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Considerations on the safety
of certain biological agents for arthropod control *
RAY F. SMITH

on behalf of the participating scientists

During the past three decades synthetic pesticides
have become a principal weapon in the control of
insects of public health and agricultural importance.
Because of actual or potential harm to the environ-
ment, several countries have restricted the continued
use of some of the more persistent insecticides. On
the other hand, some more readily biodegradable
insecticides, although desirable as regards the
environment and potent in their control of certain
insect pests, have undesirable properties in the field:
short residual action that often necessitates their
frequent reapplication, uneconomic cost, and toxicity
to man and other animals. In addition, certain
insects have developed resistance to some of the
newly-developed insecticides. All these limitations
make the development of alternative methods of
control imperative. Biological agents in particular
have sometimes been used with considerable success
in agriculture, and have shown promise in public
health.
One purpose of the Conference on the Safety of

Biological Agents for Arthropod Control was to
review the present status of the use of such agents
with the aim of making their future use safe for man
and his environment. Broad guidelines were con-
sidered for the development and evaluation of these
organisms, particularly bacteria, nematodes, fungi,
protozoa, and larvivorous fish.'

PRESENT STATUS OF BIOLOGICAL CONTROL AGENTS

There is concern over both the loss of effective-
ness of synthetic organic substances and their accu-

* This report was prepared by the participants in the
Conference on the Safety of Biological Agents for Arthropod
Control, held at the Center for Disease Control, Atlanta,
Ga., USA, on 16-19 April 1973. This conference was organ-
ized by WHO and supported by US Public Health Service
Research Grant No. CC-00701-D1. The participating scien-
tists are listed in the Annex.

1 The Rickettsiales were not the subject of special con-
sideration since very little work has been devoted to their
potential use as control agents.

mulation in the environment. Sometimes biological
control is offered as an easy alternative to chemical
control. In the past, however, our over-dependence
on and frequent misuse of DDT underlined the
danger of regarding any one control weapon as a
panacea. It is going to be extremely difficult to
achieve and maintain adequate arthropod pest con-
trol without undue adverse effects on man and his
environment.

Attempts to use biological agents to protect food
and forest crops from the damaging effects of insects
and weeds have spanned nearly a century, although
the rate of investment of public and private resources
in the development of such agents has accelerated
only in those nations with the industrial capacity
to produce them. In international service the Corm-
monwealth Institute of Biological Control has been
a prime mover, facilitating and complementing
efforts of individual nations in using biological
agents for insect and weed management. Profitable
commercial production of certain insect pathogens
has stimulated proposals for their official recognition
and registration for use on specific agricultural
commodities, subject, of course, to documented proof
of their efficacy and safety. Several pathogens have
now been registered for use; Bacillus thuringiensis
and B. popilliae, a nuclear polyhedrosis virus of
Heliothis, as well as Beauveria bassiana, a fungus,
are being produced for agricultural and forest use.
To date, the best achievements of biological con-

trol against mosquitos have involved larvivorous fish,
especially Gambusia affinis. In recent years, notable
advances in biological control of vector mosquitos
have been achieved with species of bacterium, fungus,
and nematode. A strain of B. thuringiensis has been
isolated and tested against mosquitos in the labora-
tory; its high level of pathogenicity and suitability
for mass production offer potential for field use.
The fungus Coelomomyces stegomyiae was estab-
lished in a new host and locality in WHO-sponsored
investigations in the South Pacific 15 years ago, and
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in vivo mass production of certain other species of
this genus is now possible. Successful mass produc-
tion by the US Department of Agriculture of the
mermithid nematode Reesimermis nielseni has al-
ready led to field appraisals against culicine vectors
in South-East Asia under WHO auspices. The use
as control agents of such fungi and nematodes, and
perhaps of microsporidan protozoa, will become
widespread with improved techniques for their mass
production.

It is important to have a variety of species of
organisms available for biological control. Natural
enemies of mosquitos, especially microorganisms,
should therefore be collected and identified on a
worldwide basis, both to broaden our present know-
ledge of the geographic distribution of individual
organisms and to stimulate the discovery of new
pathogens.

REGULATORY ASPECTS OF BIOLOGICAL
CONTROL AGENTS

The use of living agents for arthropod control
must be regulated to protect man and the environ-
ment, to assure effectiveness, and to facilitate inter-
national trade both in the control agents and in
products that may have been exposed to them.
Countries should recognize that such regulation is
meant to ensure the availability of safe and effective
control agents as much as to prevent the use of
unsafe or ineffective ones.
The regulatory agency should consider the bene-

fits and the risks of using a control agent. An exotic
control agent introduced into an ecological system
may establish itself and become a serious and pos-
sibly ineradicable pest. This risk is much less with
indigenous species that are merely cultured and
released for mass effect or at a propitious time.
On the other hand, where human life or essential
supplies of food and fibre can be protected only by
the use of a particular control agent, it may be
necessary to risk a certain amount of ecological
disturbance.

In the case of biological agents for the control
of arthropods (or other pests), the potential direct
hazards to man are: (1) parasitic infestation, (2) expo-
sure to harmful toxins, (3) allergic reactions or other
irritations, (4) annoyance caused by the presence of
the agent, and (5) undesirable effects caused by
association with impurities, culture-media residues,
or by-products, or by eventual modification of the
agent during production or after release. Biological
agents may also cause damage to the environment

