu 48 h culture® Wistar Rat Female 3.4 x 10%du 0/10 de Barjae el al 1980

Bti Washed cells® Sprague  Dawley 6.9 x 10%efy 0/6 Shadduck, 1980
24 h culture Rat Female

Bt Washed commercial Sprague  Dawley 4 x 107l 0/10 Sicgel ot al 1987
product Rat Female

* All doses given are per animal." Number dead/number treated * Laboratory grawn cultire.
 Breed and sex unknown,

Table 6.2 Repeated Bt oral exposure of mice, rats and sheep

Subspecies  Material tested  Test animal Dosc Exposure  Monality® Reference

tested time

Btk Commercial Male Rambouillet/ 1 x 10'%fu 60 days /6 Hadley et ] 1987
product Merino Shecp

Bik Commercial  Male Ramboujlley 1 & 10"%fu 60 days  0/6 Hadley ct al 1987
product Merino Sheep

Bu 48 h culure Swiss Mouse 4.7 x10%f 21 duys /25 de Burjag et al

Female 1980
Bt 48 h culure Wistar Ral Fomale 1.2 x 10%fu 21 days  0/13 dc¢ Barjac et al

1980

* Number dead/number exposed ® Laboratory grown cullure,

Table 6.3 Single Bt intraperitoneal injection of guinea pigs, utice and rats

Subspecies  Material tested Test animal Dose Menality  Reference
tested
Btk Washed ocell 24 b Sprague Dawley Rat 1.4 x 10%fu /6 Shadduck, 1980
culture® Female
Btk Commercial praduct  Mouse'? 3 x 10%Mu /5 Fisher and Rosner,
1959
Bu 48 h culturc® Swiss Mouse Female 6.8 x 10%fu  0/20 de Barjac et al 1980
' B 48 It culture® Tricolour Guinea Pig 1.7 % 10%fu (/10 de Barjac ot al 1980
Female
Bti Washed cefl® Sprague  Dawley Rat 69 x 10%fu /6 Shadduck, 1980
' 34 h culture Female
Bt Washed  commercis]l  Sprague Dawley Rats 4 x 10%[u 1/20 Siegel et al 1987
product Male and Female

* Mumber dead/number treated,” Labaratory grown culture,
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7. EFFECTS OF BT ON BIRDS
7.1 Laboratory studies

In a number of studies (Table 6.1), the acute toxicity and pathogenicity of commercial
Bta, Bti, Btk and Btm formulations for young bobwhite quail (Colinus virginianus) and young
mallards (Anas platyrhynchus), when administered daily by oral gavage at high dosages, was
evaluated (Beavers et al 1989a; Beavers et al 1989b; Beavers et al 1991c; Beavers et al 1991d;
Lattin et al 1990a; Lattin et al 1990b; Lattin et al 1990c; Lattin et al 1990d). The bt treated birds
showed no apparent toxicity or pathogenicity. In those studies which also evaluated feed
consumption and weight gain, the Bt treated birds showed no effect when compared with the non-

treated controls.
7.2 Field studies

In Canada, Buckner et al. (1974) assessed the impact of Btk on the breeding bird
populations (13-14 families, 33-34 species, during a field trial for Spruce budworm (Choristineura
Sumiferana) control, the bird populations in 20-acre control and treated plots were fneasured pre-
application and daily for three weeks post application. No differences were detected between their
populations in the control and treated plots.

In the United States of America, Gaddis & Corkran (1986) evaluated the effect of a Bt
spray programme on the reproductive performance of the chestnut-backed chickadee (Parus
rufescens). This study was undertaken to determine if secondary effects on the chickadees would
result from the possible reduction of lepidopteran species which contribute to the diet of this
species. The data showed no treatment-related effect on the number of eggs per nest, percent eggs
hatched, percent young fledged, percent of nest fledgling at least one young, and the body weight

of the nestlings.
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Table 7.1 - Effecis of Bt on birds

P e L P e e Y e P e e e

Test Specics Dose Route  Duration  Results  Reference
materials
b
Bta Colinus virginianus 1714 mg/kg/day Oral 5 days Beavers, 1991b
(3.4 x 10" cfw/kg/day)
Anas platyrhynchis 1714 mg/kg/day Oral 5 days v Beavers, 199]a
(3.4 x 10" cfwkg/day)
Bti Colinus virginianus 3077 mg/kg/day Oral 5 days ’ Lattin et al 19904
(3.4 x 10" efw/kg/day)
Anas plaryrhynehus 3077 mg/kg/day Qral 5 days ’ Lattin ct al 1990b
(6.2 x 10" cfu/kg/day)
Btk Colinus virginianus 2857 mglkg/day Oral 5 days ’ Lartin ct al 1990a
(5.7 x 10" efu/kg/day)
Anas platvrhynchns 2857 myg/ka/day Cral 5 days : Lattin et al 1990¢
(5.7 & 10" efu/kgiday)
Btm Colinus virginiarnus 740 mglkg/day Oral 5 days : Beavers et al 198%a
(4 % 10* spores/kg/day}
Aras platyehynchus 740 mg/kg/day Oral 5 days i Beavers et al 19890

(4 x 10? spores/kg/day)

‘Commercial products,
®Ng toxicity or pathogenicity.
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8. EFFECTS OF BT FISH AND OTHER AQUATIC VERTEBRATES

8.1 Effects of Bt on fish

8.1.1 Laboratory studies with Bla

Under static renewal conditions, Boeri (1991) exposed rainbow trout (Oncorhynchus
mykis) to high concentrations (100 mg/L) of a commercial Bta formulation for 96 hours and

observed no adverse effects (Table 7.1).

8.1.2 Laboratary studies with Bt

Under static renewal conditions, Suprenant (1989) exposed rainbow trout (Salmo
gairdneri) to high concentrations (100 mg/L) of a commercial Btm formulation for 96 hours and

observed no adverse effects (Table 7.1).

