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December 10, 2021
TO: Advisory Committee on Plants and Animals
FROM: Dr. Martin Nadeau, Scientific Director

Anatis Bioprotection Inc.

THROUGH: Wil Leon Guerrero
Microorganism Specialist
Plant Quarantine Branch
Hawaii Department of Agriculture

Subject: Request to: (1) Preliminary Review for a Change in the List Placement of
Beauveria bassiana strain ANT-03, a fungi on the List of Restricted
Microorganisms (Part A), for Future Placement on the List of Nonrestricted
Microorganisms, for use in a Microbial Bio-Remediation Product.

1. Summary Description of the Request

PQB NOTES: The Plant Quarantine Branch (PQB) submittal for requests for import or
possession permits, as revised, distinguishes information provided by the applicant from
procedural information and advisory comment and evaluation presented by PQB. With
the exception of PQB notes, hereafter “PQB NOTES,” the text shown below in Section Il
from page 6 through page 7 of the submittal was taken directly from Anatis
Bioprotection’s application and subsequent written communications provided by the
applicant, Dr. Martin Nadeau. For instance, the statements on page 6 regarding effects
on the environment are the applicant’s statements in response to standard PQB
questions and are not PQB’s statements. This approach for PQB submittals aims for
greater applicant participation in presenting import requests in order to move these
requests to the Board of Agriculture (Board) more quickly, while distinguishing applicant
provided information from PQB information. The portion of the submittal prepared by
PQB, including the Summary of Proposed Rule Amendments and Advisory
Subcommittee Review is identified as Sections Il and IV of the submittal, which start at
the beginning of page 12 and end of page 12.



Advisory Committee
Beauveria bassiana ANT-03
Anatis Bioprotection
December 10, 2021

We have a request to review the following:

COMMODITY: Bioceres WP, a wettable powder formulation of bioinsecticide
containing 10 % (w/w) of conidia of Beauveria bassiana strain ANT-03
(equivalent to 1 x10'° conidia/g)

SHIPPER: Leader Liquids LLC (The manufacturer of the BioCeres WP), 345 Vista
Drive, Cold Water, Ml 49036

IMPORTER: Nutrien Ag Solutions, 900 Leilani Street, Hilo, HI 96720

CATEGORY: All species in the genus Beauveria, are on the List of Restricted
Microorganisms (Part A). This includes B. bassiana strain ANT-03.
Pursuant to chapter 4-71A, Hawaii Administrative Rules (HAR),
microorganism species on the List of Restricted Microorganisms (Part
A) are categorized as high-risk microorganisms, which may be allowed
import into the State under a permit approved by the Board.

PQB NOTES: Microorganisms on the List of Non-Restricted Microorganisms (NR List)
are classified as low risk. HAR 4-71A-2 defines a microbial product as “. . . a
manufactured product containing known cultures of microorganisms for the purpose of
bioremediation or bioaugmentation, including a product such as a microbial pesticide.”
Pursuant to HAR 4-71A-29, “A microbial product containing only microorganisms on the
list of nonrestricted microorganisms . . . may only be imported into the State through a
registration with the branch.” Should B. bassiana strain ANT-03 be approved for
placement on the NR List, Bioceres WP would be eligible for registration and
subsequent importation as a Microbial Product.

Il. Information Provided by the Applicant in Support of the Application

PROJECT: Sale of the bioinsecticide, Bioceres WP, in Hawaii
PURPOSE: Biological control of insect pests in agriculture
OBJECTIVE: The obijective is to provide to the crop producer a cost-effective and

safe alternative insecticidal solution for the protection of agricultural
crop commaodity yield and quality by controlling insect pests. Other
benefits include the reduction of conventional chemical insecticides
by using Bioceres WP, an organic biochemical product, that is safe
for humans and the environment (including nontarget pollinators).
For the user, the product also offers lack of pest resistance, is
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PROCEDURE:

REGULATORY
BACKGROUND:

ANT-03

compatible with other biocontrol agents, is not phytotoxic, and does
not require a pre-harvest interval.

Bioceres WP, containing the microorganism, Beauveria bassiana
strain ANT-03, must be diluted in water and applied to the crop by
using conventional spraying equipment to cover the leaves of the
plant. The detailed application procedure is described on the end-
use product label (see Attachment 1). The product label includes
all safety measures and precautions to follow when handling the
product.

Beauveria bassiana is ubiquitous and found all over the world.
Hawaii has several strains of B. bassiana. In December of 2010,
researchers from the US Pacific Basin Agricultural Research
Center, United States Department of Agriculture-Agricultural
Research Service published findings of 14 isolates of B. bassiana
collected from insects on Hawaii island alone.

Currently, there are six strains of Beauveria bassiana that are
registered with the Environmental Protection Agency (EPA) as
follows.

Active Ingredient Name PC Code Yea_r First

Registered
B. bassiana GHA 128924 1995
B. bassiana ATCC 74040 128818 1995
B. bassiana strain 447 128815 2002
B. bassiana HF23 090305 2006
B. bassiana strain ANT-03 129990 2014
B. bassiana strain PPRI 5339 128813 2018

Of the six strains, HF23 and ANT-03 are approved for organic use.

All B. bassiana strains in Agricultural Pesticide products designed
for outdoor use, have similar language on the labels under the
heading: ENVIRONMENTAL HAZARDS, declaring that the product
is potentially harmful to honeybees and to not apply while
honeybees and other insects are actively pollinating or foraging.
Also, similar language that drift and runoff may be hazardous to
aquatic organisms and to not apply within 50 feet of aquatic
habitats such as, but not limited to, lakes, reservoirs, rivers,
streams, marshes, ponds, estuaries, and commercial fishponds.
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DISCUSSION:

ANT-03

Do not apply directly to water or areas where surface water is
present or to intertidal areas below the mean high-water mark. Do
not contaminate water when disposing of equipment washwater or
rinsate.

The EPA requires detailed data and analysis on exposure to non-
target species and sites to ensure that the product is safe to use
when following the pesticide label’s use instructions prior to
registering a product. All B. bassiana strains registered with the
EPA are assigned the “CAUTION” signal word in the precautionary
statement of the pesticide label, which means that acute oral and
dermal exposure is low risk. The other signal words with higher risk
of exposure are: “WARNING” and “DANGER.” If a product is found
to be poison, then the word “POISON” along with a Skull and
Crossbones must be displayed near the signal word “DANGER.”

When B. bassiana is applied in the field, it is sensitive to light and,
therefore, breaks down quickly. The potential for leaching through
the soil is very low. Several applications can be made at instructed
intervals until pests are not visible. There is no limit on the number
of applications or total amount used on a site provided that the label
directions are followed. B. bassiana is not phytotoxic. The pre-
harvest Interval is zero days.

Currently, there are two products containing Beauveria bassiana
GHA strain that are registered as Microbial Products in Hawaii
(registered with the Plant Quarantine Branch and Pesticide
Branch), and the general public is able to purchase these products
in Hawaii.

1. Person Responsible:

The responsible person is Martin Nadeau, Ph.D. Dr. Nadeau is the Scientific
Director at Anatis Bioprotection at the division of Bioinsecticide[,] since June

2016. Anatis
WP product.

Bioprotection is the developer and the registrant of the Bioceres
Dr. Nadeau’s responsibilities at Anatis Bioprotection include work

on the development of formulations of bioinsecticides based on the B. bassiana
strain ANT-03 active ingredient and obtaining registrations [from the] Pest

Management

Regulatory Agency (PMRA) in Canada, [and the] EPA in USA[,]

including California). The master and doctorate subjects were the evaluation of
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entomopathogenic fungi against dipteran insects, and the physiological ecology
of entomopathogenic fungi, respectively. Copies of Dr. Nadeau’s diploma, CV
and letter of employment are provided in Attachment 2 (documents 507, 508,
509, and 510).

2. Manufacturing Process:

The Bioceres WP end-use product is formulated and packaged at the following
facility:

Leader Liquid Packaging

345 Vista Drive

Coldwater, M|l 49036

EPA Establishment No. 92957-MI-001

The manufacturing process for producing Beauveria bassiana strain ANT-03
technical and the end-use product, Bioceres WP, ensures consistent quantity
and quality of production. Anatis qualifies each batch to ensure the potency
conforms to the specification of a minimum of 1 x 10" viable conidia/gram of
product.

Information pertaining to the manufacturing process for both the technical
material and end-use product is confidential business information and can be
made available upon request.

3. Method of Disposition

To avoid waste, all material in the product container should be used by the
applicator. The product will be handled in heat[-] sealable pouches with the inert
ingredients. If waste[ ] cannot be avoided, dispose of remaining product in a
waste disposal facility or pesticide disposal program (often such programs are
run by state or local governments or by industry) (see product label in
Attachment 1).

4. Abstract of Organism

Beauveria bassiana (Balsamo) Vuillemin (Division: Ascomycotina, Order:
Hypocreales, Family: Cordycipitaceae) is a soil entomopathogenic fungi found
around the world except Antarctica. Conidia can be found naturally on insects,
leaves, in the air or in the soil. Strain ANT-03 has been isolated from a dead
Lygus lineolaris (Tarnished plant bug) (Sherrington, QC, Canada). Copies of the
strain were stored in the Canadian National Mycological Herbarium (DAOM)
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hosted by the AAFC and in the American ARS Culture and Patent Culture
Collection (NRRL number 50797). The Anatis Bioprotection collection stock
cultures of ANT-03 strain are stored in 70% glycerol in micro-tubes at
-70°C.

B. bassiana forms white/yellowish colonies having a cotton texture. The
conidiogenous cells are clustered, colorless, with a globose or flask-like base and
denticulate apical extension called rachis bearing one conidium per denticule,
resulting in a zig-zag extension. The conidium (or conidiospore) is one-cell,
hyaline, round to ovoid. Spherical shape with a diameter of 1 to 4 um or oval
shape with 1.5 to 5.5 x 1-3 ym in length. In an aerobic environment, the fungus
produces conidiospores. In an anaerobic environment, the fungus produces
blastospores having oval shape with 2-3 um x 7 um in length. Blastospores are
as [ ] infectious as conidial,] causing white muscardine.

The fungus is a parasitoid for insects. It penetrates their cuticle because of the
protein expression Chitine Binding Domain that allows the fungus to attach on an
insect’s exoskeleton. Then, its production of the enzyme Pr1 allows penetration
of cuticles. It grows inside their host[,] feeding on their interior[,] [ ] as nutrients,
ultimately killing their host. During the process, toxins may be produced. In the
case of strain ANT-03, beauvericin is not, [sic] as suggested by analysis of
conidia produced in laboratory conditions (Attachment 3; document 613). The
optimum of growth of the strain ANT-03 is 27°C. At the temperature higher than
35°C, the fungus will not survive. The conidia are also sensitive to the UV.
Insects having a high metabolism or performing activities generating heat are not
devastated by this fungus.

Beauveria bassiana can infect various orders of insect: Coleoptera, Diptera,
Hemiptera, Homoptera, Lepidoptera, Orthoptera, Thysanoptera. Although the
fungus is an entomopatogen generalist, each strain may be specie’s [sic]
specific. For instance, one can be an efficient insecticide for Leptinotarsa
decemlineata but having a minimal impact on others such as Coleomegilla
maculate (Attachments 4 and 5; documents 609 and 614).

Beauveria bassiana strain ANT-03 is produced (technical grade) by conventional,
liquid fermentation following a solid-state fermentation on cereal grains. The
harvested conidia are air-dried at room temperature. The technical grade has
been registered in Canada (PMRA) and in the United States (EPA)[,] including
California.

The accompanying product, Bioceres WP, is a wettable formulation registered in
Canada (PMRA, Registration No. 31231) and in the United States (EPA,
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Registration No. 89600-2)[,] including California. Its formulation contains only
organic excipients. Organic certification has been obtained (OMRI in U.S.A. and
Ecocert in Canada).

5. Effects on the Environment

Although Bioceres WP may be washed off leaves and vegetables by rain and
irrigation systems, or may be sprayed deliberately on soil, in the case of uses
targeting insects in soil such as white grubs, it can be anticipated that the fungus
will manifest its natural behavior of low mobility (refer to Attachments 6 and 7;
documents 636, 638). The likelihood for these conidia to be carried toward
streams or other water bodies by irrigation or rain events is reduced by the fact
that they are hydrophobic (refer to Attachment 8; document 639). This
characteristic makes them buoyant, increasing their exposure to UV radiation,
which is lethal to the micro-organism (refer to Attachments 9, 10, and 11;
documents 605, 616, 617). In addition, the viability of conidia declines
exponentially in fresh water such that viability is reduced to 30% remains at day 7
(refer to Attachment 12; document 640). When all these elements are
considered together, the residual viable concentration of the micro-organism that
may inadvertently get to fresh water would be so low that risk of germination
would be minimal (refer to Attachment 13; document 608).

6. Non-target Organisms Testing

Guideline studies and waiver rationales were submitted to U.S. EPA and Canada
PMRA to meet data requirements for non-target organisms for Beauveria
bassiana strain ANT-03. Both EPA and PMRA determined that these data and
waiver rationales were sufficient to fulfill the relevant microbial pesticide data
requirements and for risk assessment purposes. Further testing of non-target
organisms at higher tier levels (i.e., Tiers Il, lll, and 1V) was not required.

Studies were conducted to determine the effects of the technical grade active
ingredient, Beauveria bassiana strain ANT-03, on birds and terrestrial and
aquatic arthropods. These studies showed that the technical grade active
ingredient was not pathogenic to birds; however, it may be pathogenic/toxic to
insects and daphnids. As a result, the end-use product labels contain statements
identifying the potential for harm to beneficial insects and bees and that
applications [should] avoid direct contact to foraging bees. The end-use product
labels also contain standard statements restricting users from activities that may
release B. bassiana strain ANT-03 into aquatic environments from its use in the
greenhouse.
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A brief summary of the non-target organisms studies that have been submitted to and
reviewed by EPA and PMRA in support of the current registrations of Beauveria
bassiana strain ANT-03 are provided below.

a. Birds and Mammals
Acute Oral Toxicity/Pathogenicity Study in Bobwhite Quail

This study was conducted to assess the acute oral toxicity/pathogenicity potential of
Beauveria bassiana strain ANT-03 when administered by oral gavage at 5 mL/kg once
daily for five consecutive days to bobwhite quail (refer to Attachment 14; document
501).

EPA Summary from Biopesticides Registration Action Document (BRAD) (EPA,
2015)" (Attachment 15)

The guideline study submitted for the avian oral toxicity/pathogenicity testing
requirement showed no adverse effects in birds tested (Northern bobwhite, Colinus
virginianus). However, the study is classified as supplemental because the birds were
not tested at the maximum hazard dose. Nonetheless, Beauveria bassiana strain ANT-
03 is not likely to grow at a bird’s high body temperatures (McNab, 1966) and adverse
effects to birds exposed via the oral route are considered to be unlikely.

Based on expected lack of adverse effects observed in birds exposed to Beauveria
bassiana strain ANT-03, risk to non-target birds is not likely significant.

Acute Oral Toxicity/Pathogenicity Study in Rats

An acute oral toxicity/pathogenicity study with laboratory rats indicated no adverse
effects of Beauveria bassiana strain ANT-03 when administered at a dose of 1.3 X 10°
CFU/animal. An acute pulmonary toxicity/pathogenicity study was also submitted that
indicated Beauveria bassiana strain ANT-03 was not toxic, infective, or pathogenic to
rats at a dose of 1.1 x 10® CFU/animal. An acute intraperitoneal (IP) injection toxicity
and pathogenicity study does not appear to show toxicity when administered in a single
dose to rats by IP injection at 1.4 x 10° CFU/animal.

Some wild mammals may be exposed to Beauveria bassiana strain ANT-03 in treated
areas. Since adverse effects were not observed in the mammalian studies, risk to wild
mammals is expected to be low.

"' EPA, 2015. Biopesticides Registration Action Document (BRAD) for Beauveria bassiana strain ANT-03.
Pesticide Chemical (PC) Code: 129990. U.S. Environmental Protection Agency Office of Pesticide
Programs Biopesticides and Pollution Prevention Division. March 30, 2015.
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b. Aquatic Organisms
Freshwater Fish Test with Oncorhynchus mykiss (Rainbow Trout)

This study was conducted to assess the chronic toxicity and pathogenicity of Beauveria
bassiana strain ANT-03 to Oncorhynchus mykiss (Rainbow Trout) in a 30-day static-
renewal test. Since the mean survival rates were not significantly different and no
symptomology observed; there were no toxic or pathogenic effects observed (refer to
Attachment 16; document 502).

EPA Summary from BRAD (EPA, 2015)

A guideline study submitted for the non-target freshwater fish testing requirements
indicated no toxicity/pathogenicity of Beauveria bassiana ANT-03 to Oncorhynchus
mykiss (rainbow trout) when tested at 1 x 108 CFU/mL. However, one of the three
replicates of the test substance group (10 of the 30 fish in that group) was not included
in the mortality calculations. The study author’s explanation for the mortality was that
this was likely due to a temporary lack of aeration/drop in dissolved oxygen in the test
containers, but no other details (e.g., analysis of the dead fish for the MPCA and/or
necropsy) were provided.

Freshwater Aquatic Invertebrate with Daphnia magna

This study was conducted to assess the chronic toxicity of the Beauveria bassiana
strain ANT-03, to the mortality, reproduction and growth of the freshwater invertebrate,
Daphnia magna, in a 21-day static renewal test. No significant adverse effects were
observed in organisms treated with sterile filtrate. Results presented are based on
nominal concentrations (refer to Attachment 17; document 506).

EPA Summary from BRAD (EPA, 2015)

A guideline study for the non-target freshwater invertebrate testing showed toxicity to
Daphnia magna at 1 x 106 CFU/mL. Mortality reached 100% in the 1 x 10° test
substance group (Beauveria bassiana strain ANT-03) by Day 8 and 20% in the 1 x 103
test substance group in 21 days. The study is classified as supplemental for the
following reasons: The study indicates that Beauveria bassiana strain ANT-03 is toxic
to Daphnia when tested at 1 x 108 conidia/mL. The study describes the ECso values for
survival, reproduction and biomass. However, the significance of these ECso values are
uncertain, because the study was not designed properly to calculate a definitive ECso.
In the daphnia study, two concentrations were tested at 102 and 108 CFU/mL. Since
100% mortality was observed at the high rate and 20% mortality was observed at the
low rate, it can be concluded that the LCso is >10% CFU/mL. More testing at
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concentrations lower than 106 CFU/mL but higher than 103 CFU/mL is needed to
support the ECso values presented in the Daphnia study.

C. Non-Target Insects and Honey Bees
Arthropods

Ladybird Beetle Non-Target Insect Microbial Testing
EPA Summary from BRAD (EPA, 2015)

The guideline study submitted to meet the requirement for non-target insect testing
showed no toxicity to ladybird beetles (Hippodamia convergens) upon a 10-day dietary
exposure to corn earworm (Helicoverpa zea) sprayed with Beauveria bassiana ANT-03
at 1 x 108 CFU/mL. However, reduced food consumption was observed with the test
substance group during Days 7- 11 when compared to the untreated control group. It is
not possible to determine potential toxicity or pathogenicity in this study, since reduced
food consumption could be the result of toxicity/pathogenicity, or could have resulted in
reduced exposure during the study. Therefore, these results are inconclusive (refer to
Attachment 18; document 503).

Green Lacewing Microbial Testing
EPA Summary from BRAD (EPA, 2015)

The results with green lacewing larvae indicated no significant differences in mortality
among different test groups when exposed to Beauveria bassiana ANT-03 at 1 x 108
CFU/mL in a 25-day dietary toxicity/pathogenicity study. However, the mean number of
eggs consumed per day during Days 0-7 in the untreated control group, inactivated test
substance group, and test substance group was 19.3, 14.5, and 16.3, respectively. The
inactivated test substance group and the test substance group consumed significantly
fewer eggs during Days 0-7 than did the untreated control group (p<0.0001). (The
presence or absence of the surfactant in the various test groups was not clear. Upon
request for clarification, the applicant submitted additional information that stated that
only test substance and inactive test substance groups included the surfactant but not
the untreated control. Surfactants can cause adverse effects in some insects.) The
reduced egg consumption observed might be due to the surfactant, but this cannot be
confirmed without having a control group treated with the surfactant alone. Without this
control, results are inconclusive (refer to Attachment 19; document 504).

10



Advisory Committee
Beauveria bassiana ANT-03
Anatis Bioprotection
December 10, 2021

Honey bees

The study presents the results of the Semi-Field study trials to evaluate the short and
long term impacts of BioCeres WP treatments on honeybee’s, Apis mellifera, heath and
behaviour. In [] light of this study, the BioCeres, containing the active ingredient of
conidiospores of the strain B. bassiana ANT-03, at the highest recommended doses did
not infect, cause sub lethal behavioural abnormalities, nor kill the honey bees under
field conditions. The current study results indicate that B. bassiana strain ANT-03 is
safe to honeybees under field conditions (refer to Attachment 20; document 505).

In light of the observation of reduced food consumption in adult ladybird beetles tested
and the fact that Beauveria bassiana is an entomopathogen known to have a wide host
range, the EPA cannot conclude that adverse effects to non-target insects will not
occur. It should be best to exercise caution with the uses of the new active ingredient:
e.g., to avoid the use of the new active ingredient on or around the crops that are
pollinated by insects. The language in the Use Directions on the label under the
heading “SENSITIVE AREAS” states, “[t]he pesticide should only be applied when the
potential for drift to adjacent sensitive areas (e.g., residential areas, bodies of water,
known habitat for threatened or endangered species, non-target crops) is minimal (e.qg.,
when wind is blowing away from the sensitive areas),” which may serve to reduce
exposure. Additional language will be required to alert users to the potential for adverse
effects to insects, including beneficial species.

A study with honey bees was not provided to support the honey bee data requirement
for the proposed FIFRA Section 3 registration of Beauveria bassiana strain ANT-03. A
data waiver was requested with rationale that included a reference (Al-mazra’awi, 2006)
that involved honey bees as a vector for the dispersal of another strain of Beauveria
bassiana for control of tarnished plant bug on canola, without observable impact on
honey bees. Given that Beauveria bassiana species is a known insect pathogen and
honey bee is a major pollinating insect that plays an important role agriculturally as well
as environmentally, the absence of the required Tier 1 Honey Bee study is likely to
increase concerns about the effects of Beauveria bassiana ANT-03 on honey bees. In
addition, the existing data may not be sufficient to predict the effects of Beauveria
bassiana strain ANT-03, a unique strain, on other beneficial non-target insects. A
vector technology has been developed to use honey bees to disseminate conidia of
Beauveria bassiana to control target pests such as whiteflies and thrips (Shipp, 2009),
but studies like this generally are not intended to study the direct effects of Beauveria
bassiana on honey bees or the bee hives, but to evaluate the effectiveness of honey
bee as a vector to transfer the microbial pest control agent. One study (Al Mazra’awi et
al., 2007) did examine the effects of another strain of Beauveria bassiana on honey
bees. In this study, mortality was low and not significantly different from that of the
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controls; however, mycosis in bee cadavers from Beauveria bassiana treated hives
indicated the potential for Beauveria bassiana to cause mortality in honey bees.

Based on the above information, the rationale provided by the applicant is not sufficient
to determine conclusively that Beauveria bassiana strain ANT-03 will not adversely
affect honey bees or that applications to insect pollinated crops will not cause bee
mortality. Thus, a statement is required to be added to caution users about the potential
effects on bees and other pollinators, and specifically restrict users from applying the
end-use product when bees are visiting crops and surrounding areas. This language is
likely to reduce exposure, but may not eliminate it completely.

d. Terrestrial plants
Bioceres WP is not phytotoxic.
EPA Summary from BRAD (EPA, 2015)

A guideline study for Non-target Plant Testing, Tier 1 was not submitted, but a data
waiver was requested. Scientific rationale submitted for a waiver of the requirement for
Non-target Plant Testing consists of the following: Beauveria bassiana strain ANT-03 is
a naturally occurring soil fungus whose level in the environment would not significantly
increase with the registration of the new active ingredient, and the uses of the new a.i.
on agricultural crop, turf, ornamental and landscape, and home and garden use sites is
not expected to result in increased exposure to non-target plants.

Beauveria bassiana strain ANT-03 is a newly isolated strain from a dead insect in
Canada, with new uses (e.g., for terrestrial and food). This strain was stated to be not
phytotoxic to certain crops in research and development, but data were not provided to
support the claim of no phytotoxicity. Scientific rationale based solely on the published
information on existing strains is not sufficient for the waiver request for the new a.i.
However, while Beauveria bassiana is a known entomopathogen, it is generally not
known as a plant pathogen. Therefore, the proposed uses of Beauveria bassiana ANT-
03 do not exceed the EPA’s level of concern.

1l. Summary of Proposed Amendments to Chapter 4-71A Plant and Non-
Domestic Animal Quarantine, Microorganism Import Rules

Dr. Martin Nadeau of Anatis Bioprotection Inc. proposes the following
amendments to various lists in Chapter 4-71A, HAR to make the following
changes:
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1. Section 4-71A-21A, HAR, List of Restricted Microorganisms (Part A).