(indirectly affecting man) by (1) infestation of or
predation on beneficial organisms, (2) displacement
of more desirable organisms through competition,
(3) interference with some other element in a control
programme, or (4) undesirable effects resulting from
association with impurities or from eventual modifi-
cation of the agent. The hazard of damage to the
environment is far greater with exotic organisms
than with indigenous ones. Many of the worst
current pests are those that have been introduced
from beyond a country's boundaries or from a
different ecological area within a country.
The quality of biological agents produced for use

within a country must be controlled to ensure that
each batch of the product meets the specifications
prerequisite for its use. These specifications establish
the maximum level of virulence of the product to
man and the maximum levels of any living or non-
living materials in the product deemed actually or
potentially harmful to man, or hazardous to non-
target organisms. Finally, the specifications estab-
lish the minimum level and quality of the con-
stituents required for the product to be efficacious.
In order to control quality, protocols must be laid
down for suitable bioassays, chemical assays, and
other relevant tests to be conducted on a regular or
batch basis, with accurate records kept of the results.
The use of a biological agent should be permitted

only if the instructions for use are sufficient to
enable all qualified applicators to use the product
safely, with no less effectiveness and with no greater
hazard to nontarget organisms than was established
when permission for use was originally granted.
The administrative mechanism for the regulation

of biological control agents is the prerogative of the
country that decides to use them. It can range from
strong central control to voluntary regulation by
the users, which, however, is unlikely to be effective
without training and educational programmes. What-
ever mechanism is used, it should be effective within
the country and take the needs of other countries
into account. When commodities treated with bio-
logical control agents are exported to other coun-
tries where these organisms do not exist, the pos-
sibility of undesirable introductions should be con-
sidered, and appropriate regulations invoked when
necessary. Such measures may also be recommended
between certain geographic locations in the same
country.

Before biological control agents are used under
field conditions, appropriate safety tests are required.
For this purpose the regulatory agency must make
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available, for each group of control agents, meaning-
ful guidelines reflecting the knowledge accumulated
from research by educational, industrial, and govern-
mental institutions. (Without such knowledge, guide-
lines would have to be more restrictive.) For exam-
ple, different requirements for safety testing could
be considered for indigenous and exotic control
agents, since in the case of indigenous ones the safety
of applicators who are usually exposed to higher
concentrations must be given special attention.
The use of biological control agents may be

restricted to some degree by governments. A pro-
gressively increased use may be monitored conti-
nuously for possible adverse effects on man and the
environment. Since at least some of these control
agents are likely to become well established in the
target population or the environment, monitoring
should be continued well beyond the last application
of the control agent, and may be necessary over
several years.

Countries with experience in the use of biological
control agents should establish a national depository
for the collection and evaluation of research and
field data on such agents, including identity, toxicity,
and field use. This depository would serve as a
national information exchange on biological control
agents, from which all national information would
be routinely transmitted to WHO. The centre would
also provide liaison with WHO, particularly if it
were to undertake to test certain candidate organisms.

Countries might indicate their wish for assistance
from WHO by delivering to WHO a copy of their
plan to use a biological control agent stating the
identity of the organism, details of its use, and the
health and ecological implications. WHO in turn
might provide known information on the agent or
on alternative agents if appropriate, and a complete
Jist of other contributing countries, together with
their areas of expertise. The same system could be
used to exchange the criteria and protocols estab-
lished by different countries to ensure the safe use
of biological control agents.

SAFETY TESTING OF BIOLOGICAL AGENTS

Bacteria
A few members of the genus Bacillus, all of which

have a narrow range of insect hosts, are currently
commercially formulated and used as microbial
insecticides. Thanks to B. thuringiensis, bacteria play
the leading role in microbiological control of insect
pests. We have now much experience in handling

and producing this bacillus. B. thuringiensis may
serve as an example regarding the steps necessary
to ensure the safety of candidate entomopathogenic
bacteria for nontarget organisms and man.

Since 1915, when Berliner carried out the first
pathogenicity tests with the spore-crystal complex
of B. thuringiensis in mice, a long record of safety
tests, including at least 12 vertebrate species as well
as human volunteers, has proved the nonpathogeni-
city of several strains of this bacillus for vertebrates
when applied by the natural routes (ingestion, topical
application, inhalation). Numerous toxicological
tests have also been conducted by the manufacturers
of B. thuringiensis preparations in order to fulfil the
requirements of government safety regulations.
An even longer record of intense technical and

scientific research, including determination of the
active principles, host-range of the target insects,
identification of strains, and standardization, indi-
rectly guarantees the safety of B. thuringiensis prod-
ucts. For example, since the strains of the bacillus
can be well defined serologically and none has shown
any signs of pathogenicity for vertebrates if applied
by natural routes, its close taxonomic relationship
to the facultative pathogen B. cereus does not con-
stitute a health hazard for vertebrates. Further, the
toxicological data that have been collected on sev-
eral different strains of B. thuringiensis can be
extrapolated to other strains with considerable
confidence.
The thermostable exotoxin produced by a few

strains constitutes a different problem. Its nucleotide-
like nature, its teratogenic effects on holometabolous
insects, a possible mutagenic effect demonstrated in
the Colorado potato beetle, and its oral toxicity at
high doses in mice, necessitate further toxicological
testing to determine whether or not its presence in
a B. thuringiensis preparation would constitute a pos-
sible hazard for nontarget organisms. Its presence
in a spore-crystal product is easily avoided in com-
mercial practice by using either a strain not produc-
ing the exotoxin or a procedure separating the
spore-crystal complex from it. If the thermostable
exotoxin were to be used as a distinct control agent,
it would have to be considered as a chemical insecti-
cide and not as a living organism.

B. popilliae is another spore-forming bacterium
that has been intensively used in the field against
the Japanese beetle Popillia japonica. The safety
tests required by government regulations are more
rigorous today than they were 30 years ago. Never-
theless, milky-disease preparations have been distri-
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buted extensively in the United States, and no
adverse effects have been recorded up to the present
time.

B. moritai, a spore-former effective for the con-
trol of the housefly and other Diptera, was recently
isolated in Japan, where it is now privately manufac-
tured. Tests of this product proved that there was
no pathogenicity or carcinogenicity for the silk-
worm, honey bee, mouse, rat, and rabbit, or for
birds, fish, swine, and cattle.
Non-sporeforming bacteria such as Pseudomonas

aeruginosa and Serratia marcescens have been recog-
nized as insect pathogens, but their demonstrated
pathogenicity for man precludes their use for insect
control. Nevertheless, other entomopathogenic non-
sporeforming bacteria might be used as microbial
insecticides if they can be proved harmless to non-
target organisms.