8.1.3  Laboratory studies with Bti, Btk and Btm

During 30- or 32-day static renewal tests, bluegill sunfish (Lepomis macrochris),
sheephead minnow (Cyprinodon variegatus) and rainbow trout (Onchorhynchus mykiss) were
exposed {0 commer¢ial Bti, Btk or Btm formulations at aqueous and dietary concentrations from
100- to 500- fold the expected environmental concentrations (Table 7.1) (Christensen, 1990a;
Christensen, 1990b; Christensen, 1990c; Christensen, 1990d; Christensen, 1990¢: Christensen,
1990f; Christensen, 1990g; Christensen, 1990h). the results of these studies indicated that
exposure to very high concentrations of Bti, Btk and Btm did not adversely affect the survival of
these fish, nor did it produce lesions. However in the Btk study, the rainbow trout had a reduced
rate of growth and a 20% mortality during the last four days of the study (Christensen 1990b).
These effects were attributed to the excessive competition for food which resulted from poor

visibility due to the turbidity and the presence of suspended solids encountered in the water,

8.1.4 Field studies

In Canada, Buckner et al. (1974) assessed the impact of Btk on brook trout (Salvelinus

Sontinlis Mitchell), common white suckers (Catostomus commersoni Lacepede) and small mouth




bass (Micropterus dolomieui Lacepede) during 2 field trial for Spruce budworm (Cheristineura

Sfumiferana) control. The fish populations were assessed visually in underwater surveys before and
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after the spray programmeme. No effect was seen on their populations.

8.1.5 Review of Bt studies on fish and other vertebrates

The World Health Organization (1992) reviewed a number of laboratory and field studies

that examined the impact of Bt on frogs (Hyia regilla, Rana temporaria) , goldfish (Carassius

aurorus), mosquito fish (Gambusia aqffinis), newts (Taricha torosa), rainwater Killifish (Lucania

parva), salamanders (Trirurus vulgaris), and toads (Bufo species). No adverse effects were

reported.,
Table 8.1 Effects of Bt for fish
Material  Speeics Dose Duration  Results  Refercnce
tested®
Bta Onchorhynchus mrykiss 100 mg/] 96 hours  +b Boeri, 1991
Btk Lepomis macrochirus 7.9 x 10%fu/L dict 32 days -c Christensen, 1990a
1.2 % 10"%fu/g water
Onchorliynchus mykiss 2.9 x 10%fu/L diet 32 days +d Christensen, 19900
1.1 x 10%%fu/g water
Cyprinodon variegatns 2.6 x 1% WL dia 30 days - Christensen, 1990¢
3.3 x 10%fu/y water
Bti Lepotris macrochiris 1.2 x 10%fu/L 30 days -¢ Christensen, 19901
1.3 x 108 fu/y diat
Onchoriyncius mykiss 1.1 x 10%{w/L wuter 32 days - Christensen, 1990g
1.7 x 10%fu/g dict
Cyprinodon variegatns 1.3 % 10%fu/L water 30 days  +e¢ Christensen, 1990h
2.1 x 10%fu/g dict
Bin Salme gairdneri 100 mg/l 96 hours  +b Suprenant, 1989
Onchorhynchies invkiss  1.26 x 10" efu/L 30 days -< Christensen, 1990d
wiater
1.34 x 10"%fu/g diet
Cyprinodon variegatus  9.94 x H0%fu/g diet 30 days -C Christensen, 1990¢
a = Commercial formulations.
b = No observed effect level.
¢ = No toxicity or pathology.
d = 20% mortality but not infectivity
¢ = 17% mertality but no pathology.
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9. EFFECTS OF BT ON AQUATIC AND TERRESTRIAL INVERTEBRATES

2.1 Effects of Bt on aquatic invertebrates

The World Health Organization (1992) reviewed a number of Iaboratory and field studies
that examined the impact of Bt in aquatic invertebrates, which included bivalve mollusks [(oyster
larvae, Crassastrea gigas, Ostrea edulis)}, copepods, decapods, flatworms, isopods, gastropods
and ostracods. of these organisms, only a few demonstrated any adverse effects,

In Canada, Nuckner et al. (1974) evaluated the impact of Btk on 2 number of aquatic
invertebrates, during a field trail for Spruce budworm (Choristineura fumiferana) control.
Populations of Amphysoda (amphipods), Decapoda (¢ray fish), Hydracarina (watermites),
Hirudinea (leeches), Hydrozoa (freshwater hydra), Nematoda (roundworms), Oligochasta
(segmented worms), Porifera (freshwater sponges), Pulmonata (freshwater snails), and Turbellaria
(flatworms) were determined by sampling 14 days prior to and up to 28 days after treatment. The
populations of these aquatic invertebrates were not affected by the btk treatment.

In the United States of America, Merritt et al. (1989) reported no detectable effects on the
drift of aquatic invertebrates, or on the numbers of these invertebrates in benthic Surber samples,
during a blackfly (Simulium species) control programmeme. |

In the United States of America, Molloy (1992) reviewed ten field trials where Bti was
used against blackfly (Simuliurm species) larvae. He concluded that although there was a potential
for adverse impact of Bti on filter-feeding chironomids, the impact on stream insect communities

overall was very small.
9.2 Effects of Bt on terrestrial invertebrates

Benz & Altwegg (1975) studied the impact of a Bt treatment at 100-fold the recommended

rate on populations of the earthworm (Lumbricus terrestris) and found no effect.
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10. EFFECTS OF BT ON NON-TARGET ARTHROPODS

10.1  Effects of coleopteran-active Bt subspecies on arthropoeds

No publicly available reports are available on Bt subspecies that are used to control pests

in the order Coleoprera.
10.2  Effects of dipteran-active Bt subspecies on arthropods
Lacey & Mulla (1990) summarized a number of studies of the effects of Bti on non-target

arthropod species and arthropod populations in the laboratory and field (Table 9.2.1). The results

of representative studies are summarized.
10.2.1 Effects of Bti on Coleoptera
10.2.1.1 Laboratory studies

Field-collected adult aquatic beetles exposed to Bti caused little or no mortality (Schnetter
et al 1981). '

10.2.1.2 Field studies
Qver a three season period, Bii administered at mosquito larvicidal rates had ne adverse
effects on the larvae of diving beetles (Dytiscidae) or water scavengers (Hydrophylidae) (Mulla,
1988; Mulla et al 1982),
In the United States of America, the application of a Bti formulation in a wildlife marsh
showed no adverse effects on beetle larvae (Mulligan & Schaefer, 1982),
10.2.2 Effects of Bti on Diptera

10.2.2.1 Laboratory studies

Four species of chironomid larvae (Chironomus crassicaudatus, Chironomus decorus,

Glyptotendipes paripes, Tanytarus species) were tested with four Bti preparations. The larvae were
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Jess susceptible to Bti, being 13- to 75-fold more tolerant than mosquito larvae to the various Bti
preparations (Aly, 1981; Aly et al 1981).