In the Fungi section, amends the existing listing of “Beauveria — all
species in genus” to read “Beauveria — all species in genus except: B.
bassiana strain ANT-03"

2. Section 4-71A-24, HAR, List of Nonrestricted Microorganisms.

In the Fungi section, adds Scientific Name: “Beauveria bassiana strain
ANT - 03".

V. Advisory Subcommittee Review

This request was submitted to the Advisory Subcommittee on Fungi for their review.
Their recommendations and comments are as follows

1. | recommend Approval ____/ ___ Disapproval to change the list placement
of Beauveria bassiana strain ANT-03, a fungi on the List of Restricted
Microorganisms (Part A), for future placement on the List of Nonrestricted
Microorganisms, for use in a Microbial Bio-Remediation Product.

Dr. Edward Desmond: Recommends approval.

Comments: “Recommendation is contingent upon the ability to conduct bee
count. To ensure customers are adhering to labeling and bees are not adversely
affected.”

Mr. David Clements: Recommends approval.

Comments: “Since other strains of Beauveria bassiana have been registered as
microbial product in Hawaii and additional strains have been registered by EPA,
would it be reasonable to place all 6 of the EPA registered strains on the List of
Non-restricted Microorganisms? This would avoid additional reviews of the same
nature and create continuity in the listings of B. bassiana.”

Dr. Susan Schenck: Recommends approval.

Comments: “Since this is a commercial product that has been tested and shown
to be safe for honey bees, | recommend approval.”
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Dr. A. Christian Whelen: Recommends approval.

Comments: “Recommendation is contingent upon the ability to conduct bee
counts to ensure customers are adhering to labeling and bees are not adversely
affected.”

Dr. Stephen Ferreira: Recommends approval.

Comments: “For Beauveria bassiana, in general my opinion is that it is not a
strong or aggressive bioagent. Thus, moving the species to the non-restricted
list has my support. My concern would be the potential for non-target
interactions with bees. While the applicant has addressed this concern, | don’t
think the studies are conclusive. Any use of this biocide should be made with the
view of minimizing non-target impacts on bees. | would support moving B.
bassiana to the non-restricted list, but | would council that the entire species be
reclassified, not the specific strain being requested. Either we approve B.
bassiana across the board or we don’t allow individual exceptions, or we risk
future reviews on a case-by-case basis, which | think is not warranted for B.
bassiana.”

Dr. Raquel Wong: Recommends approval.

Comments: None.

Dr. George Wong: Recommends disapproval.

Comments: “l have reservations concerning changing Beauveria bassiana to
placement as a nonrestricted microorganism. A question came up as to why this
species is even on the restricted list. | think that can be best answered by saying
that there are concerns as to preserving even native insects in Hawaii.
Something that other parts of the United States don’t share. On the mainland,
various strains of B. bassiana are authorized for commercial use to rid insect
pests. Obviously, these strains cannot guarantee that only listed species will be
targeted, but since they are not concerned with endangered insects, that problem
is not considered, but we have insect species that are on the endangered list. |
know that it has been tested for honeybees, but what about other insects. There
are lots of native insects and you can'’t test them all!”

ADVISORY COMMITTEE REVIEW: May we request your recommendation and
comments at the next meeting of the Advisory Committee on Plants and Animals.
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Advisory Committee
Beauveria bassiana ANT-03
Anatis Bioprotection
December 10, 2021

January 19, 2024. At the request of ANATIS BIOPROTECTION’s President Silvia
Todorova, attachments 2, 3,14,16,17,18,and 19 were considered confidential and has
requested that HDOA remove the attachments from the HDOA public access website.
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Attachment 1

BioCeres WP

KEEP OUT OF REACH OF CHILDREN

CAUTION

Si usted no entiende la etiqueta, busque a alguien para que
se la explique a usted en detalle. (If you do not understand
this label, find someone to explain it to you in detail.)

FIRST AID

IF IN EYES: Hold eye open and rinse slowly and gently

with water for 15-20 minutes. Remove contact lenses, if
present, after the first 5 minutes, then continue rinsing eye.
Call a poison control center or doctor for treatment advice.

IF INHALED: Move person to fresh air. If person is not
breathing, call 911 or an ambulance, then give artificial
respiration, preferably by mouth-to-mouth if possible. Call
a poison control center or doctor for treatment advice.

IF SWALLOWED: Call a poison control center or doctor
immediately for treatment advice. Have person sip a glass
of water if able to swallow. Do not induce vomiting unless
told to do so by the poison control center or doctor. Do
not give anything by mouth to an unconscious person.

HOTLINE NUMBER: Have the product container or label
with you when calling a poison control center or doctor, or
going for treatment. You may also contact 1-800-222-1222
for emergency medical treatment information.

See inside booklet for additional precautionary

statements and directions for use. 1610-0

OMRI

Biological
Mycoinsecticide

Wettable Powder

ACTIVE INGREDIENT
Beauveria bassiana

strain ANT-03* ... 20.0%
... 80.0%
TOTAL:......cooiiiieccceens 100.0%

*Contains a minimum of 1 X 10"
viable conidia/gram of product.

Manufactured for: Anatis Bioprotection Inc.
278, rang Saint-André, St-Jacques-le-Mineur,
Québec J0J 120, Canada

EPA Registration No. 89600-2

EPA Establishment No. 92957-MI-001

@BioSafe Systems

Distributed by: BioSafe Systems, LLC
22 Meadow St., East Hartford, CT 06108

V2
NET CONTENTS: 1 Ib. 041320
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PRECAUTIONARY STATEMENTS
HAZARDS TO HUMANS AND
DOMESTIC ANIMALS
CAUTION: Causes moderate eye irritation. Harmful
if inhaled or swallowed. Avoid contact with eyes or
clothing. Avoid breathing dust or spray mist. Wash
thoroughly with soap and water after handling
and before eating, drinking, chewing gum, using
tobacco or using the toilet. Remove and wash con-

taminated clothing before reuse.

PERSONAL PROTECTIVE EQUIPMENT (PPE)
Applicators and other handlers must wear:

o long-sleeved shirt and long pants e waterproof gloves
o protective eyewear * shoes plus socks

Mixer/loaders and applicators must wear a NIOSH-
approved particulate respirator with any N, R, or P
filter with NIOSH approval number prefix TC-84A; or
a NIOSH-approved powered air purifying respirator
with an HE filter with NIOSH approval number prefix
TC-21C. Repeated exposure to high concentrations
of microbial proteins can cause allergic sensitization.

Follow the manufacturer’s instructions for cleaning/
maintaining PPE. If no such instructions for wash-
ables are available, use detergent and hot water.
Keep and wash PPE separately from other laundry.

ENGINEERING CONTROLS: When handlers use
closed systems, enclosed cabs or aircraft in a manner
that meets the requirements listed in the Worker Pro-
tection Standard (WPS) for agricultural pesticides (40
CFR 170.607 (d) and (e) (f) for aerial application), the
handler PPE requirements may be reduced or modi-
fied as specified in the WPS.

IMPORTANT: When reduced PPE is worn because
a closed system is being used, handlers must be
provided all PPE specified above for “applicators
and other handlers” and have such PPE immediately
available for use in an emergency, such as a spill or
equipment breakdown.

USER SAFETY RECOMMENDATIONS
Users should:
* Remove clothing/PPE immediately if pesticide
gets inside. Then wash thoroughly and put on

clean clothing.

* Remove PPE immediately after handling this
product. Wash the outside of gloves before re-
moving. As soon as possible, wash thoroughly
and change into clean clothing.

ENVIRONMENTAL HAZARDS: For terrestrial uses
- This product may harm beneficial insects and honey
bees. Do not apply while bees or other pollinating
insects are actively foraging. This product may be
harmful to aquatic organisms. Drift and runoff may
be hazardous to aquatic organisms in water adja-
cent to treated areas. Do not apply within 50 feet of
aquatic habitats (such as, but not limited to, lakes,
reservoirs, rivers, streams, marshes, ponds, estuaries,
and commercial fish ponds). Do not apply directly to
water, or to areas where surface water is present or
to intertidal areas below the mean high water mark.
Do not contaminate water when disposing of equip-
ment washwater or rinsate.

DIRECTIONS FOR USE

It is a violation of Federal law to use this product
in @ manner inconsistent with its labeling. For any
requirements specific to your State or Tribe, consult
the State or Tribal agency responsible for pesticide
regulation. Do not apply this product in a way that
will contact workers or other persons, either direct-
ly or through drift. Only protected handlers may be
in the area during application.

Agricultural Use Requirements

Use this product only in accordance with its la-
beling and with the Worker Protection Standard,
40 CFR Part 170. This Standard contains require-
ments for the protection of agricultural workers
on farms, forests, nurseries, and greenhouses,
and handlers of agricultural pesticides. It contains
requirements for training, decontamination, no-
tification, and emergency assistance. It also con-
tains specific instructions and exceptions pertain-
ing to the statements on this label about personal
protective equipment (PPE) and restricted-entry
interval. The requirements in this box only apply
to uses of this product that are covered by the
Worker Protection Standard. Do not enter or al-
low worker entry into treated areas during the
restricted-entry interval (REI) of 4 hours.




PPE required for early entry to treated areas (that
is permitted under the Worker Protection Stan-
dard and that involves contact with anything that
has been treated, such as plants, soil or water) is:

 Coveralls
* Waterproof gloves
® Shoes plus socks

EXCEPTION: If the product is soil incorporated
or soil injected, the Worker Protection Standard,
under certain circumstances, allows workers to
enter the treated area if there will be no contact
with anything that has been treated.

NON-AGRICULTURAL USE REQUIREMENTS
The requirements in this box apply to uses of
this product that are not within the scope of the
Worker Protection Standard for agricultural pes-
ticides (40 CFR Part 170). The WPS applies when
this product is used to produce agricultural plants
on farms, forests, nurseries or greenhouses.

Keep unprotected persons out of treated areas

until sprays have dried.

PRODUCT INFORMATION

Bioceres WP is a biological insecticide containing the
active ingredient Beauveria bassiana strain ANT-03 for
use on labeled growing crops to control insect pests.
Bioceres WP acts as a contact biological insecticide
for use in the control or suppression of labeled foliar-
feeding pests, including aphids, white flies, thrips,
plant bugs, beetles and weevils infesting labeled
crops or use sites. Bioceres WP must be mixed with
water and applied as a foliar spray with ground or
aerial equipment equipped for conventional insecti-
cide spraying, or by chemigation, in field or green-
house use sites.

PRE-HARVEST INTERVAL (PHI): Pre-harvest in-

terval for Bioceres WP is zero (0) days. Bioceres WP
can be applied up to the day of harvest.

USE INSTRUCTIONS
Bioceres WP is a selective insecticide for use against
labeled insects. Close scouting and early attention

to infestations is highly recommended. Proper tim-
ing of application targeting newly hatched larvae is
important for optimal results.

Thorough coverage of infested plant parts is neces-
sary for effective control. Bioceres WP does not have
systemic activity. For some crops, directed drop noz-
zles by ground machine are required. Under heavy
pest populations, use the stated higher label rates,
shorten the spray interval, and/or increase the spray
volume to improve coverage. Repeat applications
at an interval sufficient to maintain control, usu-
ally 3-10 days depending upon plant growth rate,
insect activity, and other factors. If attempting to
control an insect population with a single applica-
tion, make the treatment when eggs start hatching,
but before economic damage occurs.

To enhance control, tank mix with contact insec-
ticides/miticides/nematicides. Use the lower label
rates of Bioceres WP when populations are low and
when tank-mixing with other insecticides/miticides/
nematicides. Use the stated higher rates of Bioceres
WP when applied standalone, when populations
are high or when egg numbers are high.

To enhance adhesion of Bioceres WP use a
spreader/sticker adjuvant.

Bioceres WP has been evaluated for phytotoxicity on a
variety of crops under various normal growing condi-
tions. However, testing all crop varieties, in all mixtures
and combinations, is not feasible. Prior to treating en-
tire crop, test a small portion of the crop for sensitivity.

GROUND AND AERIAL APPLICATIONS
Apply Bioceres WP in ground and aerial equipment
with quantities of water sufficient to provide thor-
ough coverage of infested plant parts. The amount
of water needed per acre will depend upon crop
development, weather, application equipment, and
local experience. Do not spray when wind speed fa-
vors drift beyond the area intended for use. Avoid-
ing spray drift is the responsibility of the applicator.

Mixing directions

Important - Do not add Bioceres WP to the mix
tank before introducing the correct amount of wa-
ter. Add water to the mix tank. Start the mechani-



cal or hydraulic agitation to provide moderate cir-
culation before adding Bioceres WP. Add spreader/
sticker and then correct amount of Bioceres WP to
the mix tank and continue circulation. Maintain
circulation while loading and spraying. Do not mix
more Bioceres WP than can be used in 24 hours.

Spray volume
For conventional air and ground applications, use at least
50 gallons of total volume per acre in water-based sprays.

Tank mixing

Do not tank mix with fungicides. Do not com-
bine Bioceres WP in the spray tank with other pesti-
cides, surfactants, adjuvants, or fertilizers if there has
been no previous experience or use of the combina-
tion to show it is physically compatible, effective, and
non-injurious under your use conditions. Observe the
most restrictive of the labeling limitations and pre-
cautions of all products used in mixtures.

To ensure compatibility of tank-mix combinations,
they must be evaluated prior to use. To determine
the physical compatibility of this product with other
products, use a jar test. Using a quart jar, add the pro-
portionate amounts of the products to one quart of
water with agitation. Add dry formulations first, then
flowables, and then emulsifiable concentrates last.
After thoroughly mixing, let this mixture stand for 5
minutes. If the combination remains mixed or can be
readily remixed, it is physically compatible. Once com-
patibility has been proven, use the same procedure
for adding required ingredients to the spray tank.

AERIAL DRIFT REDUCTION INFORMATION
GENERAL: Avoiding spray drift at the application
site is the responsibility of the applicator and the
grower (specifically, see SENSITIVE AREAS sec-
tion for the requirement regarding spray drift and
honey bees). The interaction of many equipment-
and weather-related factors determine the potential
for spray drift. The applicator and the grower are
responsible for considering all these factors when
making decisions. Where states have more stringent
regulations, they must be observed.

Do not apply directly to aquatic habitats (such as,
but not limited to, lakes, reservoirs, rivers, streams,
marshes, ponds, estuaries, and commercial fish ponds).
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INFORMATION ON DROPLET SIZE: Use only
medium or coarser spray nozzles according to ASAE
(5572) definition for standard nozzles. In conditions
of low humidity and high temperatures, applicators
should use a coarser droplet size. The most effective
way to reduce drift potential is to apply large drop-
lets. The best drift management strategy is to apply
the largest droplets that will provide sufficient cov-
erage and control. Applying larger droplets reduces
drift potential, but will not prevent drift if applica-
tions are made improperly, or under unfavorable
environmental conditions (see Wind, Temperature
and Humidity, and Temperature Inversions).

CONTROLLING DROPLET SIZE: Volume — Use
high flow rate nozzles to apply the highest practical
spray volume. Nozzles with higher rated flows pro-
duce larger droplets. Pressure — Do not exceed the
nozzle manufacturer’s specified pressures. For many
nozzle types, lower pressure produces larger droplets.
When high flow rates are needed, use higher flow
rate nozzles instead of increasing pressure. Number
of Nozzles — Use the minimum number of nozzles
that provide uniform coverage. Nozzle Orientation —
Orienting nozzles so that the spray is released parallel
to the airstream produces larger droplets than other
orientations and is the recommended practice. Sig-
nificant deflection from horizontal will reduce droplet
size and increase drift potential. Nozzle Type — Use a
nozzle type that is designed for the intended applica-
tion. With most nozzle types, narrower spray angles
produce larger droplets. Consider using low-drift
nozzles. Solid stream nozzles oriented straight back
produce the largest droplets and the lowest drift.

BOOM WIDTH: For aerial applications, the boom
width must not exceed 75% of the wingspan or
90% of the rotary blade.

APPLICATION HEIGHT: Do not make application
at a height greater than 10 feet above the top of
the largest plants unless a greater height is required
for aircraft safety. Making applications at the lowest
height that is safe reduces exposure to droplets to
evaporation and wind. If application includes a no-
spray zone, do not release spray at a height greater
than 10 feet above the ground or crop canopy.



SWATH ADJUSTMENT: When applications are
made with a crosswind, the swath will be displaced
downward. Therefore, on the up and downwind
edges of the field, the applicator must compensate
for this displacement by adjusting the path of the
aircraft upwind. Swath adjustment distance should
increase with increasing drift potential (higher
wind, smaller drops, etc.).

WIND: Only apply this product if the wind direction
favors on-target deposition. Do not apply when the
wind velocity exceeds 15 mph. Drift potential is low-
est between wind speeds of 2-10 mph. However,
many factors, including droplet size and equipment
type determine drift potential at anygiven speed.
Application should be avoided below 2 mph due to
variable wind direction and high inversion potential.
NOTE: Local terrain can influence wind patterns.
Every applicator should be familiar with local wind
patterns and how they affect spray drift.

TEMPERATURE AND HUMIDITY: When making
applications in low relative humidity, set up equip-
ment to produce larger droplets to compensate for
evaporation. Droplet evaporation is most severe
when conditions are both hot and dry.

TEMPERATURE INVERSIONS: Do not apply dur-
ing a temperature inversion because drift potential
is high. Temperature inversions restrict vertical air
mixing, which causes small, suspended droplets
to remain in a concentrated cloud. This cloud can
move in unpredictable directions due to the light
variable winds common during inversions. Tem-
perature inversions are characterized by increas-
ing temperatures with altitude and are common
on nights with limited cloud cover and light to no
wind. They begin to form as the sun sets and often
continue into the morning. Their presence can be
indicated by ground fog; however, if fog is not pres-
ent, inversions can also be identified by the move-
ment of smoke from a ground source or an aircraft
smoke generator. Smoke that layers and moves
laterally in a concentrated cloud (under low wind
conditions) indicates an inversion, while smoke
that moves upward and rapidly dissipates indicates
good vertical air mixing.

SENSITIVE AREAS: The pesticide should only be
applied when the potential for drift to adjacent sen-
sitive areas (e.g. residential areas, bodies of water,
known habitat for threatened or endangered spe-
cies, non-target crops) is minimal (e.g. when wind is
blowing away from the sensitive areas). Do not allow
spray to drift from the application site and contact
people, structures people occupy at any time and
the associated property, parks and recreation areas,
non-target crops, blooming crops or weeds that
bees are visiting, aquatic and wetland areas, wood-
lands, pastures, rangelands, or animals.

CHEMIGATION USE DIRECTIONS

Spray preparation

First, prepare a suspension of Bioceres WP in a mix
tank. Fill tank ¥2-3% of the amount of water for the
area to be treated. Start mechanical or hydraulic
agitation. Add the required amount of Bioceres
WP, and then the remaining volume of water. Then
set the sprinkler to deliver a minimum of 0.1-0.3
inch of water per acre. Start sprinkler and uniformly
inject the suspension of Bioceres WP into the irri-
gation water line so as to deliver the correct rate
of Bioceres WP per acre. Inject the suspension of
Bioceres WP with a positive displacement pump into
the main line ahead of a right angle turn to ensure
adequate mixing. Bioceres WP is to be metered con-
tinuously for the duration of the water application.
If you have questions about calibration, you should
contact State Extension Service specialists, equip-
ment manufacturers or other experts.

Do not combine Bioceres WP with other pesticides,
surfactants, adjuvants, or fertilizers for application
through chemigation equipment unless prior expe-
rience has shown the combination to be physically
compatible, effective and non-injurious under con-
ditions of use.

General Requirements -

1. Apply this product only through sprinkler, in-
cluding center pivot, lateral move, end tow, side
(wheel) roll, traveler, big gun, solid set, or hand
move, or drip (trickle) irrigation systems. Do not
apply this product through any other type of ir-
rigation system.
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. Crop injury, lack of effectiveness, or illegal pes-

ticide residues in the crop can result from non-
uniform distribution of treated water.

. If you have questions about calibration, you

should contact State Extension Service special-
ists, equipment manufacturers or other experts.

. Do not connect an irrigation system (including

greenhouse systems) used for pesticide applica-
tion to a public water system unless the pes-
ticide label-prescribed safety devices for public
water systems are in place.

. A person knowledgeable of the chemigation sys-

tem and responsible for its operation, or under
the supervision of the responsible person, shall
shut the system down and make necessary ad-
justments should the need arise.

Specific Requirements for Chemigation
Systems Connected to Public Water Systems -

1.

Public water system means a system for the pro-
vision to the public of piped water for human
consumption if such system has at least 15 ser-
vice connections or regularly serves an average
of at least 25 individuals daily at least 60 days
out of the year.

. Chemigation systems connected to public water

systems must contain a functional, reduced-
pressure zone, backflow preventer (RPZ) or the
functional equivalent in the water supply line
upstream from the point of pesticide introduc-
tion. As an option to the RPZ, the water from the
public water system should be discharged into
a reservoir tank prior to pesticide introduction.
There shall be a complete physical break (air gap)
between the flow outlet end of the fill pipe and
the top or overflow rim of the reservoir tank of
at least twice the inside diameter of the fill pipe.

. The pesticide injection pipeline must contain a

functional, automatic, quick-closing check valve
to prevent the flow of fluid back toward the in-
jection pump.

. The pesticide injection pipeline must contain a

functional, normally closed, solenoidoperated
valve located on the intake side of the injection
pump and connected to the system interlock to
prevent fluid from being withdrawn from the
supply tank when the irrigation system is either

automatically or manually shut down.

. The system must contain functional interlocking

controls to automatically shut off the pesticide in-
jection pump when the water pump motor stops,
or in cases where there is no water pump, when
the water pressure decreases to the point where
pesticide distribution is adversely affected.

. Systems must use a metering pump, such as

a positive displacement injection pump (e.g.,
diaphragm pump) effectively designed and con-
structed of materials that are compatible with
pesticides and capable of being fitted with a
system interlock.

. Do not apply when wind speed favors drift be-

yond the area intended for treatment.

Specific Requirements
for Sprinkler Chemigation -

1.

The system must contain a functional check valve,
vacuum relief valve and low-pressure drain appro-
priately located on the irrigation pipeline to pre-
vent water source contamination from backflow.

. The pesticide injection pipeline must contain a

functional, automatic, quick-closing check valve
to prevent the flow of fluid back toward the in-
jection pump.

. The pesticide injection pipeline must also con-

tain a functional, normally closed, solenoidop-
erated valve located on the intake side of the
injection pump and connected to the system
interlock to prevent fluid from being withdrawn
from the supply tank when the irrigation system
is either automatically or manually shut down.

. The system must contain functional interlocking

controls to automatically shut off the pesticide in-
jection pump when the water pump motor stops.

. The irrigation line or water pump must include

a functional pressure switch, which will stop the
water pump motor when the water pressure de-
creases to the point where pesticide distribution
is adversely affected.

. Systems must use a metering pump, such as a

positive displacement injection pump (e.g., dia-
phragm pump) effectively designed and con-
structed of materials that are compatible with
pesticides and capable of being fitted with a
system interlock.



7. Do not apply when wind speed favors drift be-
yond the area intended for treatment.

Specific Requirements

for Drip (Trickle) Chemigation -

. The system must contain a functional check valve,
vacuum relief valve and low-pressure drain appro-
priately located on the irrigation pipeline to pre-
vent water source contamination from backflow.

2. The pesticide injection pipeline must contain a
functional, automatic, quick-closing check valve
to prevent the flow of fluid back toward the in-
jection pump.

3. The pesticide injection pipeline must also con-
tain a functional, normally closed, solenoidop-
erated valve located on the intake side of the
injection pump and connected to the system
interlock to prevent fluid from being withdrawn
from the supply tank when the irrigation system
is either automatically or manually shut down.

4. The system must contain functional interlocking
controls to automatically shut off the pesticide in-
jection pump when the water pump motor stops.

5. The irrigation line or water pump must include
a functional pressure switch which will stop the
water pump motor when the water pressure de-
creases to the point where pesticide distribution
is adversely affected.

6. Systems must use a metering pump, such as a
positive displacement injection pump (e.g., dia-
phragm pump) effectively designed and construct-
ed of materials that are compatible with pesticides
and capable of being filled with a system interlock.

Application Instructions

for All Types of Chemigation -

1. Remove scale, pesticide residues, and other foreign
matter from the chemical supply tank and entire
injector system. Flush with clean water. Failure to
provide a clean tank, void of scale or residues may
cause product to lose effectiveness or strength.

2. Determine the treatment rates as indicated in
the directions for use and make proper dilutions.

3. Prepare a solution in the chemical tank by filling
the tank with the required water and then add-
ing product as required. Utilize agitation to keep
solution in suspension.

SOIL APPLICATION RATES

Apply Bioceres WP as a soil drench or injection to treat
the below-mentioned pests and crops. For soil applica-
tions, apply 1-4 oz. (up to % Ib.) of Bioceres WP per
1,000 square feet. For difficult to control soil pests,
apply Bioceres WP at the high rate (4 oz. per 1,000
square feet). Do not apply to water-saturated soil.