Protozoa
Although gregarines, coccidia, and other patho-

genic protozoan parasites of insects may hold pro-
mise, efforts to apply the protozoa for insect con-
trol have focused on the Microsporida. The wide
distribution of these protozoa among many species
of vertebrate and invertebrate, and the current taxo-
nomic confusion over the identification of some
genera (e.g., mammalian Nosema or Encephalitozoon),
may at first suggest that these organisms are ill-suited
as insect control agents. Careful field and laboratory
observations, however, indicate that many insect
Microsporida have the necessary entomopathogenic
characteristics combined with narrow host specificity
to be potentially valuable. Since Microsporida are
not known to produce toxins, host specificity seems
to be the most important determinant in the evalua-
tion of the hazard posed by them to nontarget
organisms.

Host specificity between invertebrates and verte-
brates. One microsporidan species, Nosema cuniculi
(thought by some to be in the separate genus Ence-
phalitozoon), which has been reported from man, has
been found to have infected domestic and laboratory
animals of several species, as well as a considerable
range of wild animals. Another microsporidan.
Thelohania apodemis, has been reported from a wild
rodent. There is no evidence that insects are actively
involved in the transmission of these Microsporida,
nor that any microsporidan occurring in insects
could infect a vertebrate host. It has been suggested
that a Callicebus monkey (Callicebus moloch) was
infected with an insect microsporidan obtained via

parasitized insects as a part of the animal's diet, but
this suggestion was based on circumstantial evidence
and not on any observed identity between the organ-
isms in the vertebrate and those in its insect diet.
Two well-documented cases of microsporidosis

have been reported in man, one of which ended
fatally, but the organisms observed in these cases
(one of which was studied ultrastructurally) were
unlike any known insect microsporidan. Bodies
morphologically resembling Microsporida have also
been observed in brain sections obtained from
patients with multiple sclerosis. Ultrastructural and
detailed light-microscope studies have been pre-
cluded by the nature of the material, and no in
vitro isolates of any of the human organisms has
ever been obtained. All these cases fall into the
Nosema (Encephalitozoon) cuniculi complex, which
is different in spore morphology from all or most
of the Microsporida pathogenic to insects.

It has been reported that Nosema bombycis can
multiply in cell cultures of rat, mouse, rabbit, and
chicken embryo grown at 28°C (but not at 37°C)
after stimulation of polar-filament extrusion. Unfor-
tunately, little evidence was presented that actual
multiplication occurred, and the work has not been
repeated. (Mammalian Microsporida, on the other
hand, are apparently unable to multiply in insect
cell cultures at either 20°C or 37°C.) It should be
noted that the conditions in which an organism
extrudes its polar filament are the main factor in
determining microsporidan host-specificity.

Several insect microsporidans have been fed experi-
mentally to vertebrates in large quantities without
inducing any type of infection. Nosema locustae,
a species successfully used in grasshopper control,
has been fed to rats for 90 days, administered per os
in large doses to rats and guinea-pigs, and applied
to the skin, eyes, and respiratory passages of test
mammals, without yielding any evidence of lesions
or of multiplication in the mammalian host.

Feeding experiments and subcutaneous injections
have been performed on mice and rabbits with other
Microsporida potentially important in insect control,
such as Thelohania opacita, T. fibrata, Plistophora
simulii, Nosema whitei, and N. plodiae, all without
evidence of positive infections.
Hyperimmune rabbit serum known to agglutinate

Nosema bombycis failed to react in an immuno-
fluorescence test against rabbit Microsporida. Con-
versely, rabbit sera known to be immunofluorescence
positive when reacted with rabbit Microsporida
failed to bind to spores of Thelohania opacita,
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Stempellia spp., N. plodiae, N. necatrix, or N. bom-
bycis.

Host specificity within invertebrates. While some
insect Microsporida are of limited usefulness because
of their broad host range, others have an extremely
narrow host range, making them suitable for con-
sideration in microbial control of insects. Some
Microsporida are species-specific while others infect
all species of a host genus; a few infect species of the
family of the host as well as a few species in other
taxonomically related insect families.

Laboratory transmission experiments show that
microsporidan parasites of mosquitos have a narrow
host range. Several of these Microsporida have been
fed to fish, crayfish, chickens, and a variety of insect
predators without producing detectable lesions.

In the relatively intimate ecosystems of aquatic
environments in which mosquitos are parasitized by
one or more Microsporida, no evidence exists for
the spontaneous dissemination of these pathogens to
hosts other than aquatic Diptera, although most of
these Microsporida have characteristic morphologi-
cal features that do not appear to change even when
nontarget hosts are experimentally inoculated.
The relatively broader host range of some insect

Microsporida may have practical significance. It has
been noted, for example, that certain Microsporida
infecting insects are also pathogenic to the hymen-
opteran and dipteran parasites of the host.

Future needs. The data available today on the
host specificity of insect Microsporida, although
incomplete, strongly suggest that insect Microsporida
affect neither man nor other warm-blooded verte-
brates. Nevertheless, any potential insect control
agent must be tested for safety in mammals. Some
observations on the design of these experiments may
be useful. Mammalian microsporidosis (encephalito-
zoonosis) is known to occur very frequently among
some groups of laboratory rabbits and rodents.
Obviously, the presence of spontaneous microspori-
dosis in the test animal will make the results of the
safety test very difficult to interpret. Since sponta-
neous encephalitozoonosis can now be diagnosed,
animals shown to be free of it can be selected for
safety tests. It might, however, be important to
include in any safety test mammals known to be
most susceptible to spontaneous microsporidosis,
such as rabbits, mice, and dogs. Immunological
monitoring of test animals could be useful, for the
appearance of antibodies reacting with known patho-
genic mammalian Microsporida would lead to fur-

ther studies. The use of a limited number of immuno-
suppressed animals and attempts to reisolate the
insect Microsporida from mammalian tissues would
also provide important information.
A simple method of detecting potential patho-