Garcia et al. (1980) induced fow to high levels of mortality in some nematocerous
Diptera, including a variety of taxa in the families Ceratopogonidae, Chironomidae and Dixidae,
using dosages of Bti that were 50 to several hundredfold higher than concentrations used for
mosquito control,

Schnetter et al. (1981) reported complete mortality in chironomid larvae (Chironomits

thummi) exposed to high levels of Bti for 48 hours without food.

10.2.2.2 Field studies

Aly (1981) evaluated the efficacy of various levels of a Bti formulation against
chironomids in the families Chironomini and Tanytarsini and obtained mortality at the dosages
higher than those employed to control mosquito larvae.

Miura et al. (1980), using mosquito larvicidal dosages of a commercial Bti product,
showed no reduction in the field populations of chironomids following treatment.

Mulla et al. (1971) reported marked reductions in some chironomid populations, using a
commercial Bt product at rates of 20 to 40 times the mosquitocidal rates.

Mulligan & Schaefer (1982) reported a 40 to 70% reduction in some chironomid species
after application of a Bti formulation to a wildlife marsh,

Rogatin & Baizhanev (1984) noted a significant reduction of chironomids after Bti

exposure.

10.2.3 Effects of Bti on Ephemeroptera

10.2.3.1 Laboratory studies

Aly (1980) tested a Bti formulation at 20-fold the larvicidal dosage for mosquitos and
reported no adverse effects against larval mayflies (Baetiy species).

Schnetter et al. (1981) reported mayflies (Cloeon species) suffered no mortality when fad
Bti at high dosages.




----------
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10.2,.3.2 Field studies

Extensive quantitative observations were made on mayfly naiads, mostly Callibaetis
pacificus, but no notable effects were observed when Bti was applied against mosquito larvae
(Mulla, 1988; Mulla et al 1982).

Mulligan & Schaefer (1982) found Bti did not adversely affect maytly naiads (Callibaetis

species).

Schnetter et al. (1981) reporied mayflies (Clogon species) were not impacted when Btl was

used against floodwater mosquito (Aedes vexans) larval habitats.

10.2.4 Effects of Bti on Heteroptera

10.2.4.1 Field studies of the family Corixidae

Mulligan & Schaefer (1982) determined low water boatmen (Corisella species) populations

prevailed before and afier treatment with a commercial Bti formulation.
Schnetter et al. (1981) collected water boatmen (Corisella species) from mosquito larval
habitats on the upper Rhine river in Germany. The water boatmen population was not affected

after exposure to Bii for 48 hours.
10.2.4.2 Laboratory studies of the family Notonectidae

Aly & Mulla (1987) fed Bti intoxicated mosquito larvae (Cu?ex quinquefasciarus) 1o freld
collected fourth to fifth instar backswimmers (Notonecta unduiara). The larvae were fed at the
rate of 10 larvae per predator per day for 4 days, then the predators were fed unintoxicated
mosquito larvae and observed for 15 tw 17 days. The nymph and adult notonectids demonstrated
no adverse affects.

Olejnicek & Maryskova (1986) observed ne marked mortality in backswimmers
(Notonecta glauca) that were fed Bti intoxicated mosquito larvae.

Schnetter et al. (1981) found no mortality in backswimmers (Notonecta glauca) exposed
for 48 hours to high levels of Bti.
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10.2.4.3 Field studies of the family Notonectidae

Adverse effects have not been noted on backswimmers (Buenoa species, Notonecta
undulara, and Notonecta unifasciara) during field trials with Bti (Mulla, 1988; Mulla et al 1932).

Mulligan & Schaefer (1982) reported the backswimmers (Notonecta species) populations in
a wetland marsh were not adversely by the application of a Bti formulation,

Purcell (1981) noted reductions in populations of backswimmers (Buenoa elegans) and
Notonecta indica atier application of Bti, but attributed this to the flying activity of these

predators.

10.2.5 Effects of Bti on Qdonata

10.2.5.1 Laboratory studies

Mosquito larvae intoxicated with extremely high dosages of Bti were fed to naiads of the
dragonfly (Tarnetrum corrupturm) and damselfly (Enallagma civile); however, the duration of
development of the dragonfly and damselfly natads, from the time of exposure to emergence, was
not affected (Aly, 1985; Aly & Mulla, 1987).

10.2.5.2 Field studies

No adverse effects against naiads of the dragonfly (Tarnetrum corruptum) and damselfy
(Enallagma civile) were reported when Bti was used against larval mosquito populations (Mulla,
1988; Mulla et al 1969),

No notable reduction in the nymphs of several species of dragonfly (Anisoptera) and
damselfly (Zygoptera) occurred when Bti was applied in 2 wetland marsh (Mulligan & Schaefer,
1982).

10.3  Effects of lepidopteran-active Bt subspecies on arthropods

Melin & Cozzi (1990} summarized a number of studies on the effects of Btk, Btg, Btt,
and Bte on non-target arthropod species and arthropod populations in the taboratory and field.

Representative studies on Btk, Btg, Btt, and Bte are listed, respectively (Tables 9,3.1,
9.3.2,9.3.3 and 9.3.4). The results of each study are summarized,




10.3.1 Effect of Btk on Acarina

Horsburgh & Cobb (1981) reported populations of the two-spotted spider mite (Tetranchus

urticae} and Panonychus ulmi were not atfected by biweekly sprays with a commercial Btk
product,

Weires & Smith (1977) determined that sprays of a commercial Btk product on apples
during a 4-month season had no effect on the two-spotted spider mite (Tetranchus urticae) and

Panonychus ulmi or on two predatory mites {(Amblyseius fallacis and Zerzellia mali).