Apply Bioceres WP in enough water to ensure good
coverage of treated area, at least one gallon per
1,000 square feet. Irrigate treated area after appli-
cation to disperse product into soil.

GREENHOUSE AND OUTDOOR

FOLIAR APPLICATION RATES

Apply Bioceres WP to treat the below mentioned
pests and crops. Repeat at 5-7 day intervals as
needed. Use 50 gallons spray volume per acre.
Thoroughly cover plant foliage with spray solution,
but not to runoff. Pre-harvest Interval (PHI) = 0 days.

Use a range of 1.5-3.0 lbs. per 100 gallons

Alfalfa (Hay and Seed), Hay and Other
Forage Crops

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Aphids and plant bugs

Asparagus

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

BRASSICA (COLE) LEAFY VEGETABLES:

Including, but not limited to (excludes watercress):

Broccoli, Broccoli Raab, Brussels Sprouts,
Cabbage, Chinese Broccoli, Chinese Cab-
bage (Bok Choy), Chinese Cabbage (Napa),
Chinese Mustard Cabbage (Gai Choy), Cau-
liflower, Cavalo Broccolo, Collards, Kale,
Kohlrabi, Mizuna, Mustard Greens, Mus-
tard Spinach, and Rape Greens
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(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

BULB VEGETABLES: Including, but not limited to:

Leek, Garlic, Onion (Bulb and Green),
Welch, and Shallot

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

BERRY and SMALL FRUIT:
Including, but not limited to:

Bushberry: Blueberry, Currant, Gooseberry,
Huckleberry, Elderberry, Juneberry, Ligon-
berry, and Salal

(1-2 pounds of Bioceres WP per acre)
(2-3 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

Caneberry: Blackberry, Loganberry, Red and
Black Raspberry, and cultivars, varieties
and/or hybrids of these

(1-2 pounds of Bioceres WP per acre)
(2-3 briquettes of Bioceres WP per acre)
Whiteflies, aphids, Spotted wing drosophila (vin-
egar fly) (Drosophila Suzukii), thrips, plant bugs
and bud weevil

Grape, Amur River Grape, Gooseberry,
Kiwifruit, Maypop, Schisandra Berry

(1-2 pounds of Bioceres WP per acre)

(2-3 briquettes of Bioceres WP per acre)
Whiteflies, aphids, Spotted wing drosiphila (vinegar
fly) (Drosophila Suzukii), thrips, and plant bugs

Strawberry

(1-3 pounds of Bioceres WP per acre)

(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, plant bugs, and bud weevil

CEREAL GRAINS (not includin
Including, but not limited to:
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rice):

Barley, Buckwheat, Oats, Pearl Millet, Pro-
so, Millet, Rye, Sorghum (Milo), Teosine,
Triticale, and Wheat

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids and thrips

Corn (Field Corn, Sweet Corn, Popcorn and
Corn Grown for Seed)
(1-3 pounds of Bioceres WP per acre)

(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids and thrips

CITRUS FRUITS: Including, but not limited to:

Calamondin, Citrus citron, Citrus hybrids
(includes Chironja, Tangelo, Tangor), Grape-
fruit, Kumquat, Lemon, Lime, Mandarin
(Tangerine), Orange (sour and sweet), Pum-
melo, and Satsuma mandarin

(1-3 pounds of Bioceres WP per acre)

(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids and thrips

Cotton

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids and thrips

CUCURBIT VEGETABLES:
Including, but not limited to:

Chayote (fruit); Chinese waxgourd (Chi-
nese preserving melon); Citron melon; Cu-
cumber; Gherkin; Gourd, edible (includes
Hyotan, Cucuzza, Hechima, Chinese okra);
Melons; Momordica spp (includes Balsam
apple, Balsam pear (bittermelon), Chinese
cucumber); Muskmelon (includes Canta-
loupe); Pumpkin; Squash (summer and
winter) (includes Butternut squash, Cala-
baza, Hubbard squash, Acorn squash, Spa-
ghetti squash); Watermelon

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)



Whiteflies, aphids, thrips, plant bugs, and striped
cucumber beetle

FRUITING VEGETABLES:
Including, but not limited to:

Tomato, Tomatillo, Pepper, Groundcherry,
Pepino, Okra, and Eggplant

(1-3 pounds of Bioceres WP per acre)

(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, plant bugs, and European
corn borer

HERBS AND SPICES: Including, but not limited to:

Angelica, Balm, Basil, Borage, Burnet, Cham-
omile, Catnip, Chervil, Chive, Clary, Cori-
ander, Costmary, Cilantro, Curry, Dillweed,
Horehound, Hyssop, Lavender, Lemongrass,
Lovage, Marjoram, Nasturtium, Parsley
(Dried), Rosemary, Sage, Savory (Summer and
Winter), Sweet Bay, Tansy, Tarragon, Thyme,
Wintergreen, Woodruff and Wormwood

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

Hops and Dried Cones

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids and thrips

LEAFY VEGETABLES (Except BRASSICA
Vegetables): Including, but not limited to:

Arugula, Celery, Corn Salad, Cress, Dande-
lion, Dock, Edible Chrysanthemum, Endive,
Fennel, Head Lettuce, Leaf Lettuce, Parsley,
Purslane, Radicchio, Rhubarb, Spinach and
Swiss Chard

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

LEAVES OF ROOT AND TUBER VEGETABLES:
Including, but not limited to:

Beet and Turnip

(1-3 pounds of Bioceres WP per acre)

(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

LEGUME VEGETABLES (SUCCULENT OR DRIED)
AND GRAIN CROPS: Including, but not limited to:

Adzuki Bean, Blackeyed Pea, Beans, Chick-
pea, Cowpea, Crowder Pea, Edible-Pod Pea,
English Pea, Fava Bean, Field Bean, Field
Pea, Garbanzo Bean, Garden Pea, Green Pea,
Kidney Bean, Lentils, Lima Bean, Lupins,
Mung Bean, Navy Bean, Peas, Pigeon Pea,
Pinto Bean, Runner Bean, Snap Bean, Snow
Pea, Soybean, Sugar Snap Pea, Tepary Bean,
Wax Bean, and Yardlong Bean

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

OILSEED CROPS: Including, but not limited to:

Canola, Safflower, Sesame, Sunflower (in-
cluding Sunflower Grown for Seed), Tea,
and Jojoba

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids and thrips

Peanut

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids and thrips

POME FRUITS: Including, but not limited to:

Apples, Crabapple, Loquat, Mayhaw,
Oriental Pear, Pears and Quince

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs




ROOT AND TUBER VEGETABLES:
Including, but not limited to:

Artichoke, Black Salsify, Carrot, Cassava
(bitter or sweet), Celeriac (celery root), Cha-
yote (root), Chicory, Chinese Artichoke, Ed-
ible Burdock, Garden Beet, Ginger, Ginseng,
Horseradish, Jerusalem Artichoke, Oriental
Radish, Parsnip, Potatoes, Radish, Rutaba-
ga, Salsify, Skirret, Spanish Salsify, Sugar
Beet, Sweet Potatoes, Taro, Tumeric, Turnip,
Turniprooted Chervil, Turnip-rooted Parsley
and Yams

(1-3 pounds of Bioceres WP per acre)

(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

Shade and Ornamental Trees

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

STONE FRUITS: Including, but not limited to:

Apricots, Cherry, Nectarine, Peach, Plum,
and Prune

(1-3 pounds of Bioceres WP per acre)

(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, Spotted wing drosophila (vinegar
fly) (Drosophila Suzukii), thrips, and plant bugs

TREE NUTS: Including, but not limited to:

Almonds, Cashew, Chestnut, Filbert (Ha-
zelnut), Macadamia Nut, Pecan, Pistachios,
and Walnut

(1-3 pounds of Bioceres WP per acre)

(1.5-4.5 briquettes of Bioceres WP per acre)
Whiteflies, aphids and thrips

TROPICAL AND SUBTROPICAL FRUITS:
Including, but not limited to:

Acerola, Atemoya, Avocado, Banana, Biri-
ba, Black Sapote, Canistel, Cherimoya, Cus-
tard Apple, Feijoa, Guava, llama, Jabotica-
ba, Kiwi, Longan, Lychee, Mamey Sapote,
Mango, Olive, Papaya, Passionfruit, Pine-
apple, Plantains, Pulasan, Rambutan, Sapo-
dilla, Soursop, Spanish Lime, Star Apple,
Starfruit, Sugar Apple, Ti Palm Leaves, Wax
Jambu (Wax Apple), and White Sapote

(1-3 pounds of Bioceres WP per acre)

(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

Fig
(1-2 pounds of Bioceres WP per acre)

(2-3 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

ADDITIONAL PLANTS:

Coffee, Hemp, Mushroom, Sugar Cane,
and Tobacco

(1-3 pounds of Bioceres WP per acre)
(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

FOR USE ON THE FOLLOWING SITES FOR
CONTROL OF INSECTS:

Ornamentals in parks and landscapes in-
cluding: Flowering plants, foliage plants,
broadleaves, shrubs, trees, conifers

(1-3 pounds of Bioceres WP per acre)

(2-5 briquettes of Bioceres WP per acre)
Whiteflies, aphids, thrips, and plant bugs

Turfgrasses in parks, landscapes,
and golf courses

(3 - 6 pounds of Bioceres WP per acre)
(4.5-9 briquettes of Bioceres WP per acre)
Cinch bugs, white grubs, and plant bugs
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Beauveria bassiana (Balsamo — Crivelli) Vuillemin based mycoinsecticides are used
against agricultural, veterinary and medical insect pests. The fungus has a very diverse
and extensive host range. Variation in virulence among isolates of B. bassiana to
different insect species has been abundantly documented. Given the effect of multiple
factors on virulence, it is not certain whether the observed difference in virulence can be
labelled as host specificity. Environmental conditions and susceptibility of the insect
population are two main factors that affect successful fungal infection. Keeping the
environmental factors constant, if virulence of an isolate to different insect species and
different populations within an insect species is compared, the scale of difference
between the two responses can be estimated. If differences in virulence of an isolate to
different insect species are greater than the difference in virulence to different insect
populations within an insect species, then, the isolate can be considered as exhibiting
specific preference to those insect species towards which it exhibits high virulence. To
examine this feature, a worldwide sample of B. bassiana was bioassayed on nine insect
species and two different populations within two insect species. Laboratory bioassays
were done on: Bombyx mori (Lepidoptera), Spodoptera litura (Lepidoptera), Chilo
partellus (Lepidoptera), Helicoverpa armigera (Lepidoptera), Epilachna vigintioctopunc-
tata (Coleoptera), Mylabris pustulata (Coleoptera), Aphis craccivora (Homoptera),
Maconellicoccus hirsutus (Hemiptera) and Oecophylla smaragdina (Hymenoptera). The
range of variation in virulence of a B. bassiana isolate to different insect species was not
more than that observed with different populations within a single insect species. B.
bassiana is thus a generalist with no strict host preference. B. bassiana based biopesticide
can be used as a broad spectrum insecticide against a myriad of insect pests.

Keywords: Beauveria bassiana; host specificity; insect populations; insect species;
laboratory bioassays; virulence

Introduction

Among the entomopathogenic fungi, Beauveria bassiana, a popular registered mycoinsecti-
cide, has an extremely large host list of ~700 insect species (Li 1988; Glare and Milner 1991;
Humber 1991; Goettel, Inglis, and Wraight 2000). It is ubiquitous in distribution and is
pathogenic to a wide spectrum of arthropods with its host range spanning most orders of
class Insecta (Butt and Goettel 2000; Lacey, Frutos, Kaya, and Vial 2001; Zimmerman 2007).
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It also has the ability to colonise plants (e.g. corn), though not as a pathogen, but as an
endophyte (Wagner and Lewis 2000). It has been reported as an endophyte in a few other
plants as well (Zimmerman 2007). Beauveria bassiana was speculated to contain a diverse
assemblage of genotypes and most likely to be a species complex (Goettel et al. 2000). This
view has been amply substantiated by molecular genetic data (Rehner and Buckley 2003,
2005; Uma Devi, Reineke, Nageswara Rao Reddy, Uma Maheswara Rao, and Padmavathi
2006). Goettel et al. (2000) envisaged that it will not be surprising to find within the taxon of
B. bassiana which collectively possesses a very wide host range, individual isolates or
pathotypes, with a substantially restricted host range. Fire ants (Solenopsis invicta) across
South America were found to be infected by a single genotype of B. bassiana (Zeng 1999).
Isolates of B. bassiana infecting European corn borer moth (Ostrinia nubilalis) were all found
to have identical telomere fingerprints; similar was the case with isolates from sugar cane
borer (Diatraea saccharalis) (Viaud, Couteaudier, Levis, and Riba 1996; Maurer, Couteau-
dier, Girard, Bridge, and Riba 1997). B. bassiana isolates pathogenic to rice water weevil,
Lissorhoptrus oryzophilus, were found to have a very similar genotype (Urtz and Rice 1997).
Reviews of literature on B. bassiana hint at the prevalence of host specificity with strains
differing in their host range (Fargues and Remaudiére 1977; Ferron 1978; McCoy 1990;
Glare and Milner 1991). Commercial formulations of this fungus have also been developed
with isolates specifically virulent against target pests: Ostrinil® for corn borer (Ostrinia
nubilalis) and Boverin for potato beetle (Leptinotarsa decemlineata) (Riba, Couteaudier,
Maurer, and Neuvéglise 1994). Recommendations have been made to test the virulence of
B. bassiana isolate to be incorporated in the mycopesticide formulation against the insect to
which it is targeted (Ferron, Fargues, and Riba 1991). On the other hand, in a study of the
host range of B. bassiana using eight lepidopteran insect species (Wraight et al. 2003), all the
40 isolates tested were reported to be pathogenic to all the insect species with numerous
isolates being highly virulent to all the tested insects. Naturalis®, a registered B. bassiana
based mycopesticide formulation was found effective against taxonomically diverse insect
pests (Butt, Jackson, and Magan 2001). Naturalis® was labelled as not being effective against
lepidopteran pests but was found virulent to Plutella xylostella, alepidopteran (Vandenberg,
Ramos, and Altre 1998). In B. bassiana, cases of extreme specialisation with isolates being
either virulent or avirulent to the tested insect species have only rarely been reported (Riba,
Katagiri, and Kawakami 1982; Urtz and Rice 1997). Most studies describe differences
among B. bassiana isolates in the degree of virulence rather than a distinction into virulence/
avirulence. Gradation of virulence of an isolate can however be affected by the bioassay
conditions and susceptibility of the insect population of the species being tested. Effects of
physical environmental conditions like temperature and moisture on the virulence of isolates
have been abundantly documented (e.g. Ferron et al. 1991; Glare and Milner 1991;
Vandenberg et al. 1998). With Nomuraea rileyi, another entomopathogenic fungus,
laboratory bioassay results even with the same isolates under similar conditions in the
same lab were reported to vary significantly with bioassays done at different times (Boucias,
Stokes, Suazo, and Funderburk 2000). Significant differences in virulence have been
observed with Beauveria brongniartii isolates tested against two different populations of
the same insect species, the European cockchafer Melolontha melolontha (Keller, Schweizer,
and Shah 1999).

Host specificity in B. bassiana was studied taking a sample of isolates from different
geographic regions and insect hosts and testing on nine insect species belonging to different
taxonomic orders within the class Insecta and two different insect populations within two
insect species. It was hypothesised that if the differences in virulence of isolates of
B. bassiana to different insect species are greater than differences in virulence to different
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populations of the same insect species, then, an isolate can be labeled as highly/less virulent
against a particular insect species. If the differences in this comparison are not significant,
it might be that virulence is determined by the genotype (as regards susceptibility) of the
insect population in an insect species rather than the type of insect species per se.

Materials and methods
Fungal isolates

The isolates were sampled to constitute representatives from disparate insect hosts
collected worldwide from different climatic conditions (Table 1). This sample of 29 B.
bassiana isolates was DNA fingerprinted by RAPD, AFLP and telomere fingerprinting
and found to be very genotypically diverse (Padmavathi 2002; Padmavathi, Uma Devi,
Uma Maheswara Rao, and Nageswara Rao Reddy 2003; Uma Devi et al. 2006). The

Table 1. Origin of Beauveria bassiana isolates used in the study of insect host specificity.

Original insect host

Isolate® Name Taxonomic order Geographic origin
ARSEF 326 Chilo plejadellus Lepidoptera Queensland, Australia
ARSEF 739 Diabrotica paranoense Coleoptera Goiania, Brazil
ARSEF 1149 Helicoverpa armigera Lepidoptera Cordoba, Spain
ARSEF 1166 Helicoverpa armigera Lepidoptera Cordoba, Spain
ARSEF 1169 Sitona lineatus Coleoptera Senneville, France
ARSEF 1314 Helicoverpa virescens Lepidoptera La Miniére, France
ARSEF 1315 Helicoverpa virescens Lepidoptera La Miniére, France
ARSEF 1316 Helicoverpa virescens Lepidoptera La Miniére, France
ARSEF 1512 Spodoptera littoralis Lepidoptera La Miniére, France
ARSEF 1788 Helicoverpa virescens Lepidoptera Spain

ARSEF 2860 Schizaphis graminum Homoptera Idaho, USA

ARSEF 3041 Reticulitermus flavipes Isoptera Toronto, Canada
ARSEF 3120 Senecio sp. Homoptera Yvelines, France
ARSEF 3286 Spodoptera littoralis Lepidoptera Montpellier, France
ARSEF 3387  Myzus persicae Homoptera Washington, USA
NRRL 3108 Ostrinia nubilalis Lepidoptera Unknown

NRRL 20698  Dysdercus koengii Hemiptera Lima, Peru

NRRL 20699 Unknown — Illinois, USA

NRRL 22864  Glichrochilus quadrisignatus ~ Coleoptera Illinois, USA

NRRL 22865 Unknown - Towa, USA

NRRL 22866 Pachnaeus litus Coleoptera Florida, USA

ITCC 913 Unknown — The Netherlands

ITCC 1253 Musca domestica Diptera Mumbai, Central India
ITCC 4521 Diatraea saccharalis Lepidoptera Karnal, north India
ITCC 4644 Deanolis albizonalis Lepidoptera Ambajipeta, south India
ITCC 4688 Helicoverpa armigera Lepidoptera Hyderabad, south India
BB2 Spodoptera litura Lepidoptera Bangalore, south India
BB3 Soil - Bangalore, south India
BB4 Helicoverpa armigera Lepidoptera Warangal, south India

“ARSEF isolates are from USDA-ARS Collection of Entomopathogenic Fungal Cultures, Ithaca, NY; ITCC
isolates are from Indian Type Culture Collection, IARI, New Delhi; NRRL isolates are from NRRL culture
collection, Peoria, IL; BB isolates are from Indian fields and not yet accessioned.
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fungal isolates were cultured on Sabouraud dextrose yeast agar (SDYA) medium in culture
tubes placed in an environmental chamber set at 25+1°C and 90% relative humidity with
16 h L:8 h D cycle. The cultures for every bioassay were established from colonies obtained
from streaking conidia stored as glycerol stocks at —20°C. The glycerol stocks were made
from conidia harvested from pure cultures of the isolates established from conidia obtained
after in vivo passage through silkworm (Butt and Goettel 2000). When bioassays are used
to compare virulence among isolates obtained from various sources and culture collections
whose culture history is seldom known, it is recommended to minimise the variation in
virulence due to culture conditions by in vivo passage of the isolates (St. Leger, Allee, May,
Staples, and Roberts 1991). The conidia of 14-day-old cultures on SDYA slants were
harvested by scraping with a sterile steel spatula. For some insects, the conidia were directly
used. For others, an aqueous suspension was made with sterile distilled water. Tween 80
(Sigma-Aldrich, USA) was added at a concentration of 0.01% to disperse the conidia in the
aqueous medium; the suspension was vortexed. The conidial concentration in the
suspension was estimated through hemocytometer counts. The conidial suspension was
diluted with 0. 01% Tween till a concentration with countable number of conidia in the
hemocytometer was achieved. The conidial counts were made using a light microscope at
400 x magnification. The volume of the conidial suspension was made up with 0.01%
Tween to the required conidial concentration. For every bioassay, the cultures were
established afresh from glycerol stocks. The viability of the conidia used in the treatments
was checked as described by Varela and Morales (1996). Data were collected only from
such treatments where the conidial viability was >90%. For isolates with lower viability,
the bioassay was repeated with conidia from a fresh culture.

Insects

Eight insect species belonging to seven families of five orders were selected for bioassays
(Table 2). The lepidopteran insects and mealy bug (Maconellicoccus hirsutus) were
obtained from second generation laboratory-bred stocks established from field collected
insects. The other insects: beetles Mylabris pustulata and Epilachna vigintioctopunctata and
the aphid Aphis craccivora, were field-collected. The field-collected insects were kept under
observation for a day in the laboratory before treatment. Injured or dead individuals were
removed and only active insects were treated. The insects were provided with natural food
(Table 2). The insects were placed individually (except A. craccivora and M. hirsutus) in
perforated plastic boxes with lids or plastic dishes whose mouth was closed with a black
cloth fastened with a rubber band. Five adult insects of A. craccivora and M. hirsutus were
placed per container. The leaf and flower eating insects were transferred daily to new
containers with fresh food. The aphids (4. craccivora) were carefully transferred daily to
fresh flowers with a fine tip camel hairbrush. Mealy bug (M. hirsutus) was left on the same
leaf throughout the experiment. A cotton plug was fixed at the tip of the petiole and wetted
daily to prevent the leaf from drying and delay leaf senescence (Butt and Goettel 2000). For
ants (O. smaragdina), diluted (40%, with water) honey was sprayed daily onto a cotton
plug in the plastic box in which treated ants were kept.

To compare virulence against different populations within an insect species, two
populations from different regions of two insect species, Spodoptera litura and Helicoverpa
armigera, were tested. H. armigera collections at both sites were from cotton fields and
S. litura, from pigeon pea (Cajanus cajan) fields. The farmers of the fields were advised to
not use chemical insecticides on the crop and the second instar larvae were collected from
the field for treatment. For the repeat experiments, the larvae were collected from the same
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Table 2. Details of the insects bioassayed with isolates of the entomopathogenic fungus Beauveria bassiana to examine host specificity.

Taxonomic affiliation

Insect treated

Scientific name Common name Order Family Stage Length (mm) No/replicate Food
Bombyx mori Silkworm Lepidoptera Bombycidae 2nd instar larva 10-15 10 Mulberry leaves
Spodoptera litura Army worm (tobacco Lepidoptera Noctuidae 2nd instar larva 10-15 10 Castor leaves
caterpillar)
Helicoverpa armigera Boll worm (pod borer)  Lepidoptera Noctuidae 2nd instar larva 10-15 10 Pigeon pea raw
seeds
Chilo partellus Sorghum shoot borer Lepidoptera Pyralidae 2nd instar larva 10-15 10 Sorghum shoot
bits
Mpylabris pustulata Blister beetle Coleoptera Coccinellidae Adult 20-25 10 Cajanus flowers
Epilachna Brinjal beetle Coleoptera Coccinellidae Adult 5-6 10 Brinjal leaves
vigintioctopunctata
Aphis craccivora Pea aphid Homoptera Aphididae Adult 2-2.5 20 Glyricidia flowers
Maconellicoccus Pink hibiscus mealy bug Hemiptera Pseudococcidae Adult 34 100 Croton leaves
hirsutus
Oecophylla Red weaver ant (tree Hymenoptera Formicidae Adult worker 8-10 20 Honey
smaragdina nesting ant)

A8ojouyday puv aoua1ds 04310001

6L6



20:13 12 January 2010

[ Canadi an Research Know edge Network] At:

Downl oaded By:

980 K. Uma Devi et al.

field within a time gap of 4 weeks. The pest density was at its peak during the insect
collection time in all the fields from which larvae were collected.

Bioassays

The bioassay with each insect species was set up in a completely randomised block design
with appropriate controls (Goettel and Inglis 1997) in an environmental chamber set at
25+ 1°C and 90% relative humidity with 16 h L:8 h D cycle. Each treatment was set up as a
duplicate and the bioassays with each insect were repeated once. One insect bioassay was
done at a time; the bioassays were carried out over a period of 36 months. The description
of the insects treated is given in Table 2.

All insect species except O. smaragdina and M. hirsutus were treated with an aqueous
conidial suspension (10° conidia/ml) with 0.01% Tween 80 (Sigma-Aldrich). Preliminary
bioassays with a few fungal isolates on each insect species that was to be tested were done
to decide the conidial concentration suitable to gauge the difference in virulence between
the isolates. High conidial doses of B. bassiana were found necessary to cause mortality in
many insect species; allee effect i.e. requirement of a threshold level of conidia to initiate
infection has been observed in bioassays of B. bassiana isolates on Mylabris pustulata
(Uma Devi and Uma Maheswara Rao 2006). Therefore, this conidial concentration was
used in the bioassays.