genicity for nontarget hosts might be to study
insect Microsporida in a variety of cell cultures
from such hosts, with and without prior polar-fila-
ment extrusion, and at temperatures compatible
with maximum organism and host cell viability.
Those Microsporida multiplying at the host tempera-
ture without requiring prior filament extrusion might
be subjected to more thorough laboratory tests or
replaced by other agents. Detection and semiquan-
titative measurement of the major antigenic proteins
of representative microsporidan genera might be
another way of comparing Microsporida. Candidate
Microsporida antigenically similar to microsporidan
pathogens of nontarget hosts might be identified in
this way and their effect in this potentially suscep-
tible nontarget host could then be given special
attention.
The relatively high degree of host specificity

among certain insect Microsporida clearly enhances
their potential value as control agents for insect
pests. Several such species may be produced in large
quantities, often by culturing them on substitute host
insects readily reared in the laboratory (e.g., Mames-
tra brassicae for the microsporidans of noctuids or
the codling moth). Their field application on an
experimental scale is planned in the near future for
control of the Colorado potato beetle, the migratory
locust, and the cotton noctuid Heliothis armigera.
On the other hand, the fact that some Microsporida
have a broader host range among insects emphasizes
the need for careful laboratory studies and con-
trolled field trials to determine the potential effect of
any candidate agent on the environment.

Fungi
Fungi in six genera, two of them aquatic, are

considered below as being representative of the
types with proved or indicated potential for biologi-
cal control. The absence of any particular fungus
from this list, however, should not be taken as a
judgement of its abilities as a biological control
agent.

Coelomomyces. The aquatic species of this physo-
mycetous genus are obligate parasites occurring
primarily in mosquito larvae. They develop only in
the haemocoele of the host, where an invasion
results in the formation of a mycelium that is sub-
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sequently converted into sporangia; uniflagellate
motile cells are produced later. Such infections cause
the death of the larvae in most instances. This organ-
ism has considerable promise for use in mosquito
control: not only is it highly virulent in some situa-
tions, but many species of it appear to be specific
for a given species of mosquito. The agent of initial
infection is not known, but a motile cell is suspected.
Sporangia of a few species of Coelomomyces can be
produced in quantity in larvae of the target species
in the laboratory. Studies on axenic culture are in
very early stages. The fungus has hitherto been
introduced by planting dead infected hosts in a few
test sites; attempts to establish and colonize the
parasite in new mosquito populations have some-
times been successful.

Lagenidium. While several aquatic species of this
genus exist, it appears that only L. giganteum infects
mosquitos. This fungus infects mosquito larvae by
means of a biflagellate motile cell, which enters the
host directly through the cuticle. An infection pro-
duces a nonseptate mycelium that later becomes
divided throughout its entire length into segments.
The hyphal segments so formed swell and are easily
separated as individual cells. These segments may
function as sporangia that produce infective cells,
or in a sexual process may produce resting spores,
which appear not to be infective but may function
as sporangia after a period of rest. This fungus may
be produced in quantity in host organisms, and may
be grown axenically as well. L. giganteum infects and
kills several species of mosquito; it appears to be
most active against culicine mosquitos, but will
destroy anophelines. It has potential both as a
microbial insecticide and as a colonizing agent. In
the small field trials carried out to date, the fungus
has been applied in the form of sporangia suspended
in water. Physiological and biochemical studies of
the mode of action of the fungus indicate nutritional
depletion rather than toxins as the cause of death.
Tests performed on several nontarget species, both
invertebrate and vertebrate, have produced no
infections.

Entomophthora. This is a genus of zygomycetous
fungi (divided by some authors into several genera)
with more than 100 species. Most species seem to
have a relatively restricted insect host range. The
principal groups affected are adult flies, aphids, grass-
hoppers, and lepidopterous larvae. Widespread and
severe epizootics are frequently noted in nature, and
some field trials have yielded promising results. Some

species are difficult to culture in vitro, but many can
be mass-produced on artificial media. Conidia may
be disseminated for insect control, but these are
very short-lived. Resting spores, where methods are
known to induce their germination, are more promis-
ing for use as colonizing agents or as microbial
insecticides. Infection takes place by growth of germ
tubes from spores through the host cuticle. Protein-
aceous toxins have been reported from cultures of
some species, but these appear to be of low potency.
Per os administration of E. thaxteriana to mice
resulted in no infections or other adverse effects.
However, Conidiobolus coronatus (formerly known
as E. coronata) is the only fungus known to infect
vertebrates as well as insects, and its use as a bio-
logical control agent is therefore precluded.

Beauveria. Species of Beauveria have been used
in more insect control field trials than fungi of any
other genus. The taxonomy of this genus is currently
under revision, but at present there are only two
species-B. bassiana and B. tenella. The former is
produced commercially in the USSR for use against
leaf-feeding insects, primarily the Colorado potato
beetle, and the latter is currently being used in trials
against Melolontha melolontha in France. A wide
range of insects is susceptible. Isolates with quite
varied physiology, hosts, and modes of action are
known. High infection rates have been reported in
natural epizootics and following artificial dissemina-
tion of spores. Conidia and blastospores are readily
produced in vitro. Invasion through the cuticle to
the haemocoele is accomplished by germ tubes pro-
duced from spores. On gaining entrance to the
haemocoele, some isolates produce toxins, which
rapidly debilitate the host, while others apparently
overcome their hosts by tissue disruption and nutri-
tional depletion. Known toxins from Beauveria spp.
include oxalic acid, beauvericin, and isarolides. Aller-
gic reactions to powdered mixtures of spores and
culture medium have been reported by some, but not
all, people exposed repeatedly to massive amounts.
Protective clothing and respirators afforded protec-
tion for sensitized persons. The responsible antigen(s)
have not been identified, and it is not known whether
they originated from the culture substrate or the
fungus. Recent tests on rats and mice made with
pure preparations of conidia administered by inhala-
tion and other routes resulted in no infections or
other adverse effects attributable to the fungus.