10.3.2 Effects of Btk on Coleoptera

10.3.2.1 Laboratory studies

Obadofin & Finlayson (1977) determined that a commercial Btk product had a minimal
effect on the ground beetle (Bembidion lampros).

Wilkinson et al. (1975) evaluated the contact activity of a commercial Btk product for 5
days at levels equivalent to field rates on an adult ladybird bestle (Hippodamia convergens) and

found no adverse effects.

10.3.2.2 Field studies

Asquith (1975) found that black ladybird beetles (Stezhorus puncrim) on apple trees
(Malus pumila) were not affected by treatment with a commercial Btk product.

Buckner et al. (1974) monitored populations of ground beetles following aerial spraying of
spruce with two commercial Btk products and found no effect on these predators.

Harding et al, (1972} detected no reduction in population levels of ladybird beetles
(coccinellids), rove heetles (staphyllinids), and checkered beetles (clerids) in plots treated with a
commercial Btk product.

Johnson (1974) evaluated several commercial Btk products as both sprays and baits on
tobaceo (Nicotiana rabacum). During the 2 year study, the populations of two coccinellids

(Hippodamia convergens and Colemegilla macularta) were not atfected by the microbial

treatments.
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Wallner & Surgeoner (1974) found no effects on coccinellids (Cycloneda munda,
Chilocorus bivulnerus, and Adalia bipuncta) following forest sprays with 4 commercial Btk

product,

10.3.3 Effects of Btk on Dermapiera

Workman (1977) exposed earwigs (Labidura riparia) to a commercial Btk product at rates
equivalent to 10 times the normal field application rate. No mortality was observed in these

predators.

10.3.4 Effects of Btk on Diptera

10.3.4.1 Laboratory studies

Hamed (1978-79) found that two tachnid species (Bessa fugax and Zenilla dolosa) were
not affected after being fed suspensions of a commercial Btk product

Horn (1983) observed a reduction in the number of syrphid farvae on collards sprayed
with a commercial Btk product. This effect was attributed to a repellent effect on the syrphid
adults.

10.3.4.2 Field studies

Dunbar ef al. (1972}, when evaluating a commercial Btk product for the control of gypsy
moth (Lymaneria dispary and elm spanworm (Ennomos subsignacius), found no adverse effact for
two technids (Blepharipa scutellara and Parasitigena agilis).

Fusco (1980) reported an increased parasitism by two tachnids (Blepharipa pratensis and

Compsilura concinnata) when Btk was applied in a field study.
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10.3.5 Effects of Btk on Heteroptera

10.3.5.1 Laboratory studies

Hamed (1973-79) found that Picromerus bidens was not adversely affected after feeding
upon prey lepidoptera (Yponomeura evonymellus) larvae that had fed upon leaves treated with

commercial Btk products.
10.3.5.2 Field studies

Elsey (1973) reported no detrimental effect on spined stiltbug nymphs or adults (Jalysus
spinosus) during a 2 month field study with a commercial Btk product.

Harding et al. (1972) conducted a 2 year study to evaluate the effects of Btk on the natural
enemies of the bollworm (Helicoverpa zea) on cotton (Gossypium hirsutum). Following
applications of Btk against this pest, they reported no detectable effects on Anthocoridae (minute
pirate bugs, Orius species), Lygaediae (bigeyed bugs, Geocoris species), Nabidae (damsel bugs,
Nabis species), or Reduviidae (assassin bugs). ‘

Jensen (1974) used a commercial Btk product on sovbeans (Glycine canescens) to control
the green cloverworm (Anticarsa gemmitalis) and the velvetbean caterpillar (Anticarsis
gemmitalis). No adverse effect was observed on Lygaediae (bigeyed bugs, Geocoris species) or
Nabidae (damsel bugs. Nabis species),

Wallner & Surgeoner (1974) found no effect on the spined soldier bug (Podisus
maculiventris), following forest sprays of commercial Btk products to control the oakleaf

caterpillar (Heterocampa manteo).
10.3.6 Effects of Btk on Hymenoptera
10.3.6.1 Laboratory studies on honey bees
Krieg (1973) observed mortality in adult honey bees (Apis mellifera) that were fed non-

sporulated broth cultures of Btk, The mortalities were attributed to the thermolabile alpha-toxin.

Since alpha-toxin is inactivated during sporulation, the toxin would not present a problem in

sporulated commercial Btk products.
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When Krieg et al. (1980) fed fully sporulated cultures of Btk to adult honey bees (Apis
mellifera) at concentrations of | x 10" spores and crystal per bee over a 7-day period no harmful
effects were observed.

Burges (1976) studied the survival of Btg spores in beeswax, then speculated that the
spores would remain viable in honey virtually indefinitely. The honeybee (Apis mellifera) would
not be threatened by such persistence because of their innate resistance.

Cantwell & Shich (1981) fed a 1:20 solution of Btg in a sucrose solution w newly
emerged adult honey bees (Apis mellifera). After 14 days, there was no differences in mortality
batween treated and untreated groups, Treatment of hives resulted in no adverse effect on the
adult workers or colony life as determined by egg laying, brood production, brood capping, or

honey production.

10.3.6.2 Field studies on honey bees

In Canada, Buckner et al. (1974) observed no adverse effects on honey bees following
aerial spraying of spruce (Picea species) with commercial Btk products.
Btg has been proven efficacious in controlling wax moths (Galleria species) associated

with bee hives (Burges, 1977, Burges & Bailey, 1908).

10.3.6.3 Laboratery studies on parasitoids

Dunbar & Johnson (1975) collected adult parasitoids (Cardiochiles nigriceps) in the field
and fed them suspensions of a commercial Btk product. In the group fed Btk, shorter life spans
were reported. Since the investigators could not be sure feeding actually took place, starvation
may have been the cause of death.

Hassan & Krieg (1975) observed no adverse effects on adult chalcid wasps (Trichogramma
cacoeciae) that were fed suspensions of a commercial Btk product.

Krieg et al. (1980) fed washed spores and crystals of Btk (3 x 107 spores and crystals) for
7 days to adult chalcid wasps (Trichogramma cacoeciae) and observed no mortality or reduced
capacity to parasitize.