Treatment with aqueous conidial suspension did not elicit high mortality in ants
(O. smaragdina) and mealy bugs (M. hirsutus). Therefore, they were treated with dry
conidia harvested from culture slants. The ants were allowed to crawl for 2 min on conidia
placed in a Petri dish (Mohan, Aruna Lakshmi, and Uma Devi 1999). Conidia were
applied with a fine tip camel hairbrush on mealy bug (M. hirsutus). The number of conidia
that attached to an insect in this mode of treatment was estimated as described by Mohan
et al. (1999). Briefly, the treated insect was dipped in water (volume enough to drown the
insect), Tween at a concentration of 0.01% was added and vortexed thoroughly. The insect
was removed and the spore count in the water was made through haemocytometer counts.
An inoculum concentration of ~ 10° conidia/100 insects could be dispensed on mealy bugs
and ~10’ conidia/insect for ants through the methods of application described. The
controls were treated with heat (100°C) killed conidia.

In treatments with aqueous conidial suspension, for each insect species, the volume
sufficient to drench the insect was determined and equal volume was dispensed on all insects
with a Gilson® micropipette. As the aphids were very small, 20 were placed on a flower bud
and the inoculum was dispensed onto them. The concentration of the conidial suspension
was adjusted such that each volume aliquot dispensed per 20 insects (aphids) contained
~2 x 10° conidia. A volume of 100 pL was required to drench the larvae of B. mori, S. litura,
H. armigera and C. partellus, 150 pL for M. pustulata and 40 pL for E. vigintioctopunctata.
The controls were treated with an equal volume of water with 0.01% Tween.

Mortality of the insects was recorded daily post treatment in all insect bioassays except
with C. partellus (sorghum shoot borer). In bioassays with C. partellus, mortality was
recorded at 4-day intervals: the larvae tunneled into shoots provided as diet; to minimise
injury to the larvae while tearing open the shoots, the shoots were cut open at 4-day
intervals to observe the larvae.

Treated dead insects were placed singly in humid chambers (Petri dish lined with moist
blotting paper) to facilitate mycosis. The data were recorded in larval bioassays until all the
larvae in the controls pupated, and in bioassays on adult insects, the day from which no
further mortality was observed in the treated insects. The duration of the bioassay was 7
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days for A. craccivora, O. smaragdina and M. hirsutus, 8 days for H. armigera and S. litura,
14 days for B. mori and M. pustulata, 16 days for E. vigintioctopunctata and 30 days for
Chilo partellus.

To examine if differences in virulence exist based on difference in the genotype of insects
within an insect species, bioassays were done with a subset (five isolates) of B. bassiana
sample on two populations of Helicoverpa armigera and Spodoptera litura collected from
different locations. Two isolates which caused high mortality on all the tested eight insect
species were included in this sample. The two populations of each insect species were tested
simultaneously with the same conidial inoculum of the B. bassiana isolate. The experiment
with the two populations was set up as a completely randomised block design with three
replicates for each treatment. The experiment was repeated with the second set of field
collected larvae with inoculum from fresh cultures of the B. bassiana isolates.

Data analysis

In each treatment, the cumulative mortality on the last day of observation was corrected
for control mortality (Abbott 1925) and percent ./arcsine transformed to normalise data
and back transformed (Gomez and Gomez 1984). The number of insects with mycosis
(cadavers with external growth of fungus) was computed as percent proportion of the dead
insects. The mean +SE of percent mortality and percent mycosis of the two replicates of
each isolate was calculated. The mean values were back transformed to normalise the data
(Gomez and Gomez 1984). Median lethal time was calculated from the cumulative
mortality data using survival analysis with Weibull distribution (Lee 1992).

The results of bioassays are summarised in Tables 3 and 4. The mortality and mycosis
values are rounded to the nearest whole number. Standard errors (SE) in no instance were
so high as to indicate a significant difference between replicate experiments; they are not
mentioned to simplify the table. The results of bioassays with entomopathogenic fungi
conducted at different times in the same laboratory and with the same isolates on the same
insect in different laboratories are reported to vary (Boucias et al. 2000). Therefore, less
importance was given to the absolute values. The isolates were graded broadly into three
classes — high, medium and low (A, B and C, respectively) (Yip, Rath, and Koen 1992) for
the three virulence characteristics (mortality, mycosis and median lethal time). For
mortality and mycosis, taking the range as 100 (0-100%), 0-33% was taken as low (C), 34—
67% as medium (B) and 68-100% as high (C). For values in the boundaries of the grades,
the SE value was added to the mean for grading. For classifying the speed of kill, a day was
subtracted from the total time duration of the bioassay (because mortality observations
were started 1 day after treatment) and divided by three to set the upper boundary for
median lethal time for each of the three (A, B, C) classes. The statistical analysis was done
using SPSS 7.5 for windows (SPSS Inc. 1989-1996).

Results
Virulence comparison of isolates to different insect species
Mortality

All the B. bassiana isolates in the sample were found pathogenic to all the insect species
tested (Table 3). A majority of the isolates caused high (>67%) mortality in all tested
insects except M. hirsutus and C. partellus; 28 isolates on A. craccivora, 27 on
O. smaragdina and at least 25 of the 29 B. bassiana isolates tested, on the other insect
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Table 3. Mortality, mycosis and median lethal time (LTsy) computed from the data of the laboratory bioassays of a worldwide sample of B. bassiana on

eight insect species.

% Mortality®

% Mycosis®

LTs (days)®

Isolate Bm S1 Cp Ev Mp Ac Mh Os Bm S1 Cp Ev Mp Ac Mh Os Bm Sl Cp Ev Mp Ac  Mh Os
ARSEF 59 100 50 60 99 98 72 57 0 0 50 100 40 15 57 74 1.5 1.7 14.4 7.0 89 37 49 6.2
AR3516€F 100 100 100 50 98 99 53 100 67 30 80 100 44 0 56 98 5.3 2.7 6.1 7.8 27 34 64 4.1
AIZ;?EF 100 100 60 100 85 99 65 100 80 80 84 88 100 68 69 100 4.1 2.2 139 5.6 51 36 47 3.9
ARISME‘; 100 80 70 100 100 73 51 69 20 50 78 38 20 24 52 65 39 33 119  11.0 29 43 62 49
ARISII6E?: 100 81 40 70 75 100 45 96 0 g 50 57 49 0 92 94 5.5 33 E 8.3 79 44 E 43
ARISIIG;S 100 80 40 90 59 100 55 100 50 37719 70 49 6 49 100 4.4 1.2 E 5.4 56 6.1 5.4 3.9
ARI;}l;:? 40 60 30 80 56 100 62 920 0 32 78 93 42 27 51 100 10.1 5.3 E 8.3 53 38 54 3.9
ARl;]lii“ 80 93 50 90 100 100 71 100 0 33 85 19 33 72 51 100 1.7 3.6 149 5.4 24 35 54 43
Angllii“ 100 100 50 81 99 100 48 99 30 100 41 78 63 25 58 87 4.4 2.3 144 6.7 73 34 71 4.2
ARISI];? 100 100 40 100 100 82 50 83 9 100 79 72 33 23 42 93 3.7 3.2 E 5.1 34 56 6.1 5.1
ARI;:?: 100 81 40 90 98 99 90 100 100 100 56 66 70 20 75 100 5.2 4.1 E 8.7 32 35 41 42
ARZ§I6E(1): 70 81 57 100 98 100 41 90 0 0 68 75 89 27 51 62 79 4.9 139 5.6 67 39 E 4.5
Al:g;: 100 50 40 70 100 65 21 98 20 20 94 20 13 0 8 100 5.1 6.3 E 6.8 56 715 E 35
AIS;]ZE(:? 80 70 40 80 85 83 70 87 0 28 50 68 16 0 32 78 6.5 4.2 E 64 116 70 39 3.8
Aliégi“ 93 100 60 60 99 79 45 84 22 0 68 87 0 0 27 60 6.4 37 146 112 86 6.1 E 4.6
Nliligli 100 60 70 100 100 99 70 100 60 100 80 29 60 33 77 100 5.0 5.0 134 5.6 35 43 55 33
NRsll{()I? 93 70 40 100 93 100 42 90 50 70 50 38 0 38 75 100 4.4 43 E 6.7 63 29 E 4.4
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Table 3 (Continued)

% Mortality® % Mycosis® LTs (days)®

Isolate Bm Sl Cp Ev Mp Ac Mh Os Bm NI Cp Ev Mp Ac Mh Os Bm SI Cp Ev Mp Ac  Mh Os

NRRL 70 81 50 80 99 100 83 97 10 91 38 78 85 20 57 100 8.8 4.1 155 6.4 4.2 3.5 5.5 2.9
20699

NRRL 100 100 100 100 929 929 61 100 90 100 77 76 50 77 71 100 2.1 1.8 10.0 6.6 3.2 3.4 5.1 43
22864

NRRL 70 90 50 80 85 99 35 75 10 3 47 12 0 0 76 100 79 33 14.9 59 111 24 E 5.2
22865

NRRL 100 80 50 80 63 97 38 66 20 25 73 96 25 12 8 62 6.2 43 14.8 5.0 38 37 E 5.8
22866

ITCC 913 100 100 60 100 75 99 82 97 50 1 81 14 66 40 82 97 5.0 0.7 13.7 2.3 3.8 32 3.7 4.1

ITCC 90 100 50 100 100 89 40 96 7 70 33 72 40 56 78 91 6.3 21 149 72 48 E 4.4
1253

ITCC 4521 100 93 50 80 56 94 68 100 0 11 60 87 30 9 78 81 4.4 4.9 144 6.2 78 43 46 3.0
ITCC 4644 47 100 50 70 75 92 68 100 0 10 95 26 50 80 77 929 9.0 2.3 14.6 8.8 56 44 47 3.2
ITCC 4688 100 100 80 90 88 92 58 68 40 40 48 100 0 0 36 65 5.0 2.9 8.9 7.1 84 16 47 5.6
BB2 100 100 8 100 100 100 90 100 80 30 94 14 75 75 98 100 4.2 38 8.1 5.0 55 35 28 3.5
BB3 100 81 70 70 100 92 72 96 80 75 47 100 58 82 99 100 3.7 38 9.2 5.2 73 3.0 40 4.3
BB4 100 81 9 100 100 100 37 71 20 50 94 13 86 67 93 89 5.7 2.9 10.5 3.5 88 33 E 5.0

Numbers in bold indicate code A, in regular, B and underlined, C; codes A, B and C stand for high, medium and low virulent; for mortality and mycosis A, >67%; B, 33—
67%; C, <33% (the range 100 (0-100) is divided by 3 for setting the boundaries for each class); for LTs,, for Bm, Sl and Os: A, <4; B, 4.1-7; C, >7; for Ac and Mh: A, <3;
B, 3.3-9.7; C, >9.7 and for Cp, Mp and Ev: A, <5.3; B, 5.4-9.7; C, >9.7 (from the time duration of the bioassay, one day was subtracted and divided by 3 to set the
boundaries for each class). Bm, Bombyx mori; Sl, Spodoptera litura; Cp, Chilo partellus; Ev, Epilachna vigintioctopunctata; Mp, Mylabris pustulata; Ac, Aphis craccivora; Mh,
Maconellicoccus hirsutus and Os, Oecophylla smaragdina. “Mortality data are Abbott corrected for control mortality (Abbott 1925). The % mortality in controls in the two
repeat experiments are for Bm, 0/10; Sl, 0/0; Cp, 15/0; Ev, 20/10; Mp, 10/10; Ac, 20/0; Mh, 15/8; and Os, 10/0 (values in the two replicate experiments given on either side of /).
The values represent mean of two bioassays with each treatment set up in duplicate, arc sine transformed and rounded up to nearest whole number. ®LTs, (median lethal
time) computed from survival analysis table using Weibull distribution; E stands for error, median lethal time could not be computed because total mortality caused is less
than 50%.
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Table 4. Range of the three virulence characteristics: mortality, mycosis and median lethal time and
number of isolates in each virulence class® as observed in the laboratory bioassays with a worldwide
sample of Beauveria bassiana on eight insect species.

% Mortality® % Mycosis® LT so(days)®
No of isolates No of isolates No of isolates
coded coded coded
Insect Range A B C Range A B C Range A B C
Bombyx mori 40-100 26 3 0 0-100 6 6 17 2.1-10.1 4 18 7
Spodoptera litura 50-100 26 3 0 0-100 10 4 15 0763 19 10 0
Chilo partellus 30-100 8 20 1 3798 17 12 0 6.1-149 0 4 25
Epilachna 50-100 26 3 0 12-100 17 4 8 24116 1 26 2
vigintioctopunctata

Mpylabris pustulata 56-100 25 4 0 0-100 6 14 9 24116 7 19 3
Aphis craccivora 65-100 28 1 0 082 7 5 17 1.6-7.5 5 24 0
Maconellicoccus hirsutus 21-90 10 18 1 27-99 16 11 2 28-7.1 1 9 19
Oecophylla smaragdina ~ 57-100 27 2 0 60-100 25 4 0 2962 10 19 0

Classes coded as A, B and C for high, medium and low virulence. °A, >67%; B, 34-66%; and C, < =33. ‘One
day was subtracted from the total duration of the bioassay and divided by 3 to set the boundaries for each class

species (Tables 3 and 4). With C. partellus, only eight isolates caused high mortality and
with M. hirsutus, 10 isolates (Tables 3 and 4). Most of the isolates caused medium mortality
on these two insects (Tables 3 and 4). The percent mortality in the controls of each insect
bioassay are given in Table 3. In all of the insect bioassays, including those done with field
collected samples (M. pustulata, O. smaragdiana, A. craccivora), the few insects that died
among the controls showed no sign of fungal infection.

Mycosis
Only one isolate, ARSEF 1149, graded high in mycotic potential on all insect species
(Table 3). With others, the mycotic potential of an insect was not uniform on different

insect species (Table 3). Some of the isolates caused no mycosis on some insect species
(Table 3).

Median lethal time

When the speed of killing of an isolate across all the eight insects was compared, no isolate
showed a uniform behaviour (Table 3). The isolates could not be rated as fast/slow killers;
the LT, values of an isolate varied with different insect species.

Virulence comparison between two populations of two insect species

Great differences were observed in the virulence comparison of isolates to different
populations of S. litura and H. armigera, The isolates caused high mortality (grade A) in
one population but low mortality (grade C) on another, the difference being highly
significant (Table 5). Among the isolates of this subset sample were isolates BB3 and BB4
which caused high mortality (graded A) on all the eight insect species tested in this study
(Table 3). With respect to mycotic potential also, the difference of an isolate to different
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populations of an insect species was as variable (Table 5) as the differences observed with
different insect species (Table 3). Just as with the other two virulence characters, the
difference in speed of kill of an isolate to different insect populations of an insect species
was also very drastic; the LTs, values could not be computed for an isolate with one
population due to less than 50% mortality caused while with another population, the LTsq
values ranged between 3.89-4.65 days in H. armigera and 2.26-3.84 days in S. litura (Table
5). Thus, the difference in virulence of an isolate to two insect populations within an insect
species was even more than the differences observed between isolates with different insect
species. More than three-fourths of the B. bassiana isolates in the sample caused high
mortality in most of the insect species (Tables 3 and 4).

Discussion

All the 29 B. bassiana isolates bioassayed were found pathogenic to all the eight insect
species tested. While considering host specificity, among the three virulence parameters of
the fungal isolate, mortality, mycosis and median lethal time, mortality could be taken as
the main trait. A majority (at least 25 of the 29 tested) of the B. bassiana isolates were
found highly virulent to six of the eight insect species tested. Fewer isolates were highly
virulent to C. partellus and M. hirsutus. In their studies on host specificity in B. bassiana,
Viaud et al. (1996) and Maurer et al. (1997) concluded that specificity might be a
characteristic of the insect species rather than the fungal isolate. In the present study,
significant differences were observed in mortality caused by an isolate on different
populations within H. armigera and S. litura. Therefore, it is not possible to conclude if
these two insect species (C. partellus and M. hirsutus) are in general less susceptible to
B. bassiana, or if the tested insect population of these two insects was genotypically less
susceptible to fungal infection. Significant differences in susceptibility between different
insect populations of an insect species to fungal pathogens have been reported (Milner
1985; Stephen and Fichter 1990; Keller et al. 1999). The tunnelling behaviour of
C. partellus and the waxy coat of M. hirsutus may have affected the adhesion of conidia,
essential to initiate infection resulting in less mortality in these insect species.

The laboratory bioassays described here were not conducted to evaluate the dose
response to arrive at an accurate estimate of virulence of an isolate given the sample size of
B. bassiana and the number of insect species tested. Thus, they are preliminary. However,
the results clearly point to the trends. A strict host specialisation with an isolate being
highly virulent to one or a group of insect species with very low or no virulence to another
group of insect species is not evident in the B. bassiana sample in the present study.
Successful pathogenesis was found to be affected as much by the genotype (with respect to
susceptibility) of the insect population as the type of insect species. Humber (1991)
hypothesized that the entomogenous habit of B. bassiana may be relatively new and
therefore it is poorly adjusted to the host. B. bassiana is described as a hemi-biotroph (Butt
and Goettel 2000) and is not fastidious of diet.

The B. bassiana sample examined in the present study is constituted by isolates collected
worldwide from disparate insect hosts with immense genotypic variability (Padmavathi
2002; Padmavathi et al. 2003; Uma Devi et al. 2006). Therefore, it can be taken as
representative of the large spectrum of diversity in this species complex including at least,
some of the specialised physiological races or sub-species. Fargues, Duriez, Popeye, Robert,
and Biguet (1981) observed that host specialisation can serve as a taxonomic criterion in
obligate parasites, but, in entomopathogenic hyphomycetous fungi like B. bassiana, because
of their facultative saprotrophic habit, it may not be feasible to use this criterion to
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Table 5. Comparison of the virulence of five representative isolates of Beauveria bassiana sample in bioassays (at 25°C) on two different populations of
Helicoverpa armigera and Spodoptera litura.

Helicoverpa armigera Spodoptera litura
Mortality ~ Mortality Mycosis Mortality ~ Mortality Mycosis

Isolate Pop? (%)® range® (Yo)® LT, (days)® Pop? (%o)® range® (Yo)® LTs, (days)
ITCC 4644 1 30 (0) C 55 7C E 1 20 (0) C 80 13C E

2 85 (10) A 65 A 4.69 2 100 (10) A 10C 2.26
ITCC 4688 1 35(0) C 55 2C E 1 55(0) B 45 3C 6.72

2 90 (10)A 81 A 3.69 2 100 (10) A 40 B 2.29
BB2 1 20 (0) C 72 0C E 1 30 (0) C 70 20 C E

2 92 (0) A 38 B 4.05 2 100 (20) A 31C 3.84
BB3 1 12 (10) C 62 2C E 1 30 (0) C 53 0C E

2 74 (20) A 85 A 4.12 2 83(0) A 75 A 3.81
BB4 1 12 (0) C 84 0C E 1 38 (10) B 45 3C E

2 96 (0) A 80 A 3.89 2 83 (0) C 50 B 2.94

“Populations from two different loctions: population 1 from suburbs of Hyderabad (AP, India), population 2 of H. armigera is from Kavuru village in Guntur district (AP,
India) ~200 miles from Hyderabad and of S. /itura is from Bangalore (Karnataka, India) ~ 500 miles from Hyderabad. ®Values are Abbott corrected for control mortality

(Abbott 1925). Values in brackets represent % mortality in controls. The values are mean of two experiments each set up in duplicate V' arc sine transformed and rounded
to the nearest whole number. A, B, C represent the grades: A, >67%; B, 33-67%; C, <33%. The observed differences in mortality between the two populations were found
highly significant in ANOVA test (SPSS Inc 1996). ANOVA values for difference between the two populations of Helicoverpa armigera are df =3, F=10.84, P =0.0012 and
for Spodoptera litura are df =4, F =112.99, P =0. “Range between the two populations. LTs, (median lethal time) computed from survival analysis table using Weibull
distribution; E stands for error — median lethal time could not be computed because total mortality caused is less than 50%.
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differentiate the different ‘species’ in the species complex. A similar conclusion was arrived
in the study of host range of Aspergillus flavus, an ascomycetous fungus with highly
polymorphic and complex populations (St. Leger, Screen, and Shams Pirzadeh 2000). Most
of the Aspergillus flavus strains cause disease in both plants and animals; the same A. flavus
strain infects diverse lepidopteran insect species (St. Leger et al. 2000).

Beauveria bassiana has thus a generalist nature. From the study of Metarhizium
anisopliae, another entomopathogenic mitosporic fungus similar to B. bassiana in having a
very wide host range and a saprophytic existence in soil, Bidochka, Kamp, Lavender,
Dekoning, and De Croos (2001) concluded that ‘the search for highly virulent isolates
directed at certain insect pests may be inherently flawed, since virulent isolates have
comparable facility to infect susceptible insects but have large discrepancies in their
abilities to tolerate certain environmental conditions’. They recommend that habitat
preferences rather than virulence should be considered as a feature for selecting fungal
strains to be used in biocontrol efforts. Carruthers and Soper (1987) speculated that the
pathogen (fungal) may be limited in the field by environmental conditions and/or spatial
and temporal interactions with its host rather than the lack of pathogenecity.

With the generalist character of B. bassiana, it is not necessary to choose isolates
suitable for each one of the multitude insect pests, rather isolates suitable for different
habitats (environmental conditions). An isolate suitable for a particular habitat would be
sufficient to deal with most of the insect pests in that area, just like the nonspecific
chemical pesticides. A broad host spectrum biopesticide based on B. bassiana may,
however, may have the risk of causing undesirable effects on non-target beneficial
organisms like chemical insecticides. Goettel and Hajek (2001) observe that too much
concern over effects of entomopathogenic fungi on non-target organisms is not warranted.
The physiological host range as evident from laboratory bioassays may not be similar to
ecological host range and a mycopesticide formulation targeted against a dense pest
population may not have disastrous effects on the non-target organisms.
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Biochemical profiles on API Rapid CH* strips and protein profiles on polya-
crylamide gels in the presence of sodium dodecyl sulfate were used to distinguish
two strains of the entomopathogenic fungus Beauveria bassiana (Balsamo) Vuille-
min, ARSEF 2991 and ATCC 44860. Next, the toxicity of these two strains was
determined at concentrations of 102, 10*, 10° and 10® blastospores/ml on larvae of
the Colorado potato beetle Leptinotarsa decemlineata Say (Coleoptera : Chryso-
melidae) and of its predator, the spotted ladybird beetle, Coleomegilla maculata
lengi Timberlake (Coleoptera : Coccinellidae).

Both strains were highly toxic to L. decemlineata larvae. However, the two
strains exhibited different levels of toxicity for C. maculata larvae : ARSEF 2991
was toxic, whereas ATCC 44860 caused little coccinellid larval mortality.

KEY-WORDS : Entomopathogenic fungus, strain, blastospores, larval mortality,
Coleomegilla maculata lengi, Leptinotarsa decemlineata.

Among fungi, Beauveria bassiana (Balsamo) Vuillemin is one of the most widespread
entomopathogen (Roberts & Yendol, 1971 ; Tanada & Kaya, 1993). Many different B. bas-
siana strains exist, some of these are toxic, at varying degrees, to the Colorado potato
beetle Leptinotarsa decemlineata Say (Ferron, 1981 ; Anderson et al., 1989).

B. bassiana has been experimentally tested for the control of L. decemlineata in ex-
USSR, in Poland (Bajan et al., 1987), in ex-Czecoslovakia (Weiser, 1987), in France
(Fargues et al., 1980, 1991) and in USA (Hajek et al, 1987 ; Groden & Lockwood, 1991).
A commercial formulation made from conidiospores has been available since 1977 in
Ukraine under the name Boverin®. The dose recommended by the manufacturer is 6x10°
conidiospores/g (Lippa, 1985).

In Quebec, Canada, the Colorado potato beetle, Leptinotarsa decemlineata Say (Coleop-
tera : Chrysomelidae), is the insect pest against which the greatest quantity of chemical
insecticides is used (Chagnon er al. 1990). This insect, however, has rapidly developed a
resistance to a great variety of insecticides (Martel, 1987) which has led to an increase in
the dosage used in the field. In addition to the many negative consequences on the
environment, insecticides seriously reduce populations of the Colorado potato beetle’s
natural enemies.
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One of these natural enemies, the spotted ladybird beetle, Coleomegilla maculata lengi
Timberlake (Coleoptera : Coccinellidae), should be regarded as a very important component
in an integrated pest management system in Canada (Boiteau, 1983). It is a polyphagous
predator that can significantly reduce Colorado potato beetle populations (Groden et al.,
1990). Each C. maculata adult can attack 20 eggs in 48 h (Hazzard & Ferro, 1991) and
consume, on average, 11.2 young L. decemlineata larvae (Groden et al., 1990).