Metarrhizium. Virtually all laboratory and field
work has been done with M. anisopliae. The known
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host range of this species exceeds 200 insect species,
but the many isolates available vary considerably
in host range and some are quite restricted. The most
promising uses for this species seem to be against
soil insects and mosquito larvae. It is easily mass-
produced in vitro on inexpensive media. Conidia
germinate on the cuticle of the host, appressoria are
produced, and infection pegs penetrate to the haemo-
coele. Toxins, primarily destruxins, are produced,
leading to rapid death of the host. Allergic reactions
have not been reported. Recent safety tests with rats
and mice resulted in no infections. Laboratory tests
showed that nontarget arthropods were less suscep-
tible to the fungus than mosquito larvae.

Hirsutella. One species, H. thompsonii, occurs
annually at epizootic levels in populations of the
citrus rust mite in Florida. Unfortunately, these
epizootics develop too late in the season to protect
the crop. Artificial introduction of the fungus has
induced epizootics sufficiently early to provide crop
protection. The fungus is produced in submerged
culture, which obviates formation of the infective
units, the conidia; but conidia are formed in the
field when mycelial fragments are sprayed on to
the foliage. Recently concluded safety tests with
vertebrates resulted in no infections or detectable
adverse effects.

Safety considerations. Since the various candidate
fungi have different characteristics, separate testing
protocols might be necessary to cover the different
safety problems they may pose. In general, however,
the safety considerations for fungi are similar to
those for other types of microorganism, and the
same precautions are applicable. The information
on Beauveria points up the need for a standard
protocol of safety tests involving appropriate repre-
sentative species of nontarget plants and animals,
not only for entomogenous fungi, about which
information is sketchy, but also for the aquatic
fungi, although at present there is no evidence that
they pose any special problem. Details of the types
and extent of safety tests are not included here, but
in general their thoroughness should be commen-
surate with the degree of risk involved in handling
and disseminating the agents. The obvious possible
hazards would involve infections in plants or animals
and hypersensitivity reactions in animals, especially
man.

Mycotoxins that are already well known as threats
to animal and human health (and in some cases to
plants), must be individually assessed for limited

use as antiarthropod agents. Most mycotoxins found
to have insecticidal properties are no more toxic to
mammals than the chemical insecticides used at pre-
sent, and their controlled use could conceivably
expand the arsenal of chemical agents.

Developmental studies on fungi. For more efficient
use of entomopathogenic fungi, investigation should
focus on: (1) portals or routes of infection in arthro-
pods, (2) biochemical mechanisms of infection or
lethal action and factors associated with virulence,
(3) persistence, proliferation, and possible spread of
the fungus at the target area, (4) differentiating
features of the disseminated fungus strains as com-
pared with endemic wild strains, (5) methods of
enhancing virulence and maintaining it during
storage, (6) adaptation of the fungus to additional
target hosts, and (7) climatic conditions favouring or
adversely affecting the effectiveness of the fungus
agent.

Nematodes

In considering the safety of entomogenous nema-
todes to man and other nontarget organisms, the
following four families present the most promise
for biological control: Mermithidae, Steinernema-
tidae, Allantonematidae, and Neotylenchidae.

Mermithidae. Mermithid nematodes parasitize
both terrestrial and fresh-water insect hosts. Pre-
parasitic juvenile nematodes hatch out of eggs and
enter the body cavity of the insect host, where
they develop into parasitic juveniles. After a period
of maturation, varying from one week to several
months depending on the nematode species, the
parasite emerges as a postparasitic juvenile. The final
moult then occurs in the environment, and the
adult mermithids mate and oviposit.
There are six alleged cases of mermithids being

passed by man; however, in none of these were
the parasites found in situ in humans. In at least one
case, the parasite could have been a juvenile of the
giant kidney worm, Dioctyophyma renale (not a
mermithid). This nematode also occurs in man and
has been known to escape down the urethra of its
hosts. Therefore accidental parasitism of man by
mermithids should be accepted as fact only when
proved by properly controlled experiments or when
found developing in situ in the human organism.

Experimental infection studies have been con-
ducted with the mosquito parasite, Reesimermis
nielseni, which has been used extensively in field
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trials against mosquitos in several countries. The
preparasitic or infective stage juveniles were applied
intranasally, intraperitoneally, and per os to mice
and dermally to rats. Examination of the urine,
faeces, and internal tissues of the infested animals
did not show the presence of any living nematodes.

In laboratory studies, preparasitic juveniles of the
same mermithid were also added to water containing
crayfish (Cambarus sp.), water fleas (Daphnia sp.),
side swimmers (Gammarus sp.), earthworms (Lum-
bricus sp.), mosquito fish (Gambusia affinis), rainbow
trout (Salmo gairdnerii), and numerous other aquatic
insect stages. The parasites were never found devel-
oping in the above hosts, and it is concluded that
the host range of this mermithid is restricted to
members of the Culicidae.
No additional reports could be found in the

literature on the effect of mermithids on nontarget
organisms, and it is concluded that they are not
dangerous to the great majority of non-insect inverte-
brates and cold-blooded vertebrates. The infective
-stage of most mermithids persists for only two weeks
at most in nature, and none of the members of
this group are known to be associated with bacteria
or other contaminating microorganisms.

Steinernematidae. In this family, members of the
genus Neoaplectana are important biological control
agents and the DD-136 strain of Neoaplectana carpo-
-capsae has already been used in field trials on
numerous occasions. The third-stage ensheathed
juvenile serves as the infective stage and enters insect
hosts by penetrating through the gut wall. The
nematodes develop, mate, oviposit, and proliferate
within the infected hosts and produce numerous
infective stages, which emerge from the dead insect
and enter the environment.

There do not appear to be any published reports
no nontarget organisms being attacked by Neoaplec-
tana in nature. Adult honey bees have been para-
sitized under laboratory conditions and could be-
come parasitized in nature if neoaplectanid-infested
baits were to be used to control yellow-jackets
{Vespula sp.). However, this could be avoided by
using a protein-based bait, which is attractive to
wasps but not to honey bees.