Muck et al. (1981) reported significant mortality in adult braconids (Coresia glomerata)
that were fed a commercial Btk product at rates of 10% and 10? spores per ml, but observing little
effect on the adult parasitoids (Pimpla turionellae). They reported midgut epithelial damage in the

Pimpla turionellae, which resulted from the ICP.
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Thoms & Watson (1986) found lower survival in adult ichneumonids (Hyposorer exiguae)
fed suspensions of a commercial Btk product. They concluded the mortality was due to the spore-
crystal complex.

Wallner & Sturgeon (1974) observed no effect on parasitoids following treatments with
commercial Bik products for control of the notodontid moth (Hererocampa manteo).

Wallner et al. (1983) reported synergism with the braconid (Rogas lymantriae) and the
gypsy moth (Lymantria dispar) hosts ted Btk. The sex ratio of the parasitoids was skewed to
produce more males in the treated larvae, since the femnales lay more fertilized eggs in larger host
larvae,

Weseloh & Andreadis (1982) reported synergism in laboratory tests with gypsy moth
larvae (Lymantria dispar) fed a commercial Btk product and exposed to the braconid (Coresia
melanoscelus). The percentage of parasitism was increased in Bik-intoxicated larvae since these

arew more slowly and were at the approximate size suitable for parasitism for a longer time.

10.3.6.4 Fleld studies on parasitoids

Buckner et al. (1974) reported no detrimental effects on parasitoid populations with the
field application of a commercial Btk product

Dunbar et al. (1972) reported an increase in the percentage of parasitism of gypsy moth
(Lymartria dispar) and elm spanworm (Ennomos subsignarius) larvae in forestry plots treated with
a commercial Btk product.

Fusco (1980) reported an increase in the percentage of parasitism of gypsy moth
(Lymaniria dispar) larvae by the braconids (Coresia melanoscelus) and Phobohocampe unicincia
following aerial sprays with a commercial Btk product.

Hamel (1977) found that parasitoids attacking early instar western spruce budworm larvae
(Choristoneura occidentalis) increased in number following aerial application of a commercial Btk
product, while older budworm larvae were reduced in number.

In two field studies, commercial Btk products showed no detrimental effects on parasitoid
populations {Morris et al 1977; Morris et al 1980).

Waller & Surgeoner (1974) demonstrated 6-fold to 12-fold increases in the percentage of
parasitism in gypsy moth larvae (Lymantria dispar) by the braconid (Cotesia melanoscelus) in

forestry plots treated with 2 commercial Btk product.
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10.3.7 Effects of Btk on Neuroptera

Hassan (1983) determined a commercial Btk product to be harmless to adult lacewings
(Chrysopa carnea) when they were exposed at normal field rate concentrations.

Wilkinson et al. (1973) found no effect on either larval or adult lacewings (Chrysopa
carnea) when a commercial Btk product was applied as a contact spray at recommended field

rates.

10.3.8 Effects af Btk on Orthoptera

Yousten (1973) fed lethal quantities of Btk to larval cabbage loopers (Trichoplusia ni) and
just prior to death offered these larvae to young Chinese praying mantids (Tenodera aridifolia
subspecies sinensis). The mantids were not susceptible to the spore-crystal mixtures in the intact
insect host.

10.3.9 Effects of Btt on arthropods

10.3.9.1 Effects of Btt on Coleoptera

Kazakova & Dzhunusov (1977) reported a comnmercial Btt product caused mortality to the
seven-spotted ladybird beetle (Coccinella seprempunctata). These lethal effects were attributed to
the presence of beta-exotoxin in the Bt product, the bacterium, or the ICP.

10.3.9.2 Effects of Btt on Hymenoptera

10.3.9.2.1 Laboratory studies on honeybees

Cantwell et al. (1966) fed honeybees (4pis mellifera) sugar solutions containing Btt

spores, Btt culture supernatant with beta-exotoxin, and Btt crystals. The crystais did not harm the

bees, but the supernatant caused nearly 100% mortality at day 7. Significant mortality was seen in
the spore treated bees at § days and was attributed 1o bacterial septicemia. It should be noted that
the dosages of each treatment were many times higher than the bees would be exposed to in the

course of a lepidopteran control programme.
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Krieg (1973) reported mortality in honeybees (Apis mellifera) fed whole nonsporulated
cultures of But, which was attributed to the presence of beta-exotoxin,
Krieg & Herfs (1963) reported that vegetative cells of Btt did not harm honeybees (Apis
mellifera);, however, they reported toxicity in Btt preparations containing the beta-exotoxin.
Martouret & Euverte (1964) fed worker honeybees (Apis mellifera cultures of Bit
incorporated into mixtures of sugar, honey, and clay. Complete mortality was seen at 7-days for

the spore-crystal-exotoxin preparation and at 14 days for the spore-crystal complex.

10.3.9.2.2 Laboratory studies on parasitoids

Hassan (1983) observed the chaleid (Trichogramma cacoeciae) was not affected by
exposure to dried surface films of But.

Hassan and Krieg (1973) fed a suspension of a commercial Btt product to adult chalcids
(Trichogramma cacoeciae) and reported a reduced capacity to parasitize. This may have been due
to the beta-exotoxin in the Bit product,

Krieg et al. (1980) fed washed spores and crystal of Btt to adult chaleids (Trichogramma
cacoeciae) for 7 days and observed no mortality or reduced capacity to parasitize.

Lowered reproductive potential was observed for both the braconid (Microplitis demolitor)

and Zela chlorophthaima following exposure to Btt (Salama & Zaki, 1983; Salama et al 1982).

10.3.10 Effects of Bte on arthropods

10.3.10.1 Effects of Bte on Coleoptera

Salama & Zaki (1983) reared cotton leafworm larvae (Spodoprera littoralisy on a diet
containing Bte and then fed these larvae to adult staphylinid beetles (Paederus alferii). Predator
longevity was not significantly affected and no difference was seen in prey acceptance between
untreated larvae and those exposed 10 Bte.

Salama et al. (1982) treated aphids with sprays of Bte and provided these treated insects to
newly hatched coccingllid larvae (Coccinella undecimpuncrara). The survival of larvae of
predators was not affected by feeding on the treated prey. However, the duration of predator
larval development was increased in the group treated with Bte and there was a definite reduction

in prey consumption.
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10.3.10.2 Effects of Bte on Hymenoptera

Salama & Zaki (1983) reported increased development times for the cotton feafworm

(Spodoptera littoralis) and Zefe chlorophthalma treated with Bte.