Few studies have been conducted to study the impact of entomopathogenic microorga-
nisms on C. maculata. In a laboratory study, Giroux et al. (1993) have shown that
C. maculata larvae and adults are not sensitive to M.One®, a commercial Bacillus
thuringiensis var. san diego preparation, even at doses 10 times higher (5.6x10® Colorado
Potato Beetle International Units (CPBIU)1) than recommended by the manufacturer.
Fungi, however, appear to be less selective than bacteria. A study of the activity of
B. bassiana strain ARSEF 731 has shown that the 7.2x10* conidiospores/mm? dose was not
toxic to adults of C. maculata after contamination by ingestion, while this strain caused
60 % mortality following treatment by contact (Lord et al., 1988). According to Goettel et
al. (In Lord et al., 1988), 16 coccinellid species can be infected by B. bassiana. Iperti
(1966) has frequently observed dead Semiadalia undecimnotata Schneider (Coleoptera :
Coccinellidae) adults infected by B. bassiana at hibernation sites, especially at altitudes of
less than 1000 m.

The USDA-ARS Collection of Entomopathogenic Fungal Cultures (Humber, 1992)
contains close to 1000 different B. bassiana isolates, some of which isolated from L. de-
cemlineata, others from Coccinellidae. The study of the heterogeneity of the species either
at the biochemical level or at the level of host specificity has received little attention.
Clearly, some methods were needed to distinguish rapidly between B. bassiana isolates and
to get a picture of the heterogeneity of the species. The aim of the current study was to
determine first, whether two strains of B. bassiana could be distinguished using biochemical
methods or protein profiles on SDS-PAGE and second, whether different strains of
B. bassiana could exhibit different host toxicity against C. maculata and L. decemlineata
larvae.

API Rapid CH* strips cantain various carbon sources and are used to identify bioche-
mical or nutritional characteristics of microorganisms (Anonymous, 1988). API Rapid CH*
profiles are routinely used to distinguish between bacteria at the genus, species, variety and
isolate level (Logan & Berkeley, 1984). API Rapid CH* strips were tested in this study for
their ability to discriminate rapidly between fungal isolates. Protein profiles generated by
electrophoresis on polyacrylamide gels in presence of sodium dodecyl sulfate have been
used extensively to, among other things, discriminate between microorganisms. They were
used here to determine whether they were sensitive enough to distinguish between two
B. bassiana isolates.

We chose to work with blastospores because they usually germinate within 48 h
following infection, compared with three to four weeks for conidiospores (Miiller-Kogler &
Samsinakova, 1969). B. bassiana strain ARSEF 2991 was chosen because it is indigenous
to Quebec, Canada, and was originally isolated from L. decemlineata, the target insect to be
controlled. The other strain chosen needed to be as different as possible from ARSEF 2991
in order to test the discriminatory level of API Rapid CH* test, protein profiles, and toxicity
level on C. maculata and L. decemlineata larvae. ATCC 44860 appeared as a good
candidate because it had been isolated from soil in Georgia, U.S.A.
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MATERIALS AND METHODS

STRAINS

Two Beauveria bassiana strains were used. The ARSEF 2991 strain was obtained from
T. Searle (Macdonald College, McGill University, Montreal, Canada). It was initially
isolated from dead adult L. decemlineata, collected in the summer of 1988 in a potato field
near Ste-Clothilde (Québec, Canada). The strain is registered at the USDA-ARS collection
in Ithaca, New York (Humber, 1992). The ATCC 44860 strain was purchased from the
American Type Culture Collection in Rockville, Maryland. It was initially isolated from.a
soil sample in Georgia, USA (Hammill, 1970).

BLASTOSPORE PRODUCTION

B. bassiana blastospores were used to contaminate spotted ladybird beetle larvae. Blas-
tospores were produced in 300 ml of sporulation medium for three days, incubated at 25 °C
with agitation, as described by Alioshina e al. (In Ferron, 1981) with some modifications.
The pH was adjusted to 5 and sucrose was replaced with: sorbitol to increase blastospore
production (Samsinakova er al., 1981). The culture was centrifuged at 8000 RPM in a
Beckman T-865 rotor for 10 min at 4 °C in a Beckman J2-21 M high speed centrifuge. The
supernatant was discarded and the pellet resuspended in 50 ml of 0.85% NaCl. The
blastospores were observed under a microscope and the titer determined by serial dilutions.

BIOCHEMICAL PROFILES

Blastospores from the B. bassiana strains were transferred on 2YT agar plates (10 g Yeast
extract, 16 g Bacto-tryptone, 5 g NaCl, 15 g Agar per litre) and incubated at 30 °C for 48 h.
The cultures were resuspended in 3 ml 0.85 % NaCl. The biochemical profiles were
determined on API Rapid CH* strips following the manufacturer’s recommendations
(Anonymous, 1988).

PROTEIN PROFILES

Total proteins were separated by SDS-PAGE electrophoresis (Laemmli, 1970). The gel
(20 cm x 20 cm x 1.5 mm) contained 10 % acrylamide for separation and 4 % acrylamide
for protein concentration. The electrophoresis was carried out under continuous current at
60 mA for 5 h. The proteins were stained with Coomassie Blue R-250 (methanol : acetic
acid : water, 50 :10 :40) for 1 h, then unstained with a mixture of methanol : acetic acid :
water (7 :5 :88).

REARING OF COCCINELLIDS

Adults C. maculata were collected in the spring of 1992 at hibernation sites situated in
the vicinity of corn fields in St-Hyacinthe, Quebec, Canada (45°39’N, 72°56’W). They
were placed in cages with a diet designed to stimulate egg laying. The diet comprised
pollen, aphids Aphis fabae (Scop.) and Anagasta kuehniella (Zeller) eggs. To avoid
cannjbalism, each larva, upon hatching, was individually reared in Petri dishes on a pollen
diet. The conditions were kept constant at 25 °C, 70 % humidity and a 16L :8D photope-
riod.
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REARING OF COLORADO POTATO BEETLES

L. decemlineata larvae were obtained from a mass rearing maintained from individuals
collected in June 1990 in Trois-Pistoles, Quebec, Canada (48°07°N,69°10’W). Rearing was
done on potato plants of the “Kennebec” variety under controlled conditions (23 °C, 40 %
RH, 16L :8D).

BIOASSAYS

Blastospore concentrations of 102, 10%, 10° and 10® colony forming units (CFU)/m] of
each strain were used for bioassays. The two strains were diluted in 0.85 % NaCl and
Triton X-100 was added to the solution at a final concentration of 0.1 %.

The contaminated pollen, an easily accessible and inert food, was offered as a diet to first
instar C. maculata larvae. A 25 g quantity of wildflower pollen was mixed with 25 ml of the
blastospore solution. After a vacuum filtration, the pollen was dried at 60 °C for 3 h. This
procedure was repeated for all concentrations. To observe the toxicity of the B. bassiana
samples on L. decemlineata, the larvae were transferred to Petri dishes. A Whatman 3M
filter paper moistened with 0.5 ml distilled water was placed at the bottom of each Petri
dish. Potato leaves were sprayed with 1 ml of each B. bassiana concentration, then dried
and placed on the filter paper. In each Petri dish, 30 first or second instar larvae were placed
on a contaminated leaf which was replaced daily. Two Petri dishes were used for each
blastospore concentration.

Mortality was noted for each blastospore concentration every 24 h over a ten day period.

Results were analysed with a )(2 test (Statview, version 1.03, Macintosh®) (Abacus Concepts
Inc., 1988). The percentage mortality was corrected following Abbott’s (1925) method.

RESULTS

COMPARISON OF THE TWO B. BASSIANA STRAINS

After a three day incubation period in the sporulation medium at 25 °C, sporulation of
the two B. bassiana strains occurred. Blastospores from both strains appear indistinguisha-
ble from each other under the microscope (800X) based on size and shape or from other
B. bassiana blastospores as reported in the literature (Weiser, 1972).

However, the API Rapid CH* profiles of the two strains are different (table 1). The
ARSEF 2991 strain is able to acidify the following components. L-arabinose, galactose,
sorbose, mannitol, sorbitol, salicin, melibiose, melezitose, gentiobiose and D-turanose.
Strain ATCC 44860, however, shows a negative reaction for all these tests. It differs in the
lack of acidification of erythritol, adonitol, a-methyl-D-glucoside and lactose, while the
ARSEF 2991 strain possesses slight activity. Both strains acidify ribose, arbutin, and
cellobiose, yet strain ARSEF 2991 is more active in this respect.

Protein electrophoretic analysis indicates significant differences between both strains
(fig. 1). Strain ARSEF 2991 possesses a predominant protein band with a low molecular
weight, estimated at 34 kDa, while strain ATCC 44860 differs in the presence of a protein
of 70 kDa absent in strain ARSEF 2991.

TOXICITY OF THE TWO B. BASSIANA STRAINS ON L. DECEMLINEATA LARVAE

After 10 days, the two strains resulted in mortality significantly different to the control at
the following concentrations: 10%, 10° and 10°® blastospores (blsp)/ml & df=3;
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Fig. 1. Protein profiles of two B. bassiana strains on sodium dodecyl sulfate-polyacrylamide gel ;
lanes 1 and 2 - molecular weight markers ;
lanes 3 and 4 - strains ATCC 44860 and ARSEF 2991

P =0.0001) (fig. 2). Strain ATCC 44860 caused 29.5 % larvae mortality at the 10* blsp/ml
dose (x*=20.76 ; P =0.0001). This strain caused 90.9 % and 98.9 % mortality at concen-

trations of 10° blsp/ml (y° = 99.85 ; P = 0.0001) and 10® bisp/ml (4 = 117.23 ; P =0.0001),
respectively. Strain ARSEF 2991 showed a weaker toxicity by causing mortality rates of

37.6 % (x° =27.84 ; P=0.0001), 52.9 % (x* = 43.08 ; P=0.0001) and 67.1 % (x° = 60.68 ;
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P=0.0001), at concentrations of 10*, 10° and 10°® blsp/ml, respectively (fig.2). No
significant effect was observed for either strain at a concentration of 107 blsp/ml (P = 0.05).

The two strains gave rise to similar effects on L. decemlineata larvae at concentrations of
102 and 10 blsp/ml (¢*; df =3 ; P = 0.05). At concentrations of 10° and 10® blsp/ml strain
ATCC 44860 showed a higher toxicity than strain ARSEF 2991 (5°; df =3 ; P = 0.0001).

Mortality % 100 . ATCC 44860
80 A

- ARSEF 2991
60 4
40
20 A

0 T T v T T T ¥ T
0 102 104 106 108 blastosp./ml
Concentrations

Fig. 2. Mortality, after 10 days, of L. decemlineatu subjected to different doses of B. bassiana

TOXICITY OF THE TWO B. BASSIANA STRAINS ON C. MACULATA LARVAE

Every tested concentration of strain ARSEF 2991 caused heavy mortality among young
larvae which had consumed contaminated pollen (fig.3). The slope of the mortality-
concentration curve is very pronounced at a concentration of 10% blsp/ml, and 55.6 % of the
larvae died during the first 10 days following treatment (x* =35.71; df = 3 ; P =0.0001).
Concentrations of 10* and 10% blsp/ml caused 66.7 % mortality while a concentration of
10° blsp/ml caused 77.8 % mortality of individuals. The effect did not differ significantly
among all doses used (P=0.05) but was significantly different relative to the control
(P =0.0001).

Strain ATCC 44860 gave rise to little mortality in C. maculata larvae (fig. 3). Concen-
trations of 102, 10* and 10° blsp/ml did not differ significantly from the control (x* =
3.33; P = 0.07), causing 11.1 % mortality. The 10® blsp/m concentration was significantly
more toxic than the control resulting in 28.7 % mortality (;(2 =10.00; P = 0.002), but did not
differ from the 10%, 10* and 10° bisp/ml concentrations (3° = 2.00; P = 0.16).

The toxicity of the two B. bassiana strains, however, were very different relative to each
other in regard to all doses used (P = 0.001).
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Fig. 3. Mortality, after 10 days, of C. maculata subjected to different doses of B. bassiana

DISCUSSION

Two B. bassiana strains were compared and differentiated, based firstly, on their diffe-
rential use of carbon sources as determined on API Rapid CH* strips and, secondly on their
protein profiles on sodium dodecyl sulfate-polyacrylamide gels.

The ARSEF 2991 strain possesses a capacity to acidify a wider variety of substrates.
Following protein analysis, the two strains were distinguished by the presence of different
protein bands.

It seems then, that the two strains are very different with respect to biochemical reactions
and protein profiles. It was further necessary to determine whether the two strains presented
different toxicities to L. decemlineata and C. maculata.

The toxicity study of the different B. bassiana strains on the insects shows a selectivity
by the fungus that varies according to the host strain. Some authors report a correlation
between the quantity of spores and the cumulative mortality rate (Miiller-Kogler, 1967).
Other studies (Fargues, 1972) have shown that larvae of the same host can be resistant to
certain strains of B. bassiana and be very sensitive to other strains of the same pathogen.
Often a strain presents no activity on a host while it causes a high mortality rate on other
insects of the same family (Fargues, 1976).

Lord et al. (1988) have shown that the spotted ladybird beetle is susceptible to certain
B. bassiana strains. Our study indicates that the B. bassiana strains used were both toxic to
L. decemlineata larvae and yielded a different toxicity on young C. maculata larvae.
Coccinellid larvae were very susceptible to every concentration of ARSEF 2991 (P =
0.0001). However, ATCC 44860 caused negligible mortality in spotted ladybird beetle
larvae.

B. bassiana ATCC 44860 presents serious advantages over ARSEF 2991 for use in an
integrated pest management program because of its high toxicity towards L. decemlineata
and its low toxicity towards C. maculata. We plan to extend this line of research to a
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greater number of B. bassiana strains in conjunction with a greater number of insects so as
to identify the fungal strains that are potentially toxic to the target insect species and that
present minimal negative effects on auxiliaries and predators.
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RESUME

Hétérogénéité de deux souches de Beauveria bassiana caractérisées par tests biochimiques, profils des
protéines et bio-essais sur larves de Leptinotarsa decemlineata (Col. : Chrysomelidae) et Coleome-
gilla maculata lengi (Col. : Coccinellidae)

Les profils biochimiques sur galeries APl Rapid CH* et les profils protéiques sur gels de
polyacrylamide ont été utilisés pour distinguer deux souches du champignon entomopathogéne
Beauveria bassiana (Balsamo) Vuillemin. La toxicité de ces deux souches a été déterminée a des
concentrations de 10%, 10%, 10° et 10® blastospores/ml sur des larves du doryphore, Leptinotarsa
decemlineata Say (Coleoptera : Chrysomelidae) et de la coccinelle maculée Coleomegilla maculata
lengi Timberlake (Coleoptera : Coccinellidae).

Les deux souches de B. bassiana se sont avérées actives a 1’égard des larves de L. decemlineata.
Toutefois la souche ARSEF 2991 s’est avérée pathogéne pour les larves de C. maculata, alors que la
souche ATCC 44860 a provoqué une faible mortalité des larves.
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Despite increasingly sophisticated microbiological technigues, and long after the first
discovery of microbes, basic knowledge is still lacking to fully appreciate the ecological
importance of microbial parasites in fish. This is likely due to the nature of their habitats
as many species of fish suffer from living beneath turbid water away from easy recording.
However, fishes represent key ecosystem services for millions of people around the world
and the absence of a functional ecological understanding of viruses, prokaryotes, and
small eukaryotes in the maintenance of fish populations and of their diversity represents
an inherent barrier to aquatic conservation and food security. Among recent emerging
infectious diseases responsible for severe population declines in plant and animal taxa,
fungal and fungal-like microbes have emerged as significant contributors. Here, we review
the current knowledge gaps of fungal and fungal-like parasites and pathogens in fish
and put them into an ecological perspective with direct implications for the monitoring
of fungal fish pathogens in the wild, their phylogeography as well as their associated
ecological impact on fish populations. With increasing fish movement around the world
for farming, releases into the wild for sport fishing and human-driven habitat changes,
it is expected, along with improved environmental monitoring of fungal and fungal-like
infections, that the full extent of the impact of these pathogens on wild fish populations
will soon emerge as a major threat to freshwater biodiversity.

Keywords: emerging infectious disease, aquatic, extinction, vertebrate, global, biodiversity, Oomycota,

Mesomycetozoea

INTRODUCTION

Fishes are susceptible to diseases caused by a large number of
infectious agents including viruses, bacteria, true fungi, fungal-
like microrganisms, other protists, and metazoans. This review
will briefly discuss true fungal pathogens and then focus on com-
monly reported zoosporic and amoeboid fungal-like pathogens
in the Oomycota and Mesomycetozoea. In general, the num-
ber of reported fungal and fungal-like pathogens responsible
for diseases in animals is on the increase globally (Fisher et al.,
2009; Holdich et al., 2009; Loo, 2009; Frick et al., 2010; Ratnieks
and Carreck, 2010; Sarmiento-Ramirez et al., 2010). As such,
they are truly emerging diseases with increasing incidence, geo-
graphic range, virulence, and some of these fungal and fungal-like
pathogens have recently been found in new hosts or are newly
discovered (Berger et al., 1998; Brown, 2000; Daszak et al., 2000;
Kim and Harvell, 2004; Blehert et al., 2009; Peeler et al., 2010;
Cameron et al., 2011). The underpinning drivers of this observed
increase remain unclear but these pathogens are known to be
opportunistic (Fisher et al., 2012), to have resilient and rel-
atively long-lived environmental stages (Mitchell et al., 2008;
Andreou et al., 2009) and may have benefited from recent increase
in global trade (Brasier, 2008) and spread of invasive species

(Gozlan et al., 2010). Thus increasingly infectious outbreaks are
reported in a broad range of species from coral (Kim and Harvell,
2004) to wheat (Wanyera et al., 2006); notable examples include
local extinctions of bats (Frick et al., 2010), bees (Ratnieks and
Carreck, 2010), turtles (Sarmiento-Ramirez et al., 2010), amphib-
ians (Fisher et al., 2009) and fish (Gozlan et al., 2005, 2009). In
aquatic ecosystems fungi and fungal-like pathogen detection in
fish hosts is more complicated due to the lack of direct obser-
vation of their hosts contrary to frogs or coral, for example
(Gozlan, 2012). This is particularly true in freshwater systems
where, despite being responsible for pan-continental popula-
tion extinctions, some diseases caused by fungal and fungal-like
pathogens are chronic with no clear external symptoms (Gozlan
et al., 2005; Kocan and Hershberger, 2006; Andreou et al., 2011,
2012). This is very well illustrated, for example, by the rosette
agent Sphareothecum destruens, which has been rapidly spreading
all over Europe via an invasive healthy fish host carrier (Gozlan
et al., 2005; Gozlan, 2012). This fungal—like pathogen is intra-
cellular, causing high mortality (up to 90%) after about 20-30
days but it can only be confidently detected by PCR analysis
(Mendonca and Arkush, 2004). The paradox is that despite huge
pan-continental population extinction, it remains difficult to
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characterize the true ecological impact of fungal and fungal-like
pathogens on freshwater fish populations.

Despite fisheries representing a key ecosystem service for mil-
lions of people around the world, the full appreciation of disease
risk associated with fungal pathogen emergence remains limited
(Gozlan et al., 2006). Here, we review the current knowledge gaps
of fungal microbes in fish, their phylogeography along with the
current methods of detection and associated limitations and a
global ecological understanding of their impacts on fish host pop-
ulations. With an increasing volume of fish translocation around
the world for farming and sport fishing, the relative absence of
fish-infecting fungi outbreaks when compared to other more eas-
ily observed taxa exemplifies the current concern of a reporting
bias in wild fish populations (Gozlan, 2012).

DIVERSITY AND PHYLOGENY

In recent years interest in the phylogeny of eukaryotes has been
re-evaluated (see Adl et al., 2005). Based on data from sequencing
genes, particularly rRNA gene sequences, Baldauf (2003) reas-
signed eukaryotes into eight different branches or supergroups
within the tree of life, namely the opisthokonts, amoebozoa,
plants, cercozoa, alveolates, heterokonts, discicristates, and exca-
vates. The true fungi and Mesomycetozoea are placed along with
the animals in the Opistokonta. The Mesomycetozoea form a
clade, which falls on the animal branch, near the animal fungal
divide (Paps et al., 2013). All of the Oomycota are placed into the
Heterokont supergroup.

True fungi constitute the most species rich group of organ-
isms on earth with 35 recognized classes and 129 orders (Hibbett
et al., 2007). The majority of the fungi causing infection in fish
belong to the phylum Ascomycota, with thick-walled non-motile
spores (Hibbett et al., 2007). Within the Ascomycota, species
from several genera have been reported to be associated with
fish infections (Table 1). In addition to the Ascomycota, species
belonging to the (earlier diverging) Zygomycota have also been
reported to cause disease. The majority of the fungi, which can
cause infection in fish are opportunistic and not exclusive para-
sites of fish. They are most commonly known as plant pathogens
(e.g., Penicillium corylophilum and Phoma herbarum), soil fungi
(e.g., Paecilomyces lilacinus) and some have even been reported
to cause infection in immunosuppressed humans (e.g., Exaphiala
xenobiota and Ochroconis humicola).

Branching close to the divergence between fungi and ani-
mals there is a relatively recently recognized clade of organisms,
the Mesomycetozoea (Mendoza et al., 2002; Ragan et al., 1996),
which includes a number of species that are pathogenic to aquatic
organisms including fish (Mendoza et al., 2002; Glockling et al.,
2013). Within the Mesomycetozoea, species can be divided fur-
ther into the orders of Dermocystida and Ichthyophonida. The
Dermocystida include a number of species that can be pathogenic
to fish, the most notable being Sphaerothecum destruens, which
can infect a wide range of hosts and has been shown to cause dis-
ease and high mortality in cyprinids (Andreou et al., 2011, 2012)
and salmonid species (Arkush et al., 1998; Paley et al., 2012).
The order also includes numerous Dermocystidium sp., which
can infect a variety of fish species (see Table 1). The diversity of
the Dermocystidium genus is probably underestimated as a large

proportion of recorded cases in the literature only identify the
pathogen to genus level. This can be addressed by applying molec-
ular techniques to identify species. Within the Ichthyophonida,
Ichthyophonus hoferi is the most common parasite of salt and
freshwater fish (Hershberger et al., 2010; Kocan et al., 2010; Gregg
et al., 2012; Hamazaki et al., 2013).

The Oomycete parasites of fishes are placed in the Phylum
Oomycota and fall into either the saprolegnialean lineage or
the peronosporalean lineage. The Oomycetes are water moulds
which morphologically resemble fungi, but are taxonomically
distinct, encompassing species that are parasitic to a large diver-
sity of host species (Beakes et al., 2012). The majority of the
species, which can infect and cause disease in fish belong to the
order of Saprolegniales and fall within the genera of Saprolegnia,
Aphanomyces and Achlya. A smaller number of species fall within
the genus Pythium, a member of the peronsporalean lineage.
Twelve species of Saprolegnia and six species each of Aphanomyces
and Achlya (Table 1) are more often described in the literature
as causing infection in fish; with the most common pathogens of
fish being Saprolegnia parasitica and Aphanomyces invadans which
have relatively high generalist indices (See Table 1). S. parasitica
has been reported to cause disease in 12 fish species whilst A.
invadans can parasitize 48 fish species.

HOST SPECIFICITY

A common characteristic of the fish pathogens within Fungi,
Mesomycetozoea, and Oomycetes is their generalist nature, with
the majority of species infecting and causing disease in fishes
across different families (Table 1). All three groups include an
equal proportion of species with generalist indices above 3 indi-
cating that they are true generalists (Poulin and Mouillot, 2003).
Due to higher reporting and detection of disease in farmed envi-
ronments, most disease reports are from aquaculture facilities and
involve cultured fish species. There is thus a bias in the fish species
reported as susceptible to these pathogens and a possible under-
estimation of their generalist nature (Ramaiah, 2006). A large
number of species have a single record of affecting a single fish
species in the literature and thus the generalist index cannot be
calculated.