Infective-stage juveniles of Neoaplectana carpo-
capsae have been introduced per os and intraperi-
toneally to mice, with negative results. Nematodes
recovered from the faeces of the experimental mice
proved to be dead, and it therefore appears that the
nematodes are not able to tolerate the temperature
of warm-blooded animals. Infective-stage juveniles

of Neoaplectana carpocapsae added to water con-
taining two species of crayfish produced no visible
results after five days.
Members of the genus Neoaplectana carry around

a specific bacterium that is important in their
development within the host. Achromobacter nema-
tophilus has been isolated from several strains of
Neoaplectana carpocapsae and is being currently
investigated in regard to its systematic position and
effect on nontarget organisms. Other species of
bacteria (Proteus sp., Pseudomonas sp.) may occur
on the external surface of these nematodes, but
could be eliminated by using a clean culture method
(clean insects or sterilized artificial media).

Allantonematidae. Members of this family are
endoparasitic obligate insect nematodes that often
sterilize their hosts. Members of the genus Hetero-
tylenchus are known to attack various flies and
beetles, and one species has already been used for
the biological control of the face fly (Musca autum-
nalis). These nematodes appear to be host specific
and there are no reports of those species that attack
pest insects also attacking beneficial insects. None
of the members of this family are associated with
bacteria or other microorganisms or known to
attack plants or vertebrates.

Neotylenchidae. Members of this family are similar
to the preceding family in having an endoparasitic
insect cycle initiated by a fertilized female, which
enters the host haemocoele and reproduces. How-
ever, they also have a free-living cycle and feed on
plant cells. Members of the genus Deladenus are
known to parasitize Sirex woodwasps (these have
a fungal feeding cycle) and barine weevils (these
have stages that feed on Brassica stems). There are
no reports of these nematodes attacking other plants
or vertebrates, although Deladenus wilsoni will attack
ichneumonid wasps, which also parasitize the Sirex
hosts, and this must be considered before introduc-
tions or applications are made.

Future needs. Although existing literature and
unpublished experimental studies indicate that ento-
mogenous nematodes belonging to the four families
discussed here present no real hazard to plants and
vertebrates or the great majority of beneficial inverte-
brates, more studies are needed on the ability of
entomogenous nematodes in general to infect mam-
mals and other nontarget organisms. In order that
the full range of nematodes may be developed to
the maximum extent of their capabilities in biologi-
cal control, the following investigations are required:
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(1) collection of a wider range of entomogenous
nematodes and evaluation of their control potential,
(2) further study of the insect host range of candi-
date nematodes, (3) perfection of methods for the
in vitro production of the obligate parasites (Mermi-
thidae, Allantonematidae), and (4) development of
a cleaner and more efficient method of mass-
producing the facultative parasites (Steinernema-
tidae, Neotylenchidae).

Larvivorous fish
Introduction of exotic larvivorous fish such as

Gambusia affinis poses no known danger to human
beings. However, it may pose a serious danger to
the local, native fish, both small and large. Unfor-
tunately, there is still no real body of careful re-
search on the effect of such larvivirous fish as the
mosquito-fish, Gambusia affinis, on the indigenous
fish fauna in most of the many areas into which it has
been introduced outside its natural range (the south-
eastern United States). The same can be said of
introductions of the guppy, or " millions fish"
(Poecilia reticulata) outside its natural range in
Trinidad, Barbados, and north-eastern Venezuela.
Yet there are strong indications that Gambusia, in
particular, is dangerous to other fish, and until there
is more fundamental research, great care should be
exercised in its introduction. Considerable inter-
national effort has lately been expended in the
attempt to save rare and endangered species of ani-
mals and plants, some of which may be adversely
affected by introduction of Gambusia or the guppy.

It must be understood that exotic fish brought
into a climatically suitable area, even if kept only
in artificial ponds, almost invariably escape into
other local waters when heavy rains overflow these
ponds or when the pond walls are accidentally
breached. Once they have escaped into the local
streams, they tend to spread over a wide area.
Moreover, unless the species cannot withstand com-
petition with the local fish fauna and is soon eli-
minated, a fish introduction, unlike a chemical
accident, is irreparable. Under these circumstances
a decision to introduce an exotic fish, even a small
larvivore, should not be taken lightly.

It must also be kept in mind that most regions
(other than deserts) within the tropics already possess
a number of small larvivorous fish species. Often,
or usually, each one is restricted ecologically to cer-
tain types of habitat, within which it may be the
most effective larvivore. These species should be
studied in order to determine their effectiveness, and

experimental comparisons should be made with the
exotic fish proposed for introduction.
An effective larvivore usually cannot be defined

on the basis of one or two superior characteristics
alone. Gambusia has the following qualifications,
which help to explain its success to date: (a) larvi-
vorous habit, (b) characteristic high density, (c) small
size, (d) overlapping generations within a season,
allowing rapid geometric increase, (e) live-bearing
habit, (f) broad tolerance for temperature, pollution,
and salinity, (g) range of diet, (h) starvation endur-
ance, and (i) feeding on all immature stages of the
mosquito.
When Gambusia or other exotic species are intro-

duced into new habitats for mosquito control, the
question should be considered whether the net mos-
quito reduction likely to occur will be sufficient to
warrant the risk to existing fish. Moreover, it should
be remembered that no biological or other control
measures are 100% effective, and that control only
in certain places within an area may be needed.
If in a heavy mosquito breeding area habitats not
amenable to fish are interspersed among those that
are, so that measures such as insecticides must
inevitably be used, then the introduction of fish or
other exotic predators may not be justified.
There are, on the other hand, situations in which

the alternatives to larvivore introduction, e.g. the
use of chemicals or destruction of habitats, may
justify the dangers of introduction.

In order to ensure the intelligent use of fish as
a method of controlling mosquito larvae in a given
locality, the following investigations should be made:
(1) a determination of those sites in which mosquito
control is considered essential and that are amenable
to the use of fish, (2) a survey of the indigenous fish
fauna, (3) the taxonomic identification by an ichthy-
ologist of all the fish species concerned.