10.3.10.3  Effects of Bte an Neurooptera

Salama et al. (1982) evaluated the etfect of Bte on the development of lacewing larvae
(Chrysopa carnes) by presenting them with either sprayed aphids or treated cotton leafworm
larvae (Spodoprera littoralis). When fed either the sprayed aphids or the treated cotton leafworms,
the duration of larval development was significantly extended and prey consumption was

significantly reduced.
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Table 10.1 Effects af Bii an non-target arthropods

Arthropod Qrdery Type of Sudy Rasulis Raferences
Coleoptera Labgratary - Schnettar et a] 1981

Fieid - Mulla, 1988

Ficld - Mulla et al 1982

Field Mulligan & Schaefer, 1982
Diptera Laboratory + Aly, 1981
(Chironomidae) Laborutory + Aly et al 1981

Labaratory + Garcia et a] 1980

Laborztory + Schnetter ci al 1981

Field + Aly, 1981

Ficld - Miura et al 1980

Field + Mulla et al 1971

Field + Mulligan & Schaefer, 1982

Field + Rogatin & Baizhanev, 1984
Ephemeroptera Luborawry - Aly, 1950

Laboratary Mulligan & Schaefer, 1982

Laboratory Sehnetter ¢l 2l 1981

Field - Mulla, 1988

Field - Mulla et al 1982

Field - Mulligan & Schaefer, 1982

Field - Schnetter et al 1981
Heteroptera Ficld - Mulligan & Schaefer, 1982
(Corixidae) Field - Schnetter ct al 1981
Heteroptera Laboratory - Aly & Mulla, 1987
{Notonactidaa) Labormory - Olgjnicek & Maryskova, 1986

Laboratory - Schnetter ot al 1981

Ficld - Mutla, 1988

Field - Mulls et a] 1982

Field - Mulligan & Schacfer, 1982

Fiela + Purceil, 1981
Odonata Laloratory - Aly, L1985

Laboratory - Aly & Mulla, 1987

Field - Mulla, 1988

Field - Mulla ct al 1969

Ficld - Mulligan & Schaefer, 1982

* Data from Lacey & Mulla (1990}
- = no effect reported: + = un effect wus reporied, but does not imply that either individual arthropods or
populations of arthropods were adversciy affected.

b
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Table 10.2  Effects of Brk on non-turget anthropods®

Arthropod Orders Type of Study Results® References
Acarina Ficld - Horsburgh & Cobb, 1981
Ficld - Weires & Smith, 1977
Coleoptera Laboratory - Obadeflin & Finlayson, 1977
Labomlary - Wilkinson e al 1975
Ficld - Asquith, 1975
Fizld - Buckner st 4l 1974
Ficld - Harding et al 1872
Ficld - Johnson, 1974
Ficld - Wallner & Surgeoner, 1974
Dermaptera Laboratory - Workman, 1977
Diptera Laboratory - Hamed, 1978-197%
Laboratory + Horn, 1983
Ficld - Dunbar el al 1972
Field - Fusco, 1980
Heteroptera Laboratory - Hamed, 1978-1978
Ficld . Elscy, 1973
Field - Harding et al 1972
Field . Jensgen, 1974
Ficld - Wallner & Surgeoner, 1974
Hymenaptera (Honey bees) Laboratory - Krieg, 1973
Labaoratory - Kricg ct al 1980
Ficld - Buckner et al 1974
Hymenoptera (Parasitoids) Laberatory + Dunbar & Johnson, 1975
Laboratory - Hassan & Kricg, 1975
Laboratory - Krieg et al 1980
Laboratory + Muck et al 1981
Laboratory + Thoms & Watson, 1986
Liboratory - Wallner & Surgeoner, 1974
Laboratory + Wallner et al 1983
Laboratory + Weseloh & Andreadis, 1982
Field - Buckner et al 1974
Field - Dunbar et a] 1972
Field - Fusco, 1980
Field - Hamel, 1977
Field - Morris et al 1977
Ficld - Morris et al 1980
Ficld - Waller & Sturgeon, 1974
Field + Weseloh e a] 1983
Meuropters Laboratory - Hassan, 1983
Laboratory - Wilkinson et al 1975
Orthoptera Laboratory - Yousten, 1973

"Data from Melin & Cozzi {1990).
b = no effect reported; + an eficct was reported, but does not imply that either individual anthropods or populations
of arthropods were adversely affected.




10.3.10.4

7] -

Effects of Big on arthropods

Table 10.3 Effects of Bty on non-target arthropods®

Arthropod Orders

Type of Study

Resulis”

References

Hymenoptera (Honey becs) Laulsoratory

Laboratory
Ficld
Field

Burges, 1976
Cantwell & Shich, 1981
Burges, 1977
Burges & Bailey, 1968

Table 10.4 Effects of Bit on non-turget arthropods

Arthropod Orders Type of Study Results® References
Coleoptera Field + Kazakova & Drhunusov, 1977
Hymenoptera Labigratery - Cantwell ct al 1966
{Honey bees) Laboratory + Krieg, 1973
Laboratory + Kreig & Herfs, 1963
Laboralary - Murtotret & Euverte, 1964
Hymenaptera Laboratary + Hussan, 1983
(Parasitoids) Laboralory - Hasgsand & Krieg, 1973
Laboratory - Kricg et al 1980
Laboratory + Salama & Zaki, 1983
+ Salama et al 1982

Table 0.5 Effects of Ble on non-turget arthropads

Arliropod Orders Type of Study Resujts® References
Coleoptera Laboralory - Suluma & Zuki, 1983
Laboralory + Salama ct al 1982
Hymenaptera Laboratary + Salamu & Zaki, 1983
{Parusitoids)
Meuroptera Laboratory + Salama ¢t al 1982
* Data from Meclin & Cozzi (1920).
® . = no effect reporied; + an effect was teporied, but does not imply that cither individual arthropods or populations of

arthropods were adversely affected.
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11. EXPOSURE AND EFFECTS OF BT ON HUMANS

11.1 Human exposure to natural habitats

For eons, humans have been exposed to Bt in their natural habitats, particularly from soil,
water and the phylioplane. However in the recorded scientific literature, no adverse effects to

these anvironmental Bt levels have been documented.