The ability of fungal and fungal-like pathogens to infect mul-
tiple hosts (“the widest spectrum of host ranges for any group
of pathogens” according to Fisher et al., 2012; see Table 1 for
fish). often drives high virulence in the most susceptible hosts
(Andreou et al., 2012; Huchzermeyer and Van der Waal, 2012).
The aspect of generalism in pathogenicity is important due to the
fact that generalist pathogens are more likely to emerge through
host switching (Woolhouse and Gowtage-Sequeria, 2005), and it
is often overlooked (Yamamoto and Kilistoff, 1979; Peeler et al.,
2010). However, it is commonly accepted (Ewald, 1994) that in
single hosts the optimum level of virulence is determined by the
trade-off between virulence and transmissibility (Davies et al.,
2001). Thus, the composition of the community and the suscep-
tibility of each host could alter its potential transmissibility and
the outcome of infection (Woolhouse et al., 2001). Experimental
challenges to fungal and fungal-like pathogens of several fish host
species are currently needed. This could involve simple one host —
one pathogen challenges such as in Andreou et al. (2012) or a
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Table 1| List of Fungi, Mesomycetozoea and Oomycetes species, which have been recorded as fish parasites in the Web of Knowledge

since 1997.
Species Order Reported hosts Generalist index References
FUNGI
Cladosporium sphaerospermum Capnodiales Lutjanus campechanu NA Blaylock et al., 2001
Exophiala angulospora Chaetothyriales Gadus morhua NA Gjessing et al., 2011
Exophiala pisciphila Chaetothyriales Stegostoma fasciatum NA Marancik et al., 2011
Exophiala xenobiotica Chaetothyriales Pseudocaranx dentex NA Munchan et al., 2009
Paecilomyces lilacinus Eurotiales Clarias gariepinus 2 Rand et al., 2000a,b; Ali
Oreochromis niloticus niloticus etal., 2011
Tilapia aurea
Penicillium corylophilum Eurotiales Lutjanus campechanus NA Blaylock et al., 2001
Ochroconis humicola Incertae sedis Pseudocaranx dentex 3.3 Wada et al., 2005; Munchan
Pagrus major etal., 2009
Sebastiscus marmoratus
Mucor circinelloides Mucorales Pelteobagrus fulvidraco 5 Ke et al., 2010; Marancik
Pseudocaranx dentex etal., 201
Phoma herbarum Pleosporales Clarias gariepinus 4 Faisal et al., 2007; Ali et al.,
Oncorhynchus tshawytscha 201
Oreochromis niloticus niloticus
Phialemonium dimorphosporum Sordariales Mugil cephalus NA Sosa et al., 2007a,b
Ochroconis humicola Incertae sedis Pseudocaranx dentex 3.3 Wada et al., 2005; Munchan
Pagrus major etal., 2009
Sebastiscus marmoratus
MESOMYCETOZOEA
Dermocystidium cyprini Dermocystida fluviatilis 3.3 Lotman et al., 2000;
Gymnocephalus cernuus Pekkarinen and Lotman,
Cyprinus carpio 2003
Dermocystidium fennicum Dermocystida PercaPerca fluviatilis NA Pekkarinen and Lotman,
2003
Dermocystidium koi Dermocystida Cyprinus carpio NA Gjurcevic et al., 2008
Dermocystidium percae Dermocystida Perca fluviatilis NA Morley et al., 2008
Dermocystidium branchiale Dermocystida Salvelinus alpinus 2 Kristmundsson and Richter,
Salmo trutta 2009
Sphaerothecum destruens Dermocystida Abramis brama 3.6 Arkush et al., 1998; Gozlan
Cyprinus carpio et al., 2005; Andreou et al.,
Leucaspius delineatus 2012; Paley et al., 2012
Oncorhynchus kisutch
Oncorhynchus mykiss
Oncorhynchus tshawytscha
Pseudorasbora parva
Rutilus rutilus
Salmo salar
Salmo trutta
Salvelinus fontinalis
Ichthyophonus hoferi Ichthyophonida Citharichthys stigmaeus 3.6 Rahimian, 1998; Criscione

Clupea harengus
Clupea pallasi
Hypomesus pretiosus
Microgadus proximus
Oncorhynchus kisutch
Oncorhynchus mykiss
Oncorhynchus tshawytscha
Pleuronectes flesus
Salmo trutta
Sebastes alutus
Sebastes emphaeus
Sebastes flavidus
Sprattus sprattus

et al., 2002; Hershberger
etal., 2002;
Schmidt-Posthaus and
Wahli, 2002; Gavryuseva,
2007; Kocan et al., 2010;
KramerSchadt et al., 2010;
Rasmussen et al., 2010;
Gregg et al., 2012;
Hamazaki et al., 2013

(Continued)
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Table 1| Continued

Species Order Reported hosts Generalist index References
Ichthyophonus irregularis Ichthyophonida Limanda ferruginea NA Rand et al., 2000a,b
OOMYCETES
Achlya bisexualis Saprolegniales Mugil cephalus NA Sosa et al., 2007a
Achlya klebsiana Saprolegniales Oreochromis niloticus niloticus 2.3 Ali et al., 2011; Cao et al.,
Clarias gariepinus 2013
Pelteobagrus fuvidraco
Achlya americana Saprolegniales Coregonus lavaretus holsatus NA Czeczuga et al., 2004
Achlya. oblongata Saprolegniales Coregonus lavaretus holsatus NA Czeczuga et al., 2004
Achlya racemosa Saprolegniales Odonthestes bonariensis NA Pacheco Marino et al., 2009
Achlya ambisexualis Saprolegniales Oncorhynchus mykiss NA Vega-Ramirez et al., 2013
Aphanomyces parasiticus Saprolegniales Coregonus lavaretus holsatus NA Czeczuga et al., 2004
Aphanomyces frigidophilus Saprolegniales Coregonus lavaretus holsatus 2 Czeczuga et al., 2004, 2005
Salmo trutta
Aphanomyces invadans Saprolegniales Alosa sapidissima
Anguilla anguilla

Ameiurus melas
Archosargus probatocephalus
Bairdiella chrysoura
Brevoortia tyrannus
Brycinus lateralis

Barbus poechii

Barbus paludinosus

Barbus unitaeniatus

Catla catla

Channa marulius

Clarias gariepinus

Clarias ngamensis

Cyprinus carpio

Fundulus heteroclitus
Fundulus majalis

Hepsetus odoe
Hydrocynus vittatus
Ictalurus punctatus
Leiopotherapon unicolor
Labeo lunatus

Labeo cylindricus

Lepomis macrochirus
Macquaria ambigua
Maccullochella peelii
Marcusenius macrolepidotus
Micralestes acutidens
Micropterus salmoides
Mugil cephalus

Mugil curema

Nematalosa erebi
Oncorhynchus mykiss
Oreochromis andersonii
Oreochromis macrochir
Petrocephalus catostoma
Pharyngochromis acuticeps
Pogonias cromis
Sargochromis codringtonii
Sargochromis giardi
Serranochromis robustus
Serranochromis angusticeps
Serranochromis macrocephalus
Schilbe intermedius

Silurus glanis

Tilapia sparrmanii

(Continued)
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Table 1| Continued

Species Order Reported hosts Generalist index References
Tilapia rendalli Trinectus maculates 3.7 Thompson et al., 1999;
Hawke et al., 2003;
Harikrishnan et al., 2005;
Kiryu et al., 2005; Webb
et al., 2005; Vandersea
et al., 2006; Sosa et al.,
2007b; Oidtmann et al.,
2008; Saylor et al., 2010;
Boys et al., 2012; Go et al.,,
2012; Huchzermeyer and
Van der Waal, 2012; Saikia
and Kamilya, 2012
Aphanomyces irregularis Saprolegniales Coregonus lavaretus holsatus NA Czeczuga et al., 2004
Aphanomyces laevis Saprolegniales Aplocheilus panchax 4 Mondal and De, 2002; Al
Clarias gariepinus etal., 2011
Oreochromis niloticus niloticus
Aphanomyces salsuginosus Saprolegniales Salangichthys microdon NA Takuma et al., 2010
Saprolegnia australis Saprolegniales Oncorhynchus nerka 3.3 Hussein et al., 2001; Chang
Plecoglossus altivelis etal., 2002;
Salmo trutta Fregeneda-Grandes et al.,
2007
Saprolegnia brachydanis Saprolegniales Danio rerio NA Ke et al., 2009a,b
Saprolegnia diclina Saprolegniales Acipencer persicus 3.3 Leano et al., 1999;
Oncorhynchus mykiss Salmo salar eggs Fregeneda-Grandes et al.,
Salmo trutta 2007; Ghiasi et al., 2010;
Sciaenops ocellatus Shahbazian et al., 2010;
Thoen et al., 2011
Saprolegnia ferax Saprolegniales Carassiuus auratus 3.6 Czeczuga et al., 2004,
Coregonus lavaretus holsatus Fregeneda-Grandes et al.,
Odonthestes bonariensis 2007; Ke et al., 2009a,b;
Oncorhynchus mykiss eggs Pacheco Marino et al.,
Salmo trutta 2009; Shahbazian et al.,
2010; Cao et al., 2013
Saprolegnia furcata Saprolegniales Salmo trutta NA Fregeneda-Grandes et al.,
2007
Saprolegnia hypogyana Oncorhynchus mykiss eggs 2 Fregeneda-Grandes et al.,
Salmo trutta 2007; Shahbazian et al.,
2010
Saprolegnia parasitica Saprolegniales Acipencer persicus
Astyanax eigenmanniorum
Astyanax fasciatus
Bidyanus bidyanus
Coregonus lavaretus holsatus
Ictalurus punctatus
Odontesthes bonariensis
Oncorhynchus mykiss
Oncorhynchus masu
eggs Oncorhynchus nerka 3.3 Bangyeekhun et al., 2001,

Salmo salar eggs Salmo trutta
Salvelinus leucomaenis

Hussein and Hatai, 2002;
Czeczuga et al., 2004;
Fregeneda-Grandes et al.,
2007; Mancini et al., 2008,
2010; Mifsud and Rowland,
2008; Ghiasi et al., 2010;
Shahbazian et al., 2010;
Thoen et al., 2011

(Continued)
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Table 1| Continued

Species Order

Reported hosts

Generalist index References

Saprolegnia polymorpha
Saprolegnia salmonis

Saprolegniales
Saprolegniales

Cyprinus carpio

Salmo trutta

Coregonus lavaretus holsatus 2.4
Oncorhynchus masu

Oncorhynchus mykiss

Oncorhynchus nerka

Plecoglossus altivelis

NA Willoughby, 1998
Hussein et al., 2001,
Chang et al., 2002,
Hussein and Hatai, 2002;
Czeczuga et al., 2004,
2005

Salvelinus leucomaenis

Saprolegnia shikotsuensis Saprolegniales Coregonus lavaretus holsatus NA Czeczuga et al., 2005
Pythium aquatile Pythiales Coregonus lavaretus holsatus NA Czeczuga et al., 2004
Pythium pulchrum Pythiales Coregonus lavaretus holsatus NA Czeczuga et al., 2004
Pythium thalassium Pythiales Coregonus lavaretus holsatus NA Czeczuga et al., 2004
Pythium torulosum Pythiales Coregonus lavaretus holsatus NA Czeczuga et al., 2004

A generalist index was calculated for each parasite using the method described in Poulin and Mouillot (2003); where species with two or more hosts can have

generalist indices ranging from 1 (all host species share the same genus) to 5, using the five taxonomic levels of genus, family, order, class, and phylum. NA stands

for non-applicable as the index cannot be calculated when only one host has been reported. The fish taxonomy proposed by Nelson (1994) was used in calculating

all generalist indices.

combination of multi-hosts challenges. In addition, experimental
data on the free-living elements of these life cycles of pathogens
such as the presence of zoospores, would allow the measurement
of their production, longevity in the system and their resistance
to a range of abiotic factors (e.g., temperature, PH). These data
are needed to build reliable models to test host susceptibility,
understand the controlling factors of infectious phase as well as
the recovery phase typical of SIT or SEIR epidemiological models
(susceptible-exposed-infectious-recovered).

LIFE CYCLES AND STAGES

In the assimilative phases of oomycetes and most of the true fungi,
colonization of new tissues is accomplished through the growth of
hyphae, with the exception of the black yeasts, Exophiala, which
may transition between yeast and hyphal forms (dimorphism) (de
Hoog et al., 2011). Mesomycetozoeans more often grow as round
multinucleate coenocytes. These can be concentrated in visible
cysts in the genus Dermocystidium (e.g., Lotman et al., 2000)
or disseminated or nodular in S. destruens and Ichthyophonus
(Sindermann and Scattergood, 1954; Arkush et al., 1998). Hyphal
forms have been described in some Dermocystidium (Dykova
and Lom, 1992) and are common in Ichthyophonus (Sindermann
and Scattergood, 1954; Rand, 1994; Franco-Sierra and Alvarez-
Pellitero, 1999). Only true fungi, however, have septate hyphae,
although some oomycetes have segmented or plugged thalli and
thus are also compartmentalized.

All fungal and fungal-like pathogens have prolific asexual
reproduction (r-strategy) functioning for dispersal or further dis-
semination within the host. In the fungi, this is through the
production of conidiospores (Ascomycota) or sporangiospores
(Zygomycota), and the budding of yeast stages. These spores
are not motile and are protected by a chitinous cell wall. The
durability and resilience of these spores is an important adap-
tation for increasing opportunities to encounter new susceptible
hosts (Fisher et al., 2012). These spores can survive in a dormant

state during conditions unfavorable for growth. Oomycetes pro-
duce biflagellated zoospores within sporangia, usually located
either at the terminal ends of hyphae. These spores function
to disperse the parasite between hosts and typically encyst after
a short period of motility. In Saprolegnia species longer lived
secondary zoospores emerge from cysts produced by primary
zoospores. This pattern of re-emergence called polyplanetism,
may be repeated several times (Bruno et al., 2011), and most
likely functions to allow several opportunities to contact a new
host. Zoospores of many oomycetes are chemotactic, responding
to amino acids, carbohydrates and a range of aldehyde attractants
(Donaldson and Deacon, 1993). The encysted zoospores of S. par-
asitica are decorated by long hooked hairs that are thought to aid
in attachment to the fish host (Van West, 2006; Walker and Van
West, 2007).

Reproduction in the Mesomycetozoea is more varied
(Mendoza et al., 2002). S. destruens produce non-motile walled
endospores which may either infect other cells within the
same host or spread and infect a new host (Arkush et al,
2003). Endospores also produce singly flagellate zoospores
upon exposure to fresh water (Arkush et al., 2003) but it is not
clear whether these zoospores are infective (Paley et al., 2012).
Dermocystidium has similar development with zoospore devel-
opment within spores, but zoospores are infective (Olson et al.,
1991). Released endospores of both Dermocystidium salmonis
and S. destruens have the capacity to release zoospores for several
weeks at 4°C (Olson et al., 1991; Andreou et al., 2009). The life
cycle of Ichthyophonus is less understood and varies with pH
(Okamoto et al., 1985; Spanggaard et al., 1995; Franco-Sierra and
Alvarez-Pellitero, 1999). Single and multinucleate endospores
are produced in culture and in vivo (Okamoto et al., 1985;
Spanggaard et al., 1995; Franco-Sierra and Alvarez-Pellitero,
1999). Motile zoospores are not produced but amoeboid stages
are released under specific pH optima in culture (e.g., Okamoto
et al., 1985). Transmission is also not well understood, except
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that the parasite can be acquired through carnivory (Jones and
Dawe, 2002). Kocan et al. (2013) describe small amoeboid stages
within the stomach wall of sculpin and trout hosts after feeding
of infected tissues and hypothesize that these amoebae represent
the infectious stage. The infectious stage of planktivorous fish
is still unknown (Gregg et al., 2012) and an alternate host is
suspected (Sindermann and Scattergood, 1954).

In parasites of fishes sexual reproduction (s-strategy) has only
been described in a few oomycetes. When sexual reproduction
occurs, the two dissimilar gametangial structures called the oogo-
nium and the antheridium grow closer together until they fuse,
and haploid nuclei from the antheridia fertilize the eggs within
the oogonia forming diploid oospores. In free living oomycetes
the fertilized zygote, or oospore, is typically resistant and can
survive for prolonged periods. Meiosis and recombination occur
before germination of the oospore. However, the main oomycete
pathogens of live fish (e.g., A. invadans and S. parasitica), do not
generally (in case of A. invadans never) reproduce sexually and
therefore rely entirely on asexual zoosporogenesis (r-strategy).
Some egg infecting species do produce oogonia (e.g., S. australis,
S. diclina, S. ferax) but even in these species oospore germination
is rarely if ever observed. It is highly unlikely that oospores
serve as effective resistant survival structures for fish parasitic
oomycetes. Most true fungal parasites of fish are described as
“fungi imperfecti,” based on the lack of a described sexual stage.

TROPHIC MODES

Research on animal parasites has revealed that many of these
species are not exclusively saprophytic or parasitic (Gleason et al.,
2010; McCreadie et al., 2011). In fact, their precise ecological
functions can only be understood with intensive metagenomic
investigations, which have rarely been conducted (Jiang et al.,
2013). Nonetheless, these microorganisms are frequently charac-
terized as either saprotrophs or biotrophs (Gleason et al., 2010;
McCreadie et al., 2011). Saprotrophs usually do not infect live
hosts, rather they grow on non-living organic material. In con-
trast many biotrophs cannot grow outside the host, but some can
be grown in culture. Growth of parasites in culture allows research
on mechanisms of infection and sequencing genes. Facultative
parasites can grow well as either parasites or saprotrophs. Many
eukaryotic microorganisms are thought to be parasites primarily
because they cannot be grown outside their host, but in fact their
trophic relationships remain to be determined. Many Oomycete
species are primarily saprotrophs, yet few can become parasites
under certain conditions, such as compromised immunity in their
hosts. The important point is that they have alternative substrates
for growth outside the host, which is an important characteristic
of emerging infectious diseases (EID) (Fisher et al., 2012).

PROTEINS AS SUBSTRATES FOR GROWTH

For a long time proteins have been known to be good sub-
strates for the isolation of Oomycetes into pure culture and for
their subsequent growth in liquid media (Sparrow, 1960). For
example, casein and keratin can be useful substrates for isola-
tion and growth. Furthermore animal hosts and tissues are known
to be protein rich environments. Czeczuga et al. (2002) iso-
lated many species of Oomycetes from specimens of fish muscles

placed in freshwater lakes. Some of these specimens came from
fish, which were known to be hosts for Oomycetes. Smith et al.
(1994) demonstrated proteolytic activity of Saprolegnia diclina,
ferax, and parasitica by observing the clearing of casein on solid
media. Proteins must be digested extra-cellularly and the amino
acids produced must be transported into the cell prior to their
catabolism. Jiang et al. (2013) documented the presence of genes
for serine, metallo- and cysteine proteases and genes for amino
acid transporters in the complete sequence of the genome of S.
parasitica.

Saprotrophic isolates of Saprolegnia, Achlya, Dictyuchus,
Leptolegnia, Aphanomyces, Apodachlya, and Pythium grew rapidly
on many but not all amino acids as sole sources of carbon and
nitrogen in liquid media (Gleason et al., 1970a,b; Faro, 1971).
Alanine, proline, glutamate, aspartate, leucine, lysine, arginine,
serine, and phenylalanine were especially good carbon sources,
there was very little or no growth on valine, isoleucine, threonine,
methionine, and glycine, and there were considerable differences
in rates of utilization among the species tested. Saprotrohic and
parasitic isolates of Saprolegnia can remove all amino acids from
liquid media during growth on mixtures of amino acids (Gleason,
1973; Nolan, 1976). These data indicate that many Oomycetes
have the capacity for digestion of proteins and subsequent uptake
and catabolism of amino acids. Therefore they commonly grow
in protein rich environments. Recently, a few species in the
Mesomycetozoea have been grown in culture (Glockling et al.,
2013), but nutritional experiments have not been conducted, and
little is known about their proteolytic capacities.

CURRENT DETECTION TECHNIQUES

Lesions formed by parasites were initially characterized from
phenotypic, serological and morphological properties of the
pathogen. Isolation and culturing of causative organisms from
swabbed lesions of infected fish has been an integral part in
understanding the taxonomic groupings, etiology of the disease,
infectivity, and host-parasite relationships. The process of isolat-
ing and identifying pathogens can however be a time consuming
process requiring a high level of technical expertise.
Morphological identification of microbial species, which often
requires identification of reproductive stages, is difficult to
accomplish directly from ulcerated tissue. Direct visualization of
pathogens in infected tissues has been made possible with the
development of species-specific fluorescent probes. For exam-
ple, the monoclonal antibody MAb 3gJC9, which is specific
for an antigen involved in the pathogenicity of Aphanomyces
astaci and A. invadans (=piscicida) in infected crayfish and fish
respectively, has been used for immunofluorescent identifica-
tion of these species in infected tissues (Miles et al., 2003). The
approach was found to be more sensitive than the conventional
staining method, Grocott’s methanamine silver stain, in that it
enabled the detection of early stages of infection (Grocott, 1955;
Miles et al., 2003). Fluorescent hybridization (FISH) probes have
also been used to identify specific pathogens in infected tissues
in situ. For example, A. invadans was found to be a primary
oomycete pathogen in ulcerative mycosis of infected estuarine
fish in North Carolina and Florida using a FISH assay (Vandersea
et al., 2006; Sosa et al., 2007a,b). Continuing improvements in
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isolation, culturing and in situ approaches is essential for broad-
ening our understanding of disease pathology and etiology and
more fundamentally the morphology and physiology of these
pathogenic species. In comparison to morphological and physio-
logical classification, the rapid advances in molecular techniques
has improved the reliability and accuracy of the tool in distin-
guishing many taxa, such as the microsporidian taxa (Larsson,
2005). A molecular approach has also led to rapid development of
diagnostic tools which involve polymerase chain reaction (PCR),
amplification of nucleic acids, restriction enzyme digestion, probe
hybridization and nucleotide sequencing. The development of
the FISH assay for example was as a result of using a sensitive
PCR technique. The use of PCR to detect and identify infections
has become commonplace (Tsui et al., 2011). A large number
of disease-causing pathogens are often identified to genus level
(e.g., Dermocystidium sp.) and not species level. The number of
species being identified has been constantly increasing through
the use of molecular tools for disease detection and identification.
A concerted effort to use the same DNA loci would increase the
available genetic information resulting in a better resolution of
the phylogenetic relationships within and between these groups.
The 18S rRNA gene has been used extensively (for Fungi and
Mesomycetozoans); however the Internal Transcribed Sequence
1 (ITS1) has been more extensively used within the Oomycetes.
As documented by Diéguez-Uribeondo et al. (2007) for the S.
diclina- S. parasitica complex, both molecular and morphological
and physiological data can help solve phylogenetic relationships.
Thus, using ITS rRNA gene, five phylogenetic separate clades were
identified for the Saprolegnia complex, with all isolates collected
from salmonid lesions falling into a single clade (i.e., clade I).
However, within that clade I, parasitic isolates came from a wide
range of hosts including, for example, crustaceans, and catfish
but also non-pathogenic isolates from soil and water. Molecular
analyses have the potential to discriminate at the subspecies or
strain level (Phadee et al., 2004). The level of sensitivity of the
molecular techniques in the clinical context has however been
sporadic (Cunningham, 2002). This is largely due to the rela-
tively low genomic information that is available through public
data bases such as Genbank. We propose that all reported cases
of disease outbreaks should have both of these regions sequenced
and reported within the literature. The use of these loci will allow
both detection at species level (185 rRNA) and identification of
different strains (using ITS1) within the same species; allowing for
a better identification and detection of virulent strains. This col-
lection of information alongside morphological and physiological
data will increase the resolution of the phylogenetic information
and the sensitivity of molecular identification.

Alternative detection approaches include loop-mediated
isothermal amplification (LAMP) and pyrolysis mass
spectrometry. LAMP has the potential of increasing sensi-
tivity of pathogen compared to PCR and unlike PCR it is not
inactivated by tissue and blood-derived inhibitors or genomic
DNA (Savan et al., 2005). It has been used in the detection
of trypanosome infection (Savan et al., 2005). Pyrolysis mass
spectrometry profile and canonical variate analysis have been
used to demonstrate clusters of A. invadans isolates and dis-
criminate them from non-pathogenic Aphanomyces species

(Lilley et al., 2001). The development and refinement of multiple
approaches of detection have their place in increasing the
knowledge of the pathogen, its distribution, impact and possible
management.

IMPORTANCE OF FUNGAL PATHOGENS IN AQUACULTURE

Fish represent a key ecosystem service for fisheries and aquacul-
ture across the world (Zhao et al., 2014). The annual harvest is
about 42 million tonnes (marine and freshwater) and the sector
employs 33.1 million people, highlighting the tremendous social
cost of fisheries (Gozlan and Britton, 2014). The livelihoods of
60 million people in the developing world are dependent on river
fisheries and millions more rely on them for food (Dugan and
Allison, 2010). However, disease in aquaculture represents the
most significant economic losses and in particular fungal infec-
tions, which in terms of economic impact are second only to bac-
terial diseases (Neish and Hughes, 1980; Noga, 1993; Bruno et al.,
2011; Ramaiah, 2006; Van West, 2006; Gong¢alves and Gagnon,
2011). For example it has been reported in Japan some annual
losses of 50% in the production of coho salmon Oncorhynchus
kisutch and elvers of eel Anguilla Anguilla due to outbreaks of S.
parasitica (Hatai and Hoshai, 1994; Scarfe, 2003).

In the last decades, the aquaculture sector has seen a change
in the fish production with a trend toward intensification with
the use of recirculating systems (Larkin and Sylvia, 1999). The
underpinning drive was a reduction of environmental footprint, a
better control of the rearing environment and increased biosecu-
rity. Nonetheless, this improved control of rearing conditions, has
lead the industry to also increase the stocking densities of target
fish. Thus, it has resulted in an increase of disease outbreaks, with
faster transmission and increased mortalities (Bondad-Reantaso
et al., 2005; Whittington and Chong, 2007; Peeler et al., 2010;
Gongalves and Gagnon, 2011).