In order that the effect of the introduced fish on
nontarget organisms (especially other species of fish)
shall be minimal, the following procedures shall be
used: (a) consultation of a recognized ichthyological
generalist to determine whether such introductions
may threaten any fish species that may possess
high biological or aesthetic interest, or that may be
rare or endangered, (b) selection of candidate fish
that are known to be primarily larvivorous and
occur in characteristically high densities, (c) study
of the candidate species, in confined field sites such
as dug depressions of varying size and complexity,
with respect to their alternative prey preference,
reproduction rate, terminal population density, and

693



INTERNATIONAL CONFERENCE

ability to negotiate obstacles within habitats,
(d) study of the compatibility of the indigenous fish
species with one another, and that of the larvivorous
species with the indigenous fish.

REQUIREMENTS FOR FUTURE REEARCH

Laboratory research
The safe and effective use of biological agents for

arthropod control depends on a thorough under-
standing of their host relationships and the eco-
system involved. The safety of a biological agent
may be inherent in the organism or may be achieved
through its formulation, method of application, tim-
ing, and dosage. Although such matters are essen-
tially field concerns, the relevant procedures should
be based on detailed laboratory studies taking into
account additive effects and other interactions. Labo-
ratory research pursued according to the most
rigorous standards by personnel with specific exper-
tise should provide the foundation for field research.
In reality there is no dividing line between the labora-
tory research phase and the field use of the pathogen.
The thorough diagnosis of a pathological condi-

tion in a subject host is the first step to providing
candidate biological agents. Moreover, where a par-
ticular control agent (natural or introduced) is
deemed unacceptable for any reason, such diagnosis
becomes essential for safe control practices by point-
ing to additional candidates, with their subsequent
detection, isolation, and characterization.

Characterization. Good safety practices are incom-
patible with the use of improperly or incompletely
identified agents that have received only minimal
characterization. The physical and biochemical char-
acteristics of an agent must be studied to determine
all the life-cycle stages and associated metabolites
pertinent to the proposed use. For example, nor-
mally resistant forms (e.g., spores, sclerotia, and
cysts) can be damaged by application equipment,
the detergent action of certain additives, and expo-
sure to sunlight. Control of such effects permits the
use of lower dosages with obvious enhancement of
safety. Similarly, metabolic products such as toxins
and enzymes might be incorporated into granules
as pelletized products, thus ensuring restricted cover-
age and avoiding subsequent unwanted distribution,
such as occurs in spray drift. The use of bait or
lure techniques would also enhance safety, since
only the target species would be directly implicated.

Biochemical characterization is not only essential
for understanding of the mode of action; it may also

reveal the presence of some unnecessary component
(e.g., B. thuringiensis beta-exotoxin) that should be
removed for greater safety. The presence of a meta-
bolic product of the pathogen may suggest means
of complementing its action, thus permitting a reduc-
tion in the dosage.

Characterization should also provide for the detec-
tion of possible physical or chemical " markers "
associated with pathogenicity. These would facilitate
detection of the pathogen in the target host follow-
ing its applications, and assessment of its persistence
in the habitat of the target species. Further, detec-
tion might be possible in certain nontarget species
in which some abnormality suggested the action of
the agent.

Host range. The host range for a biological agent
proposed for introduction into a particular habitat
should be known in those nontarget organisms that
are associated in trophic networks in the ecosystem;
attention should also be paid to the other co-
inhabitants (both permanent and transient) in the
target area. As indicated above, markers would
facilitate such studies.

Associated with the host range is the longevity
of the biological agent in the target habitat. A thor-
ough knowledge of the rate of removal (by sunlight
inactivation, wash-off, leaching, drying, etc.) is obvi-
ously necessary for safety evaluations.

Mode ofaction. The pathogenesis of an infectious
disease embraces the mode of action of the etiologi-
cal agent, the site or tissue affected, and the nature
of the effect. Knowledge of such matters would have
some predictive value about the likelihood of non-
target species being similarly affected. The mode of
action and the specific susceptible site are still not
known for many well-studied agents; when they are
known in detail, formulation can be attempted on
a rational rather than an empirical basis. The result-
ing increase in pathogen efficiency would permit
reduction in dosage, thus promoting safety.

Safety considerations. Protocols for laboratory
screening of proposed biological agents should be
developed along the lines of those recommended
for virus pathogens of insects, and should include
the testing of associated metabolic and degradation
products.
Whenever laboratory research is pursued on bio-

logical agents, particularly infectious ones, protocols
are necessary for detecting undesirable side effects
and minimizing risks. It would be prudent to develop
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protocols for determining the physical condition of
prospective workers before they start handling the
material, and for subsequent periodic surveillance
of their health to detect changes that could be
ascribed to contact with biological agents.

Laboratory research would be enhanced by regular
exchange of data between research groups, in par-
ticular the results of research that have not yet been
formally published.

It is also suggested that the various regulatory
agencies, through their contacts with funding bodies,
could encourage necessary safety research. Releases
of biological agents should not be attempted before
laboratory research has been undertaken emphasiz-
ing complete identification and characterization of
the agent, together with appropriate safety sur-
veillance.

Field research
Field studies of possible hazards of a potentially

useful insect control agent first require positive
means of identifying the agent and its host and
distinguishing it from other similar organisms occur-
ring naturally in the field. Studies have been con-
ducted that may prove to be useless because of
inadequate identification of the organism in question.
In the case of a fastidious obligate pathogen there
is a temptation to examine the insect host and,
recognizing a certain organismal stage, microscopi-
cally or otherwise, to record mortality as due to the
pathogen under study.
When positive identification is possible, a thor-

ough survey of the field should first be taken to
determine the natural presence of both the pathogen
and similar organisms. With fastidious or obligate
organisms the examination of a suitable number of
primary and possible secondary hosts would be in
order. However, such studies must be limited since
they tend to grow until the sheer weight of recording
and assessment often obscures the original purpose.
The main point is that one should know what
exists in nature before adding an organism.
Whenever an organism is introduced in field trials,