11.2 Human exposure to artificial habitats

The field application of Bt products can result in aerosol and dermal exposure of workers,

while agricultural uses of Bt can also result in dietary exposure.

11.2.1 Experimental exposure of humans

Eight human volunteers ingested 1 gram of a Btk formulation (3 x 10° spores/g of
powder) daily for 5 days. Of the eight volunteers, five also inhaled 100 mg of the Btk powder
daily for five days. Comprehensive medical examinations immediately before, after, and 4 to 5
weeks later failed to demonstrate any adverse health effects, and all the blood and urinalysis tests

were negative (Fisher & Rosner, 1959},

11.2.2 Exposure of workers in manufacturing

Many manufacturers of Bt products monitor the exposure and the associated health risks of
their workers, There are no reports of such workers having been adversely affected (Anonymous,
Abbott Laboratory Report, 1994).

11.2.3 Exposure of werkers in spraying operations

In Canada, Noble et al. (1992) studied aerosol Btk exposure and subsequent nose and
throat carriage of Bt by workers during a major spray programme for gypsy moth (Lymaniria
dispary control. Spraying down from high lifts, spraying low foliage or spraying with prevailing
breezes resuited in lower exposures of spray operators than did spraying upwards into trees. The

mean exposure values ranged from 3.0 x 10° to 5.9 x 10° Bt/m* sampled air. Individuals working
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most shifts during the spray period were exposed to 5.4 x 10° to 7.2 x 107 organisms. Nearly all
the workers exposed to higher concentrations for several shifts (5 to 20) were culture-positive for
Bt, and the majority of the workers remained culture-positive for 14 to 30 days. Of those who
were culture-positive, eight workers reverted to a culture-negative status during the project or
within 30 days of project completion, During the spray programme, some workers experienced
chapped lips, dry skin, eye irritation, and nasal drip and stuffiness, but no serious health problems
resulted. These symptoms were transient and frequently occurred during the beginning of a spray
run and when Bt spray concentrations were increased. No significant differences were found with
respect to gender or smoking status,

In the same study, Noble et al. (1992) evaluated the health records of the general
population in the coumty where the Btk spray programme was conducted. After examining the
records of 3500 hospital emergency room admissions, 1140 family practice patients, and over 400
bacterial cultures from 10 hospitals, no evidence for community illness or infections attributed to
Btk could be documented.,

In France, Leferrigre et al. (1987) demonstrated antibody titers in 11 of 107 workers
exposed to Btk during a two year spraying period. By the middle of the spray operation, seven
had developed titers to spore-crystal complexes, six to vegetative cells, and one to spores. Their
titers tended to be low, but were higher in those exposed for a second year. Two months after the
exposure ended, nine workers were retested. Of these workers, five had no detectable antibodies
to the spore-crystal complexes, and four who had been among those with the highest titers against
vegetative cells had significantly lower titers, The immunological responses of the workers were
similar to those that would be expected from exposure to any microbial agent.

In the United States of America, Elliott (1988) measured the exposure of individual
workers and other individuals within the spraying area on the day of application, during an aerial
Btk spray programme for gypsy moth (Lymantria dispar) control. Concentrations of spores were
measured using personal air sampling devices. The concentration of spores ranged from O to 1.1 x
10* cfu/m® for individual workers, the highest of which was incurred by a card checker who was
in brief contact with the material. For non-working individuals, their average Bt exposure was 1.3
x 10° cfu’. In the spray area, a general survey showed concentrations of 0 to 4.2 x 10° cfu/m®.
The individual total exposures for those representing the workers and the general population were

not caleulated.
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11.3  Clinical case reports

Commercial Bt products have been used for over two decades, but Bt has been isolated in
only a few cases of human bacterial infection. There is little, if any, direct evidence that Bt has

played an active role in these inflammatory conditions.

11.3.1 Corneal ulcer

Samples and Buettner (1983) reported that a farm worker developed-a corneal ulcer in one
eye which was accidentatly splashed with a commercial Btk product and Bt was subsequently
isolated from the affected eye. The eye was treated with a topical antibiotic and corticosteroid and
the corneal ulcer resolved 14 days after treatment. The report attributed the corneal ulcer to Bt
infection. However, the possibility that Bt may have been a non-pathogenic contaminant of the
ulcer was not considered.

There are no other reports of Bt being associated with ocular infections in workers.

11,32 Abscesses and cellulitis

Warren et al. (1984) reported a research worker developed a marked local reaction and
lymphadenitis following a needle stick injury when handling Bti. Acinetobacter calcoaceticus and
Bt were cultured from the exudate. The condition responded to penicillin.

Green et al. (1990) reported that Bt was isolated from two laboratory cultures where the
specimens originated from a Btk exposed population. However, evidence for active Bt infection
was weak. The report also acknowledged that environmental contamination of the cultures was
possible.

Noble et al. (1992) reported Btk was isolated from skin abscesses in an IV drug user.

There are no other reports of Bt being associated with either abscesses or cellulitis in

workers.
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11.4  Dietary exposure of the general population

11.4.1 Potable water

The WHO (1985) considered the safe use of MPCA at the Ninth Meeting of the WHO
Expert Committee on Vector Control in 1984. The report recommended that only the saprogenic
form of Bti should be added to vessels containing drinking water. At the 1990 meeting, the WHO
(1991) after reviewing new research data stated that its previous recommendation was unduly
restrictive, provided that properly designed formulations were used.

In some countries in Asia and Indonesia, Bti has been added to domestic containers of
drinking water for mosquito control (Reterences). From these high Bt exposures in drinking
water, no adverse effects in humans have been reported.

In Africa, some rivers have been dosed with Bti at weekly intervals blackfly control
activities (References). No adverse etfects in the human populations that drink the river water
have been reported.

Btk has been reported to survive for 1 t0 2 months in fresh water and in sea water;
however, viable Bt cultures have not been isolated from drinking water supplies (Menon et al
1985).