One of the key risks associated with this new aquaculture
environment is the stress caused by intensive production. Some
fungal pathogens such as Saproglegnia for example are more
prevalent and virulent in host (salmonids in particular) that
are raised under stressful conditions (Willoughby and Pickering,
1977; Willoughby, 1978; Jeney and Jeney, 1995). However, other
significant pathogen risks in aquaculture arise from the large and
frequent movement of young stages due to either a lack of or
insufficient national production, or due to fish species for which
the life cycle has not yet been mastered at a commercial level, or
even contaminated sources of water supplies. Of course this is not
specific to fungal or fungal-like pathogens but their generalist and
opportunistic nature associated with a wide environmental toler-
ance are risk factors that may lead to significant loss of production
(Harrell et al., 1986; Paley et al., 2012).

In addition, mycoses spread in fishes are often seen as a
secondary phenomenon. However, due to their virulence, their
current emergence in wild fish populations and also the risk
of spill back from aquaculture facilities to the wild, routine
pathological examination should include (in addition to bac-
teriological ones) mycological examination (see Rehulka, 1991
for details). Dominant fungal pathogens reported in aquacul-
ture are oomycetes including the genera Achlya, Aphanomyces
and Saprolegnia (Willoughby and Pickering, 1977; Blazer and
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Wolke, 1979; Noga, 1993). A. invadans for example can cause
epizootic ulcerative syndrome in over a hundred of mostly fresh-
water fish (e.g., Vishwanath et al., 1998; Blazer et al., 2013; Nsonga
et al., 2013) but also in some brackish fish species (Catap and
Munday, 2002; Sosa et al., 2007b). In aquaculture conditions,
the most appropriate control is through eradication of the stock,
quarantine of new stocks and good husbandry (Scarfe, 2003;
Whittington and Chong, 2007) and as such represent a significant
cost to the trade (Forneris et al., 2003).

There are no treatments that are specific to fungal and fungal-
like pathogens but existing ones such as the use of hydrogen
peroxide or formalin (Arndt et al., 2001), malachite green (Van
West, 2006), sodium chloride (Schreier et al., 1996) and bronopol
(Shinn et al., 2012) all present some significant issues related
to either human or fish health or to efficacy of the treatments
(Carana et al., 2012). Malachite green was banned by the US and
EU in early nineties and since then formalin has probably been
the most effective control measure but there is a strong possibil-
ity that this will soon also be banned from use. Other treatment
such as bronopol and other agents are not as effective. Other treat-
ments such as the use of ozone in recirculating systems have to
be specifically adapted for fugal pathogens. For example, stud-
ies have shown that ozone treatments for Saprolegnia are effective
with doze from about 0.01 to 0.2 mg.L~! (Gongalves and Gagnon,
2011) but present a cost of through reduction in hatching rates
(e.g., 42.6-49.1%). New treatments based on plant extract have
shown some promising paths but further evaluations need to be
performed before its use by the industry (Carana et al., 2012).

ECOLOGICAL IMPACT ON WILD POPULATIONS

The emergence of infectious diseases caused by fungal and
fungal-like microbes continues to negatively impact wild fish
populations, leading in some cases to local and pan-continental
extinctions (Gozlan et al., 2005, 2010; Rowley et al., 2013). Thus,
understanding of the true ecological cost of fungal and fungal-
like microbes is pivotal to improve our conservation practices
of fish populations, especially freshwater species, as declines in
populations, species distributions and species diversity continue
to occur at alarming rates (Myers, 1993; Singh, 2002; Romansic
et al., 2009).

Fungal and fungal-like microbes that cause disease emergence
in wild fish (Table2), crayfish, amphibians and other aqutic
taxa include Saprolegnia, Batrachochytrium, Ichthyophonous,
Aphanomyces, Achyla and Sphaerothecum (Bruno et al., 2011; Swei
et al., 2011). Saprolegnia and Sphaerothecum spp. are impacting
wild salmon populations around the world (Willoughby et al.,
1983; Van West, 2006; Andreou et al., 2009), prevailing in 32% of
adult late-fall-run chinook salmon returning to Battle Creek on
the Upper Sacramento River (Arkush et al., 1998). Aphanomyces
spp. are also responsible for causing EIDs, for example, Epizootic
Ulcerative Syndrome (EUS) commonly known as red spot in
over a hundred freshwater and estuarine fish species worldwide
(Chinabut et al., 1995; Lilley et al., 1997; Boys et al., 2012).
EUS has been recognized in Australia (Huchzermeyer and Van
der Waal, 2012) and the Philippines (Callinan et al., 1995) since
1972 and 1995 respectively, however in 2006 this fungal pathogen
was sighted in the Zambezi River System (ZRS), Africa, the

pathogen had travelled further along the ZRS inhabiting several
new ecosystems (Huchzermeyer and Van der Waal, 2012; Nsonga
et al., 2013). Additionally, Aphanomcyes spp. low host specificity
increases its prevalence among a range of species, increasing dis-
ease outbreaks in the ZRS, which is home to approximately eighty
species and thus becoming a great concern in disease control
(Huchzermeyer and Van der Waal, 2012).

However, compared to farmed fish populations, monitoring
EIDs in wild populations can prove difficult as fish are constantly
moving long distances beneath turbid waters, which means they
can go undetected and underreported distorting our understand-
ing of the effects on these populations (Gozlan, 2012). Globally,
EIDs have caused high mortalities in farmed populations (Torto-
Alalibo et al., 2005; Phillips et al., 2008; Van Den Berg et al., 2013).
This is important information for wild populations because there
are several instances where transmission of fungal and fungal-like
microbes can occur between the two environments. For exam-
ple, farmed fisheries often drain into rivers (Andreou et al., 2012)
allowing the transfer of microbes and other organisms (Krkosek
et al., 2005; Hilborn, 2006). Pseudorasbora parva (topmouth gud-
geon), widely known by its aquaculture and ornamental fish
trade, is a healthy carrier of S. destruens (Gozlan et al., 2005).
Originally and unintentionally imported from China, the top-
mouth gudgeon’s propitious nature has allowed it to become a
profound invader in wild environments, invading thirty five new
countries over the past 40 years, where for example S. destruens
was identified in river systems of the Netherlands and the UK,
posing great threats to native fish populations (Gozlan et al., 2010;
Spikmans et al., 2013).

Previous studies have shown that susceptibility of farmed fish
to fungal or fungal-like microbes depends on several factors
including rapid drops in ambient temperatures (Bly et al., 1993;
Lategan et al., 2004), low water levels, failure to remove dead
fish or eggs, primary infection by other organisms, (Piper et al.,
1982; Plumb, 1984) and pollution (Wu et al., 2010), all of which
can reduce ecosystem function (Chapin et al., 2000; Cowx and
Gerdeaux, 2004; Peeler et al., 2010) and lead to an increase in
EIDs (Woolhouse and Gowtage-Sequeria, 2005). Thus, we could
expect that such environmental drivers at play in the wild would
potentially have also a direct impact on the emergence of fungal
pathogens. In particular, the recent paper by Vorosmarty et al.
(2010) shows that 65% of rivers worldwide regarding thermal
and water level disturbances are under moderate-high threat, in
particular Asia and North America. However, Vorosmarty et al.
(2010) goes on further to highlight the fact that there is a lack
of knowledge and investment being directed to biodiversity con-
servation, with an increase in EIDs, species distinctions, human
population, climate change and habitat destruction (Vorosmarty
etal.,, 2010; Huchzermeyer and Van der Waal, 2012; Nsonga et al.,
2013). It will be important to monitor these river systems and
to reduce these pressures, consequently allowing the populations,
species distributions and diversity of fish to remain sustainable
for the future.

PERSPECTIVES AND CONCLUSIONS

Since, the initial discovery of the fungal chytrid pathogen 20
years ago (Berger et al., 1998), several studies have reported its
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Table 2 | Example of fungal infections in wild fish population.

Host Pathogen Location Prevalence Mortality ~ References

(Family)

SALMONIDS

Oncorhynchus tshawytscha Saprolegnia Columbian & Snake Rivers, - 22% Neitzel et al., 2004

(Chinook Salmon) parasitica

Oncorhynchus mykiss United States of America.

(Rainbow Trout)

Salmo salar (Atlantic Saprolegnia River North Esk, Scotland. 30% - Roberts et al., 1972

Salmon) diclina

Salmo trutta (Sea Trout)

Oncorhynchus tshawytscha Sphaerothecum Sacramento River, United 32% - Arkush et al., 1998
destruens States of America.

CLUPEDIDS

Clupea harengus (Bony Herring) Ichthyophonus Skagerrak-Kattegat Area, 1.1% 8.9% Rahimian and Thulin, 1996
hoferi Sweden.

CHARACIDS

Astyanax eigenmanniorum Saprolegnia Central Argentina. 95% - Mancini et al., 2008

Astyanax fasciatus parasitica

CICHLIDS

Sargochromis giardia (Pink Bream) Aphanomyces Zambezi River System, 3-375% - Huchzermeyer and Van der

Brycinus lateralis (Stripped invadans (EUS) Africa. Waal, 2012; Nsonga et al.,

Robber) 2013

CYPRINIDS

Pseudorasbora parva (Topmouth Sphaerothecum Meuse River, Netherlands. 67-74% - Spikmans et al., 2013

Gudgeon) destruens

Leucaspius delineates (Belica) Sphaerothecum Stoneham Lakes system, 5% - Andreou et al., 2011
destruens United Kingdom.

PERCIDIDS

Leiopotherapon unicolor Aphanomyces Murray-Darling River 10% (2008) - Boys et al., 2012

(Spangled Perch) invadans (EUS) System, Australia. 29% (2010)

Macquaria ambigua (Golden
Perch)

significant impact on amphibians along with major population
declines worldwide (Skerratt et al., 2007). What is interesting
with this particular pathogen is the relatively good epidemio-
logical data, which have allowed the progression of the disease
to be tracked on a global scale and in many wild amphibian
populations.

However, there is currently not enough epidemiological data
related to fungal pathogens of fish. In light of the recent emer-
gence of S. destruens, which poses a threat to European fish
diversity (Gozlan et al., 2005; Andreou et al., 2012), it is likely that
patterns of ecological impacts similar to those found in chytrid
parasites of amphibians, are at play in freshwater fish populations
(Gozlan, 2012). For example, as the great majority of S. destru-
ens cases are driven by the invasion of a healthy fish carrier, it
is expected, as shown by Spikmans et al. (2013), that additional
monitoring of invaded wild fish communities would show the
presence of this fungal-like infectious pathogen. In fact, there is
not enough fungal pathogen data mostly for fish from wild popu-
lations. It is interesting to note that the dominant reporting of fish
fungal and fungal-like pathogens has come from the aquaculture
sector with very limited reports on fungal emergence in wild fish
populations (see Table 2). The key reason is likely to be a com-
bination of a lack of external pathological specificity of infected

hosts and the chronic nature of some of the diseases caused by
these fungal and fungal-like pathogens, which, in contrast to viral
pathogens, spread over longer periods of time.

Research should be modeled after the amphibian chytrid
research structure with a lot more systematic tracking of these
pathogens. For example, the recent paper by McMahon et al.
(2013) clearly indicates that even for the chytrid, which has
been well studied in the wild, new potential non-amphibian
hosts could contribute further to its dispersal, prevalence and
virulence. Similarly, it would thus be pertinent to determine if
fungal and fungal-like pathogens of fish that have a high gener-
alist index could include non-fish hosts and thus contribute to a
wider dissemination of some fungal related diseases beyond the
immediate local fish communities. Additional monitoring of wild
fishes is also needed. Identification and surveys of environmen-
tal drivers of fungal pathogens would improve understanding of
the ecological risks of disease emergence in aquatic communi-
ties (Copp et al., 2009, 2010). This should also be the concern of
the aquaculture sector, as strong pathways exist between wild and
farmed fish with truly biosecure fish farms being the exception.
The pan-extinction of sunbleak Leucaspius delineatus populations
in Europe in less than 40 years should be a reminder of the risk
associated with an un-controlled epizooty of fungal pathogens
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(see Gozlan et al., 2005, 2010). Environmental surveys to iden-
tify ecological drivers of fungal pathogens in fishes are also key in
characterizing the underpinning drivers of fungal and fungal-like
pathogen emergence. For example, fish fungal pathogen emer-
gence such as the EUS in Africa could well be linked to current
environmental changes occurring in African rivers (Vorgsmarty
et al., 2010). Thus, in light of the importance of freshwater fish
for millions of people around the world, particularly in develop-
ing countries, in addition to biodiversity conservation perspec-
tives, pathologists should make a concerted effort to increase
their monitoring of fungal pathogens in wild fish populations.
Currently, PCR is the method that should be used for moni-
toring. Along with an increasing reduction in PCR associated
cost, their sensitivity and specificity should facilitate such regular
monitoring of the wild fish compartment.

In conclusion, our review of fungal and fungal-like pathogens
of fish has highlighted current knowledge gaps that need to
be rapidly filled if future epizootics are to be prevented. It
has also indicated that epidemiological elements arising from
other non-fish specific fungal pathogens could be used to
refine our true understanding of current and future ecologi-
cal impacts of these types of pathogens on global fish diversity.
For example, existing experimental data arising from fungal
pathogen challenges of fish should be used to develop SEIR
models (i.e., susceptible-exposed-infectious-recovered) specific
to fungal pathogens and fish hosts. This would allow a simulation
of the true extent of the ecological risk and provide elements for
a better environmental monitoring and understanding of these
types of pathogens.
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Abstract

It is increasingly recognized that the biodiversity in agroecosystems deliver significant ecosystem services to agricultural produc-
tion such as biological control of pests. Entomopathogenic fungi, specifically the anamorphic taxa Beauveria bassiana and Metarhiz-
ium anisopliae, Hypocreales (Ascomycota), are among the natural enemies of pests in agroecosystems and the fungi are candidates
for future conservation biological control in temperate regions. Conservation biological control is a biological control strategy in
which farming practices and environmental manipulations are adopted to enhance the living conditions for specific natural enemies
of pests. However, in order to manipulate the environment for the benefit of populations of the entomopathogens, knowledge of
fundamental aspects of the ecology of the fungi considered is necessary. This knowledge is still scarce despite the large bulk of
recent research into inoculation and inundation biological control with these fungi. Here, we review the current knowledge of
the ecology of indigenous populations of B. bassiana and M. anisopliae in agroecosystems of temperate regions, primarily Europe
and North America. We suggest anamorphic life cycles of B. bassiana and M. anisopliae in these regions based on the literature of
their natural occurrence and distribution in agroecosystems, population dynamics, and interactions with other organisms, environ-

mental factors, and agronomical practices.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Ecosystem services; Field margins; Functional biodiversity; Pest control; Population dynamics; Natural enemies

1. Introduction

Studies of biodiversity in agroecosystems and the
delivery of ecosystem services to agricultural production
have usually ignored the contribution of entomopatho-
gens in the regulation of pest populations (Altieri,
1999; Gurr et al., 2003; Tscharntke et al., 2005). How-
ever, entomopathogens are among the natural enemies
of arthropod pests in agroecosystems. An improved
understanding of the ecology of indigenous populations
of these beneficial organisms is a prerequisite for the
evaluation of their contributions to pest control and
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E-mail address: nvm@life.ku.dk (N.V. Meyling).
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for predicting the impact of agricultural practices on
their populations.

The anamorphic entomopathogenic fungi Beauveria bas-
siana (Balsamo) Vuillemin and Metarhizium anisopliae
(Metschnikoff) Sorokin from the order Hypocreales (Asco-
mycota) are natural enemies of a wide range of insects and
arachnids and both fungi have a cosmopolitan distribution
(Roberts and St. Leger, 2004; Rehner, 2005). Much effort
has been put into research on the development of B. bassiana
and M. anisopliae as biological control agents (for inunda-
tion and inoculation biological control) to be applied in agri-
culture and forestry in temperate regions. However, this bulk
of knowledge is in striking contrast to the lack of research
into the fundamental ecology of these fungi in terrestrial eco-
systems, including agroecosystems.
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It is a future challenge for sustainable agricultural
production to include pest control from entomopatho-
gens in conservation biological control (referred to as
CBC below) (Barbosa, 1998; Lacey et al., 2001). CBC
is a biological control strategy in which farming manage-
ment practices are adopted to enhance the living condi-
tions for specific natural enemies of pests with the
specific objective to suppress pest populations (Barbosa,
1998; Eilenberg et al., 2001). In recent years, an extensive
number of studies have been published with focus on
CBC with respect to natural enemies belonging to the
arthropods, i.e., predators and parasitoids (e.g., Landis
et al., 2000; Gurr et al., 2003; Kean et al., 2003; Chang
and Snyder, 2004). So far, limited research effort has
been devoted to the effects of environmental manipula-
tions on entomopathogens (Fuxa, 1998; Ekesi et al.,
2005). Emphasis has been given to aphid pathogenic
fungi from Entomophthorales: Pandora neoaphidis (Rem-
audiére and Hennebert) Humber and its potential as a
natural enemy in CBC was studied in the UK (Shah
and Pell, 2003; Ekesi et al., 2005) and Neozygites fresenii
(Nowakowski) Batko was studied in the US (Shah and
Pell, 2003; Steinkraus, 2006). In both cases the authors
concluded that these fungal pathogens showed high
potential for CBC of aphids. However, insights into the
fundamental ecology of the fungi in agroecosystems are
essential to predict the effects of environmental manipu-
lations on the fungal populations and thus to include
entomopathogens in CBC (Fuxa, 1998; Lacey et al.,
2001; Shah and Pell, 2003; Stuart et al., 2006). Informa-
tion of pathogen persistence and dispersal in the environ-
ment is equally important (Fuxa, 1998). Knowledge of
the ecology of indigenous populations of B. bassiana
and M. anisopliae in agroecosystems in temperate regions
as well as the effects of environmental conditions and
agricultural practices on the fungi is therefore necessary
if they are to be manipulated for CBC in the future.
Here, we present the current knowledge of these ecolog-
ical aspects with reference to B. bassiana and M. anisop-
liae in temperate agroecosystems.

We have based the review on the published literature on
natural occurrence and fundamental ecology of the mor-
phological species B. bassiana and M. anisopliae. Recent
research has shown that the morphological species B. bas-
siana is paraphyletic (Rehner and Buckley, 2005) and con-
sists of two separate clades that should be separated
taxonomically. As this redescription has not yet been done,
we use B. bassiana throughout this review as reference to
the morphological species when no information of phylo-
genetic affiliation is available.

German studies have recently shown that the structure
of the agricultural landscape has impact on agroecosystem
biodiversity, which also comprises entomopathogenic
fungi, and thus the ecosystem services they deliver
(Tscharntke et al., 2005). We therefore include the aspect
of landscape elements in this review. This review aims to
create the foundations for future focus on the indigenous

populations of B. bassiana and M. anisopliae as biological
control agents in temperate regions using a CBC strategy.

2. Distribution and diversity of indigenous populations
2.1. Soil

The soil environment is usually the conventional isola-
tion site for hypocrealean entomopathogenic fungi (Keller
and Zimmerman, 1989; Hajek, 1997), and several species
can be found in both cultivated and more natural habitats
(Steenberg, 1995; Vinninen, 1996; Bidochka et al., 1998;
Klingen et al., 2002; Keller et al., 2003; Meyling and Eilen-
berg, 2006b). In studies of natural occurrence of entomo-
pathogenic fungi in the soil, susceptible bait insects such
as Galleria mellonella L. (Lepidoptera: Pyralidae) or Teneb-
rio molitor L. (Coleoptera: Tenebrioidae) are usually added
to soil samples in order to recover fungal isolates; in prin-
ciple the method can be described as the use of selective
media.

Keller et al. (2003) found M. anisopliae to be common in
both arable fields and adjacent meadows, but the species
occurred at higher densities in meadows. In Canada, M.
anisopliae was most frequent in agricultural fields com-
pared to forest habitats (Bidochka et al., 1998), while M.
anisopliae in Finland was isolated more often in southern
parts of the country and the occurrence was not adversely
affected by cultivation of the soil (Vdnninen, 1996). In Dan-
ish soils M. anisopliae was more frequent in sun exposed
habitats (i.e., cultivated areas) than in shaded habitats
(Steenberg, 1995), which is similar to the Canadian find-
ings. Furthermore, M. anisopliae was not among the
entomopathogenic fungi isolated in the soil of a Danish
forest ecosystem (Nielsen et al., 2004). This implies charac-
teristics of M. anisopliae as an ‘agricultural’ species that is
most common in exposed and regularly disturbed soil envi-
ronments. Local and significant differences in natural dis-
tribution on one location can, however, occur. Meyling
and Eilenberg (2006b) found M. anisopliae to be locally
rare in a Danish agricultural field while B. bassiana was
the dominant fungal species. Bidochka et al. (1998) found
B. bassiana to be affiliated with shaded and uncultivated
habitats (i.e., forests) and B. bassiana also occurred fre-
quently in hedgerow soils at a Danish locality (Meyling
and Eilenberg, 2006b).

These differences in natural occurrences in soil challenge
the CBC strategy. Based on the studies made at a regional
scale, indigenous populations of M. anisopliae appeared to
be the most suitable candidates for environmental manipu-
lations because M. anisopliae was most associated with
agricultural field soil. However, in the case of the Danish
agroecosystem described by Meyling and Eilenberg
(2006b), M. anisopliae was found to be rare locally and
B. bassiana would be a more suitable candidate for CBC.
Thus the scale of the landscape needs to be considered
when evaluating indigenous populations of entomopatho-
genic fungi in soils.
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2.2. Insects

Entomopathogenic fungi occur naturally as infections in
insect hosts which can be collected in the field and incu-
bated in the laboratory for documentation of the fungus.
B. bassiana have been documented to occur naturally in
>700 species of hosts (Inglis et al., 2001). Studies on the
prevalence of fungi in insects have usually been limited to
species that are pests or are important non-target species
such as certain predators and parasitoids. However, it is
likely that almost any major insect taxon collected inten-
sively will be found to be a natural host for B. bassiana
in temperate regions. The occurrences of the fungi as infec-
tions in hosts are presumably the only part of the fungal
life cycle in which the fungi can build up significant popu-
lation sizes by producing vast numbers of conidia. Thus
contributing to the availability of susceptible hosts for fun-
gal population increase is a key component when consider-
ing environmental manipulations in CBC strategies.

2.3. Plant associations

Recent evidence suggests that both B. bassiana and M.
anisopliae have the potential to engage in fungus—plant
interactions. The large majority of investigated higher vas-
cular plants have been found to host fungal endophytes
(Saikkonen et al., 1998; Arnold and Lewis, 2005) including
species in Clavicipitaceae contained within Hypocreales
(White et al., 2002). B. bassiana has also been included in
this spectrum of fungi with endophytic activity by infecting
corn (Zea mays) (Bing and Lewis, 1991, 1992, 1993). Endo-
phytic fungi are often regarded as plant-defending mutual-
ists (Saikkonen et al., 2004) and the presence of B. bassiana
in internal plant tissue has been discussed as an adaptive
protection against herbivorous insects (Elliot et al., 2000;
White et al., 2002). Besides natural occurrence in leaf tissue
of corn, B. bassiana exhibited endophytic activity in cacao
(Theobroma cacao) (Posada and Vega, 2005), poppy (Papa-
ver somniferum) (Quesada-Moraga et al., 2006) and coffee
(Coffea spp.) and tomato (Lycopersicon esculentum) (F.E.
Vega, personal communication). In temperate regions,
inoculum of B. bassiana has furthermore been isolated
from phylloplanes of various plants in hedgerows in Den-
mark (Meyling and Eilenberg, 2006a). This occurrence
was hypothesized to be a consequence of deposition from
the surroundings but was also suggested to act as a natural
infection pathway of endophytic activity (Meyling and
Eilenberg, 2006a). These new findings open exciting per-
spectives for the understanding of the ecology of B. bassi-
ana. However, no knowledge is currently available about
natural endophytic activity and host plant range of B. bas-
siana in temperate regions or of the significance of B. bas-
siana as an endophyte for fungus or plant fitness.

Plant association was also recently documented for M.
anisopliae, but this association occurred below ground in
the rhizosphere (Hu and St. Leger, 2002). The rhizosphere
is the layer of soil immediately surrounding the root and

many interactions between plants and other organisms
occur in this interface (Bais et al., 2006). By releasing a
recombinant isolate of M. anisopliae to the soil of an exper-
imental cabbage field in MD, USA, Hu and St. Leger
(2002) were able to demonstrate that the released isolate
persisted better in the soil immediately surrounding the
cabbage roots as compared to the bulk soil. Factors in
the rhizosphere therefore seemed to promote the persis-
tence and biological activity of M. anisopliae (Hu and St.
Leger, 2002). Wang et al. (2005) further documented that
M. anisopliae expressed similar genes when growing in exu-
dates from bean roots and on a nutrient rich medium while
different genes were expressed by the fungus when growing
on insect cuticle and in insect hemolymph. This indicated
that M. anisopliae has developed different adaptations to
function as a pathogen and to grow saprophytically in
the rhizosphere (Wang et al., 2005). The implication for
biological control with M. anisopliae exploring the rhizo-
sphere competence was investigated by Bruck (2005). Inoc-
ulated conidia of M. anisopliae persisted significantly better
(up to one year) in the rhizosphere of Picea abies compared
to the bulk soil (Bruck, 2005). Survival outside the host
may thus be critical for the ability of M. anisopliae to con-
trol insect pests in the soil (Roberts and St. Leger, 2004;
Bruck, 2005). Whether the rhizosphere of plants generally
provide a “refuge” (where the fungus can survive outside
insect hosts) for M. anisopliae in the soil remains to be
investigated. Perhaps associations with plants are impor-
tant in the life cycle of both B. bassiana and M. anisopliae
in temperate regions.