attention should be paid to important extraneous
biotypes in the same area, as well as to natural cyclic
phenomena in the environment or of the organism.
Where extensive dissemination of the biological
agent is anticipated, provision should be made for
periodic monitoring of the condition of exposed per-
sons, particularly those involved in the tests.
There is a great need for development of tech-

niques to assay for the presence and density of the

introduced organism. The type and design of field
experiments with regard to safety are likely to be
different for each organism under study. Obviously,
preliminary ecological studies for the introduction
of a permanent control agent (e.g., B. popilliae) into
the biocoenosis must be more extensive than those
for a biological agent that virtually disappears from
the environment (e.g., B. thuringiensis). Conversely,
a biological agent that is endemic, or that has been
proved highly specific, would require fewer ecologi-
cal studies than a less selective agent or one intro-
duced from another continent. When dealing with
insect pathogens that have recognizable resting
stages, such as microsporidan spores, fungus resting-
spores, and certain characteristic spore-forming bac-
teria like B. popilliae, similar techniques (i.e., collec-
tion of the organism, microscopic count, culture,
and bioassay against a susceptible strain) should be
developed, and the field survey must be extended
to determine quantitatively the survival of the patho-
gen in nature after controlled application. Such
studies have been conducted on viruses and spore-
forming bacteria pathogenic for insects, such as
B. cereus and B. thuringiensis, although only one
study has been made of the half-life of B. thurin-
giensis in various soils. The duration of survival in
the field has been determined for species of Coelomo-
myces and Lagenidium. Metarrhizium and Beauveria
over-winter in the form of a mass of mycelia (a scle-
rotium). Other entomogenous fungi, e.g., the Ento-
mophthorales, over-winter in the form of resting
spores. Although these spores appear to be quite
hardy, it has been shown that resting spores of plant
pathogenic fungi do not survive longer than two
years in nature. These studies form a basis upon
which good field survival estimates can be made,
but there is a great need for such knowledge about
other biological control agents.

Laboratory tests for safety on rodents, birds, fish,
and other animals, including man, should precede
field introduction. In dealing with pests that have
an aquatic stage in part of their life cycle, prelimi-
nary studies should be set up in a controllable envi-
ronment. If rare species are present in the experi-
mental areas they should be watched with care. Field
rodents, birds, fish, etc. are notoriously difficult to
test even when thorough studies are carried out on
their behaviour and health in captivity, for the
caged wild animal is not a reliable subject. Although
complete biota surveys during biological control
experiments are often financially out of the question,
valuable information could be obtained if some
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scientist carrying out such a survey would agree to
the introduction of a pathogen.

Appropriate phytotoxicity tests should also be
made on organisms to be used to protect plants.
The effect of the control agent, including com-
ponents of the proposed formulation, should be
evaluated on the crops exposed. Preliminary tests,
of course, can be carried out to a limited extent
in the greenhouse.

In summary, field research on the release of bio-
logical agents must be preceded by appropriate
laboratory experimentation that defines as com-
pletely as possible the potential hazard of the agent
to representative nontarget organisms for the re-
search to be undertaken. The assessment of the biota
in the test area should precede any attempt to intro-
duce the agent. After the agent is applied, concurrent
observations must be made of its effect on the target
arthropod and nontarget organisms. Such observa-
tions should be of sufficient length to evaluate the
effect of seasonal change on the results obtained.
They must also include measurements of the possible
hazard to man.

Operational use

Operational use of biological agents is their prac-
tical application by proved techniques. It often
entails large-scale application to many thousands
of hectares, with the intensive exposure of applica-
tors and sometimes the general public and other non-
target organisms. Consequently, protective action is
often necessary to preserve human health and envi-
ronmental quality, but its precise form will vary
with the specific characteristics of the biological
agent and with the nature of exposure and use.
For example, the necessary protective action for
applications to food crops will be different from
that for application to nonfood crops; applications
by an experienced pest control operator will require
different protective action from those by an untrained
farm labourer. Variations in risk may also result
from the methods of the control procedure. The
control may involve the introduction and permanent
colonization of a new organism into the area and
its consequent effect on the environment, e.g., Gaim-
busia introductions. In other cases, the biological
agent may be nonpersistent, e.g., biotic insecticides
such as B. thuringiensis.

Protocols for the safe use of biological agents
must be adjusted for each different organism accord-
ing to its characteristics, particularly those of host
specificity, persistence in the environment, rates of
multiplication and accumulation, methods of trans-
port in the ecosystem, present distribution in nature,
and effect on man. The importance of host specificity
in safety cannot be overemphasized: the economic
and ecological value of the nontarget hosts attacked
by the biological agent are prime determinants of
the safety of use. For example, a pathogen that
infects the honey bee probably cannot be used
safely where apiculture is of economic importance.
The effect of certain arthropod pathogens on man
is largely due to the toxins they produce or to
allergenic reactions.

In any large-scale operational programme, reason-
able control must be maintained with regard at least
to dosage level, proper timing, equipment mainte-
nance and calibration, and product quality at time
of application. Even for materials that present no
apparent direct risk to man, reasonable safety pre-
cautions-such as those recommended in the United
Kingdom for B. thuringiensis-should be taken. Of
special importance are personal hygiene, the avoid-
ance of contamination of water, and proper disposal
of unused material.

All large-scale operational programmes, particu-
larly during the first few years, should maintain
reasonable surveillance of ecological change in the
treated ecosystem to detect unanticipated events not
only in the population of the target pest but also
in that of nontarget organisms.

It is very often necessary to apply large dosages
of biological agents to obtain adequate control.
Any new technology that could lower these dosages
for example, baits and spot applications minimizing
the exposure of nontarget organisms-would bring
immediate economic benefit as well as increased
safety of use. Investigations should be made on the
role of chemical additives in enhancing contact with
the target insects, and of chemical insecticides as
synergists for the biological agents. The use of im-
proved formulations and application methods, and
the choice of optimum particle size and most effective
timing, are possible areas of research. Finally, a bet-
ter understanding of the population dynamics and
behaviour of the target insects could also contribute
to more effective and safer control technology.
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