11.4.2 Food

The FAQ/WHO Food Standards Programme (1982) has not established a standard for the
level of Bt in food.

There is little information on levels of Bt to be found in food, but it is possible that in
view of the widespread prevalence of Bt, the presence of Bt in food is common and is not always
retated to the use of Bt on food products. Bt spores have been shown to be unable to gertinate in
mammalian digestive systems; however, Bt has been isolated from fecal and urinary samples in
occupational studies.

In the United States of America, Noble et al. (1992) reported that 5 of 10 vegetable
samples were positive for Btk. The positive samples were obtained from both supermarkets and
from organically grown produce. Such results may account for the recovery of Bt from fecal and
urinary samnples during the occupational studies and may reflect community exposure through
food.
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12. EVALUATION

Humans must have been exposed to Bt for many years before its commercialization as a
MCPA. As far as human health is concerned, the cultured organism, which was originally isolated
from diseased insects, is indistinguishable from Bt recovered from the soil.

A distinction must be made between contamination and infection. Non-pathogenic
organisms are present in food, water, or the environment, and can be recovered from man by
culture and in fecal samples. Infection implies the proliferation of an organism in or on the
surface of the body with deleterious effects on the tissue around it. There is no evidence in the
literature on Bt that there is any risk of infection by this organism, even in immunocompromised
cases, and this has been supported by animal experiments. The bacterium may be readily isolated
from some body tissues and fluids, especially after exposure to high concentrations during spray
operations, but it does not cause infections. There is some evidence that exposure to concentrated
commercial preparations might be mildly irritating to the skin and eyes, but it is not known
whether this is due to the bacterium itself, to vehicles and diluents in the commerg¢ial formulation
or even to exposure to products from the target organism. Apart from this effect, there is no
evidence that Bt has any adverse effects on humans.

The exposure of the public to food containing transgenic plants expressing ICPs may
occur in the near future. The gene of Bt that produces the ICP when in¢luded in the plant
structure has the effect of increasing the resistance of the plant to pest attack. Since this gene in Bt
has not had any effect on mammals and other NTOs, it is unlikely to alter this characteristic after
inclusion in a plant. Nevertheless, such plants and their products which might be ingested by
humans may need to be screened for mammalian safety according to internationally agreed
protocols.

In the future, it seems likely that Bt will be genetically modified to extend its pesticidal
action to other insect species and organisms. More complex testing for safety to mammals may be
required on these modified organisms betore their release into the environment. This will be
governed by national and international regulations and codes of practice.

Bt has been found in soil, water, and on vegetation in 4 range of habitats worldwide.

Following commercial applications of Bt, rapid decline of biological activity on foliage has
been attributed primarily to photoinactivation, Bt spores may persist for long periods in soil,
where germination and proliferation may occur.

Following application of Bti to water, rapid decline of biological activity has been

attributed to sorption onto particulate material. A high proportion of biological activity may be
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restored on resuspension of settied particles bearing adsorbed Bti, but there is no evidence of
significant ecological impact from remobilization.

There may be some proliferation of Bt in the cadavers of target insects killed by Bt, but
gpizootics have not been documented.

No direct effect on Bt on plants has been attributed 1o toxic or pathogenic action in
laboratory and field studies.

No direct effect on Bt on vertebrates has been attributed to toxic or pathogenic action in
laboratory and field studies.

A few adverse direct effects on some non-target invertebrates have been observed in both
laboratory and field studies; however, these effects have been restrieted to a narrow range of
species and have been considered not to be ecologically significant.

Both positive and negative indirect effects on some insect parasitoids have been
documented.

Many new Bt products are being developed. Some Bt products may increase specificity by
reducing the opportunities for exposure of NTOs. For example, the expression of Bt toxins in
particular tissues where pests feed, while other Bt products are clearly intended to increase the
spectrum of activity or prolong persistence in the environment and may therefore reduce
specificity. In assessing the environmental safety of new Bt products, whether they be new
formulation or existing Bt strains, transgenic Bt strains, other transgenic organisms expressing Bt
toxins, or non-biological preparations of Bi-derived toxins, it will be important to consider how

specificity may differ from that of more familiar products.
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13. CONCLUSIONS AND RECOMMENDATIONS

Bt products are the most widely used MPCA,

The active ingredients of Bt are the ICPs, a class of insecticidal proteins with a unique
mode of action on the gut epithelium of susceptible insects.

The activity spectrum of Bt is limited to insect species within the orders Coleoptera,
Diptera and Lepidoptera. Some nematodes also are affected.

The insecticidal activity of a Bt strain is determined by the kind of ICP it produces and the
host receptors for the processed active toxin. Receptor binding of the ICP is the major
determinant in insect specificity.

Commercial Bt products used to treat pest ingects contain one or more ICPs and may also
include spores and/or vegetative cells.

The safety of Bt products for humans, other vertebrates and non-target invertebrates is
higher than most chemical insecticides.

The GILSP standards should be employed for the large scale production of Bt products.
A Bt product should contain the ICP and the CytA protein in the case of Bti. It is
desirable that Bt products be free from other biologically active metabolites.

Bt products can be safely used to control agricultural and forest pest insects.

Bt products can be safely used to control mosquito and blackfly larvae in water bodies.
Bt can be safely used to control mosquito larvae in drinking water. |

New Bt products based on either new Bt strains and/or new ICPs require appropriate
safety testing.

Recombinant microorganisms used as hosts for the expression of ICPs require safety
testing on a case by case basis.

Recombinant host plants used as hosts for the expression of 1CPs require safety testing on
a case by case basis.

The FAO and WHO should develop standard specifications for Bt preparations as is done

for chemical pesticides.
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I4. RESEARCH NEEDED

Future research should continue to study the fate ot Bt spores in the environment.

Future research is needed to study the stability of ICP genes in transgenic organisms. This

also includes horizontal gene transfer,

Oligonueleotide DNA probes as well as other techniques should be developed to monitor

the fate of Bt and ICP genes in the environment.

Future research is needed to investigate the molecular basis of the development of insect

resistance to Bt and to develop strategies to prevent or overcome resistance.

Future research should continue to 1solate and characterize new naturally occurring Bt

subspecies and straing with different host specificities.
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