The compartments in temperate terrestrial ecosystems in
which B. bassiana and M. anisopliae occur naturally are
summarized in Fig. 1. Compartments are connected with
lines to indicate dispersal and infection pathways when
these are known; these aspects are presented below. Plant
associations are included as potential compartments for
the natural occurrence of B. bassiana and M. anisopliae.

2.4. Genetic diversity in populations of B. bassiana and M.
anisopliae

Biodiversity is usually evaluated by assessment of spe-
cies diversity. Biodiversity assessment of fungal communi-
ties is, however, challenging, because fungal taxa often
consist of complexes of cryptic species (Bickford et al.,
2007). Cryptic species are found in B. bassiana (Rehner
and Buckley, 2005; Rehner et al., 2006) and seemingly also
in the morphological species M. anisopliae (Bidochka et al.,
2001, 2005). Evaluating the biodiversity contribution of B.
bassiana and M. anisopliae in agroecosystems must there-
fore be based on an assessment of the genetic diversity to
discover potential cryptic species. Traditional assessment
of fungal species diversity is based on morphological fea-
tures. Unfortunately, few and sometimes ambiguous char-
acters are used for species separation. Furthermore, many
entomopathogenic hypocrealean fungi have probably
exclusively anamorphic life cycles in temperate regions, at
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B. bassiana B. bassiana B. bassiana
Endophytic Dispersal by wind; Infection of insects on
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Dispersal by insect activity
A 4
B. bassiana; » B. bassiana; M. anisopliae » B. bassiana;
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Fig. 1. Suggestions for anamorphic life cycles of Beauveria bassiana and Metarhizium anisopliae in Northern temperate regions. The grey area represents
the soil environment while the white background of the figure is above ground. The life cycles are based on the current knowledge of the ecology of the
fungi in temperate regions as presented in the text. Significant dispersal and infection pathways are indicated by arrows. In each ecological compartment,
fungus names indicate the significance of the compartment for the life cycles of B. bassiana and M. anisopliae. Compartments representing plant
associations are included with no arrows to indicate the possible significance of these associations, but the unknown relationships with other

compartments.

least outside East Asia, which additionally complicates
matters about defining biological species and comparing
intraspecific and interspecific genetic diversity. Recent
advances in molecular techniques have shed new light on
our understanding of species boundaries, especially within
the genus Beauveria. Several studies have revealed much
genetic diversity of the morphological species B. bassiana
(Glare, 2004). However, a recent phylogeny of Beauveria
spp. showed that the morphological species B. bassiana in
fact is paraphyletic and consists of two unrelated clades
of which one is more related to Beauveria brongniartii (Sac-
cardo) Petch than to the second “B. bassiana’-group (Reh-
ner and Buckley, 2005). This latter group is tentatively
referred to as ‘pseudobassiana’ (Rehner et al., 2006) but
it needs a formal description. The existence of two unre-
lated clades may explain some of the large genetic diversity
reported in the morphological species B. bassiana. Further-
more, the two groups of B. bassiana are themselves assem-
blages of cryptic species or separate clades (Rehner and
Buckley, 2005; Rehner et al., 2006) thus each group also
contains much genetic diversity. Both groups infect a wide
range of insects and can be isolated from the soil (Meyling,
2005; Rehner and Buckley, 2005) but unfortunately no
data currently exists on differences in ecological niches
between the groups. As mentioned above, B. bassiana is
used here to refer to the morphological species when no
other information is known.

Most studies of genetic diversity of B. bassiana have
been based on isolates from culture collections and have

usually been compiled to present isolates from infections
in certain pest insects or isolates originating from a (major)
geographical region. However, to understand the ecology
of the indigenous fungal populations, studies must be car-
ried out on isolates collected at a local scale and in different
spatial compartments of the ecosystem. These isolates will
represent genotypes that potentially interact with host pop-
ulations, with each other and the environment under field
conditions.

Based on the latter sampling strategy, B. bassiana iso-
lates were sampled within the boundaries of a single
organic agroecosystem in Denmark with the specific objec-
tive to characterize the genetic diversity. Sequence analyses
[genomic regions as described in Rehner and Buckley
(2005) and Rehner et al. (2006)] showed that several phylo-
genetic lineages were present in this single agroecosystem
(Meyling, 2005; Meyling et al., 2005). Table 1 shows that
the Danish locality contained the morphologically similar
groups B. bassiana sensu lato and ‘pseudobassiana’. Fur-
thermore, isolates from each individual clade of B. bassiana
s.l. were more related to isolates from other European
countries than they were to isolates from other clades at
the locality. Only one of these clades was represented
among isolates from the arable field soil (Table 1). At the
same site, the morphological species B. bassiana was the
most frequent entomopathogenic fungus in the soil of the
agricultural field (Meyling and Eilenberg, 2006b). This
study demonstrated that different genetic groups of the
morphological species B. bassiana coexisted at a local scale
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Table 1

Genetic groups of isolates of the morphological species B. bassiana
collected within a single agroecosystem (an organic field and hedgerow) at
Bakkegarden, Denmark

Monophyletic Habitat of isolates Country of origin of most
group within locality related isolate

B. bassiana s.1.*

Eu 1 Arable field; Hedgerow Hungary, ARSEF 1628
Eu 3 Hedgerow France, ARSEF 1185

Eu 4 Hedgerow Belgium, ARSEF 1848
Eu 5 Hedgerow NA

Eu 6 Hedgerow France, ARSEF 815
‘pseudobassiana™® Hedgerow

Groups were identified based on DNA sequences of genomic regions as
described by Rehner and Buckley (2005) and Rehner et al. (2006). Isola-
tion habitats (i.e., arable field or hedgerow) for isolates belonging to each
monophyletic group are presented. Isolates from reference collections that
were found to belong to similar monophyletic groups are also presented.
Results are summarized from Meyling (2005).

% Monophyletic clade of the morphological species B. bassiana refered to
as “Clade A” by Rehner and Buckley (2005) and B. bassiana s.l. by Rehner
et al. (2006).

® Monophyletic clade of the morphological species B. bassiana refered to
as “Clade C” by Rehner and Buckley (2005) and ‘pseudobassiana’ by
Rehner et al. (2006).

in the agricultural landscape. The study further indicated
that typical North European agroecosystems bordered by
hedgerows may harbor significant sources of genetic diver-
sity of entomopathogenic fungi. However, the agricultural
field soil only harbored one of the identified B. bassiana s.1.
clades, documenting the lack of biodiversity in a monocul-
tural cropping system, even when organic.

Very few studies have been carried out on the genetic
diversity of M. anisopliae at a local or regional scale. Most
knowledge has been generated in Canada on M. anisopliae
isolates from different habitats, i.e., agricultural and forest
sites. Bidochka et al. (2001) demonstrated that M. anisop-
liae isolates from agricultural soils belonged to a specific
genetic group distinguished from isolates originating from
forest soils. These two groups of M. anisopliae could be
considered as separate cryptic species (Bidochka et al.,
2001, 2005). However, there is currently very limited
knowledge about the composition and distribution of M.
anisopliae populations at a local scale. Hu and St. Leger
(2002) described selected indigenous isolates of M. anisop-
lige from a local cabbage field in MD, USA, as belonging
to two separate explicit allozyme groups. However, specific
genetic studies of local populations of M. anisopliae still
need to be conducted.

The Canadian studies (Bidochka et al., 2001) on M. ani-
sopliae further generated the interesting conclusion that
isolates belonging to the genetic group in agricultural hab-
itats exhibited heat-tolerance for in vitro growth as well as
stronger UV-light resistance as compared to the group
from forested habitats (Bidochka et al., 2001). Thus Bido-
chka et al. (2001) proposed the hypothesis that the abiotic
conditions (i.e., UV-radiation, exposure to elevated tem-
peratures) in the habitat selected for the genetic group of

M. anisopliae that could survive in that given habitat. This
hypothesis suggested that the time-window experienced
outside the host was the most important factor for patho-
gen survival in the environment. Furthermore, it was indi-
cated that similar characteristics could be found among B.
bassiana isolates collected in Canada (Bidochka et al.,
2002). This corroborates with the distribution of genetic
groups of B. bassiana s.1. in the Danish agroecosystem sum-
marized in Table 1. Here, only one group could be found in
the agricultural soil while several genetic groups were har-
bored in the soil of the neighboring hedgerow (Meyling,
2005; Meyling et al., 2005). Obviously, more studies are
needed to verify if this is a general trend in agricultural
landscapes in temperate regions and whether the different
genetic groups of B. bassiana s.l. exhibit variation in their
realized niches under different abiotic conditions. If only
specific genetic groups of the fungi can survive in agricul-
tural fields then this will be a challenge for environmental
manipulations in a CBC strategy targeting B. bassiana
and M. anisopliae.

3. Population dynamics
3.1. Population increase and infections of hosts

Entomopathogenic fungi rely on arthropod hosts to
build up population levels of infective stages (mitosporic
conidia). During the cropping season outbreaks of diseases
can regularly be observed in insect populations in the field,
referred to as epizootics. Generally, the development of
epizootics rely on host population dynamics, the number
of infective stages in the pathogen population and the via-
bility of these, infection efficiency and development
(Anderson and May, 1981) and a complex set of environ-
mental factors and timing (Inglis et al., 2001). Considerable
information on the biology of the organisms as well as spe-
cific environmental parameters (in time and space) is neces-
sary to understand and predict the development of
epizootics. Key components of population dynamics of
the entomopathogenic fungi are the build up of the popu-
lation, the infection of hosts, and the survival and dispersal
in the environment (Anderson and May, 1981).

Both B. bassiana and M. anisopliae need resources from
a host individual to grow and build up fungal biomass. It is
conventional to consider the hypocrealean entomopatho-
genic fungi as saprophytic because many species grow well
on artificial media. However, the status of Metarhizium
spp. as true saprophytes is not well established (Roberts
and St. Leger, 2004). Moreover, Beauveria spp. and Meta-
rhizium spp. are poor competitors for organic resources
compared to opportunistic saprophytic fungi that are ubig-
uitous in soils (Keller and Zimmerman, 1989; Hajek, 1997).
It seems more likely that the fungi lurk as conidia in the soil
environment waiting to infect a new host. However, M.
anisopliae may be activated by root exudates in the rhizo-
sphere as described above. Despite this new evidence, insect
hosts should still be considered to constitute the principal
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source of organic matter for fungus population build-up.
The host is the “home ground” of the entomopathogenic
fungi, and opportunistic microorganisms are assumed to
be held effectively at bay by antimicrobial substances pro-
duced by the fungus (Boucias and Pendland, 1998). How-
ever, there is very scant published evidence for the
antimicrobial activities of the compounds released by these
fungi and accordingly Boucias and Pendland (1998) did not
provide any references for their claim. A recent documen-
tation of antimicrobial activity of substances from B. bas-
siana (Oller-Lopez et al., 2005) indicates that the
assumption is plausible. Field collected living insects,
which are incubated in the laboratory, are regularly found
infected by B. bassiana, yet limited published quantitative
data exists on the prevalence of mycosed cadavers in the
field. In Denmark, careful inspection of the litter layer
beneath stinging nettles (Urtica dioica) in a hedgerow
revealed that dead insects sporulating with B. bassiana were
relatively abundant among leaf litter and soil: densities of
3.5-8.8 cadavers per m” could be recovered in July in sep-
arate patches (N.V. Meyling, unpublished data). Although
these data were preliminary they indicated that cadavers
were common on the soil surface, probably mostly in
hedges and under natural vegetation. Furthermore, the
results indicated that population levels of B. bassiana were
boosted during the season by conidia production from
mycosed insects in the litter layer beneath their host plants.
Conidia are produced in a single event which is consis-
tent with the definition of semelparous reproduction (Prin-
gle and Taylor, 2002; Hughes et al., 2004). Vast numbers of
conidia are produced from a single infected insect cadaver
(Gottwald and Tedders, 1982). The production of conidia
is a key fitness parameter in asexual semelparous filamen-
tous fungi (Pringle and Taylor, 2002) and has been used
as a measure of cost in intraspecific competition in M. ani-
sopliae (Hughes et al., 2004). However, the persistence and
the effectiveness of infection of conidia are also critical
properties for the ecological fitness of entomopathogenic
fungi. Most conidia are likely to disintegrate quickly in
the environment and only minimal proportions will pre-
sumably succeed in infecting new hosts. Infection success
is density dependent and the number of conidia must
exceed a critical threshold level or minimal viable popula-
tion size (Hughes et al., 2004). Thus the acquisition of
the threshold of infective conidia by a susceptible host is
necessary for the continued survival of the fungus.

3.2. Dispersal in the environment

Dispersal of infective stages of a pathogen is an impor-
tant factor in disease development (Anderson and May,
1981). Infective propagules of entomopathogenic fungi in
the Hypocreales are passively dispersed, and this is mainly
considered to occur through the action of weather compo-
nents like wind and rain (Hajek, 1997; Inglis et al., 2001;
Shah and Pell, 2003). In air samples, B. bassiana was iso-
lated among a large array of airborne fungi (Airaudi and

Marchisio, 1996; Shimazu et al., 2002; Ulevicius et al.,
2004) and deposition from the air could be one likely
source of the newly documented occurrence of B. bassiana
on phylloplanes of hedgerow plants (Meyling and Eilen-
berg, 2006a). However, localized transmission onto plant
parts by rain splash has also been shown (Bruck and Lewis,
2002b) but rainfall also removed fungus inoculum that had
been applied to foliage (Inglis et al., 1993, 1995, 2000,
2001). In the soil environment the hypocrealen entomo-
pathogenic fungi can persist, but extensive proliferation
and dispersal are limited. Population build up relies on
the conversion of host cadaver resources into infective con-
idia that are released from cadavers over time following
sporulation (Gottwald and Tedders, 1982). The number
of conidia released per host is dependent both on fungus
species, host species, and host size. For example, B. bassi-
ana released 10-200 times more conidia than M. anisopliae
from adult pecan weevils (Gottwald and Tedders, 1982).
Additionally, B. bassiana radiated out from weevil cadav-
ers in the soil by hyphal growth and subsequently infected
larvae in neighbouring experimental cells while M. anisop-
liae growth was restricted to the surface of the cadaver
(Gottwald and Tedders, 1984).

Entomopathogenic fungi are dispersed by living infected
hosts which migrate and die in another place than where
they became infected (Hajek, 1997). Several aphid species
migrate long distances high in the atmosphere and migrat-
ing aphids were found to harbour several entomopatho-
genic fungi (Entomophthorales and B. bassiana) (Feng
et al., 2004). This implies that B. bassiana is able to travel
over long distances as infections in hosts, which can later
lead to new infections and establishment far away from
the original site of the fungus.

The potential of arthropods to disperse and vector
entomopathogenic fungi by their activity has been demon-
strated in different terrestrial ecosystems. In the soil, coll-
embolans dispersed conidia of B. bassiana and M.
anisopliae which were not pathogenic to them (Dromph
and Vestergaard, 2002), both by carrying conidia on the
cuticle and by ingesting conidia which, after passage
through the digestive tract, could remain viable (Dromph,
2001). Moreover, collembolans were able to vector inocu-
lum to other soil-dwelling insects and initiate infections
in laboratory experiments (Dromph, 2003). Also soil-dwell-
ing mites were shown to be potential vectors of B. bassiana
(Renker et al., 2005).

Insects inhabiting nettle plants were able to disperse
inoculum of B. bassiana by their activity (Meyling et al.,
2006) and could therefore be the distributors of naturally
occurring B. bassiana on nettle phylloplanes as an alterna-
tive to wind dispersal (Meyling and Eilenberg, 2006a; Mey-
ling et al., 2006). Moreover, predators initiated infections
in aphids after vectoring inoculum from sporulating cadav-
ers in the nettle canopy (Meyling et al., 2006). Interspecific
vectoring of B. bassiana has additionally been shown in
corn systems where fungivorous beetles dispersed inoculum
to larvae of the European corn borer Ostrinia nubialis
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(Lepidoptera: Pyralidae) in the tunnels of the latter (Bruck
and Lewis, 2002a). Insect activity may therefore influence
the dispersal of conidia of B. bassiana as indicated on
Fig. 1. Thus CBC strategies that aim to manipulate the dis-
persal of insects may also affect dispersal of entomopatho-
genic fungi in the agroecosystem.

4. Effects of agricultural practices and structure of the
agroecosystem

4.1. Soil disturbance and environmental factors

Annually cropped agroecosystems are highly disturbed
mostly due to tillage regimes and this affects the popula-
tions of natural enemies of crop pests. The communities
of entomopathogenic fungi in the arable soil environ-
ments are different from communities of less disturbed
habitats (Steenberg, 1995; Bidochka et al., 1998; Meyling
and Eilenberg, 2006b) and less disturbance in the crop-
ping system also affect the populations of the fungi. In
corn fields in the US, soil densities of B. bassiana (as
measured by colony forming units per g of soil) under
different tillage regimes were very variable between years,
but were seemingly higher in no-tillage systems compared
to systems subjected to ploughing and chiselling (Bing
and Lewis, 1993). Likewise, conservation tillage regimes,
using strip-till and no-till, were more favorable to B. bas-
siana and M. ansiopliae populations in the soil than con-
ventional tillage regimes employing ploughing and
disking (Hummel et al., 2002a). Furthermore, no-till cul-
tivation in soybean and wheat positively affected the
population levels of B. bassiana and M. anisopliae com-
pared to conventional tillage (Sosa-Gomez and Moscar-
di, 1994). These findings of higher fungal densities in
reduced tillage and no-till systems could be observations
of indirect effects caused by increased levels of host pop-
ulations of non-pest insects. High population levels of
non-pest insects have been observed in reduced tillage
systems (Hummel et al., 2002b). The observations cited
above may therefore not necessarily be a direct result
of mechanical disturbance on fungal population levels.

Exposed fungal inoculum is usually inactivated by the
UV-components of solar radiation (Fargues et al., 1996,
1997b). Other abiotic factors affecting entomopathogenic
fungi include temperature (Inglis et al., 2001) with strains
exhibiting different temperature optima for growth (Far-
gues et al.,, 1997a). Indeed, temperature, moisture and
UV-radiation seem to be most important for B. bassiana
survival (Meikle et al., 2003). Persistence of applied fungus
material in soils has been studied for several isolates of dif-
ferent species but the complexity of the soil environment
makes it difficult to evaluate single factors determining sur-
vival (Inglis et al., 2001). Factors such as soil texture (Gro-
den and Lockwood, 1991), pH values and moisture
contents (Lingg and Donaldson, 1981) have been explored
and are thoroughly reviewed by Inglis et al. (2001) and
Klingen and Haukeland (2006).

Recent evidence suggests that certain genotypes of M.
anisopliae and B. bassiana are dominating in soils of agro-
ecosystems in Canada (Bidochka et al., 2001, 2002) and
this also seems to apply to Danish conditions for B. bassi-
ana (Meyling, 2005; Table 1). The reason for this observa-
tion could be adaptations of specific genetic groups to be
more resistant to UV-radiation and temporal elevated tem-
peratures. UV resistance and growth tolerance at high tem-
peratures were characteristics of the isolates belonging to
the genetic groups from agricultural soil in Canada (Bido-
chka et al., 2001, 2002). Given that these observations
apply to populations of B. bassiana and M. anisopliae in
general, other genotypes of these fungi could occur in the
cropping system by the provisioning of sheltered and
non-tilled habitats close to the crop in a CBC strategy.

4.2. Use of agrochemicals

Chemical insecticides, herbicides and fungicides are usu-
ally applied in conventional farming practices. These com-
pounds, especially fungicides applied against plant
pathogens, might also negatively affect the populations of
entomopathogenic fungi with reduced pest regulation
potential as a consequence.

Klingen and Haukeland (2006) provided a detailed
review of published studies of effects of chemical pesticides
on entomopathogenic fungi and nematodes. Their main
conclusions were that insecticides and herbicides were not
very harmful to fungal growth while fungicides were some-
times harmful (Klingen and Haukeland, 2006). However,
most studies were performed in vitro with fungal cultures
and extrapolation from studies in laboratory experiments
to field conditions may not be straightforward. In the
UK, for example, previous field application of the fungi-
cide benomyl correlated with a lower incidence of B. bassi-
ana in soil samples (Mietkiewski et al., 1997; Chandler
et al., 1998). In vitro experiments further showed that the
fungicide triadimefon inhibited the growth of B. bassiana,
but fields previously treated with this product showed a
higher frequency of occurrence of the fungus in soil sam-
ples than in samples from untreated control soils (Miet-
kiewski et al., 1997; Chandler et al., 1998). The fungicidal
product albicarb even increased activity of in vitro cultures
of B. bassiana (Mietkiewski et al., 1997). This emphasizes
that due to the complex interactions and composition of
agroecosystems applications of specific fungicides are not
necessarily detrimental to the occurrence of entomopatho-
genic fungi in the soil. Selected compounds could thus pos-
sibly be used in integrated pest management (Mietkiewski
et al., 1997).

4.3. Crop diversification

Mixtures of plants within the crop can reduce coloniza-
tion by pest species and the use of trap crops can lure the
pest insects away from the crop by a push-—pull strategy
(Hooks and Johnson, 2003; Cook et al., 2007). Manipula-
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tion of insect behavior may also affect the dispersal of
entomopathogenic fungi in agroecosystems because fungal
inoculum can be distributed by insect activity.

Reducing the area of bare ground between the crop
plants by mulching may reduce the population sizes of
pests by enhancing conditions for ground dwelling preda-
tors (Hellgvist, 1996; Schmidt et al., 2004). Mulching
may be unfavorable for hypocrealean entomopathogenic
fungi as increased amounts of organic matter in soil have
been shown to increase antagonistic activity against the
fungi (Fargues and Robert, 1985; Studdert and Kaya,
1990).

Establishment of beetle banks within the fields for CBC
targeted at populations of carabid beetles (Landis et al.,
2000) could also promote populations of entomopatho-
genic fungi. Specifically, populations of certain genetic
groups of B. bassiana or M. anisopliae, which have been
documented to be absent from the cultivated soils in agro-
ecosystems, could potentially benefit from beetle banks.

4.4. Importance of semi-natural habitats in agricultural
landscapes

Semi-natural habitats (e.g., hedgerows) are important
refuges for flora and fauna that do not thrive within the
cultivated arable fields (Marshall and Moonen, 2002;
Maudsley et al., 2002; Pywell et al., 2005). Striking differ-
ences in the communities of hypocrealean entomopatho-
genic fungi in soils between arable fields and hedgerows
have been documented (Chandler et al., 1997; Meyling
and Eilenberg, 2006b). It is likely that the populations of
fungi are depending on the arthropod community in the
hedgerows for their survival. Regarding B. bassiana, hedge-
rows constituted a tremendous reservoir of genetic diversity
compared to agricultural soil (Table 1; Meyling, 2005). Per-
manent hedgerow habitats, preferably of some age, are
valuable refuges of biodiversity in agricultural landscapes,
including B. bassiana that could be manipulated for CBC.

Increasing evidence suggests that heterogeneity in the
agricultural landscape is crucial for the maintenance of
the diversity of species and ecological functional groups
of organisms that are relevant for pest management in
future sustainable agriculture (Benton et al., 2003; Weibull
and Ostman, 2003). Landscape structure is also important
when predicting the recruitment potential of organisms for
biological control by changes in agricultural practices
(Tscharntke et al., 2005). Both empirical evidence as well
as simulation studies suggest that diversity in the guild of
natural enemies is important for efficient biological pest
control in agroecosystems (Wilby and Thomas, 2002; Car-
dinale et al., 2003). Thus initiatives for enhancing popula-
tion levels of predators and parasitoids in CBC may
simultaneously benefit the communities of entomopatho-
genic fungi in agroecosystems.

Thorough knowledge of the effect of semi-natural habi-
tats on indigenous populations of entomopathogenic fungi
is fundamental for their inclusion in CBC strategies (Shah

and Pell, 2003). In the UK, studies have been carried out to
include the entomophthoralean fungus P. neoaphidis in
CBC of aphids. In this system, field margins constituted
an important reservoir of fungus inoculum and predators
acted as vectors of conidia among aphid populations
(Roy et al., 2001; Ekesi et al., 2005). Nettles were particu-
larly important reservoirs of P. neoaphidis because they
harbored populations of nettle aphids that were susceptible
to the fungus (Roy et al., 2001; Ekesi et al., 2005). In gen-
eral, nettles in field margins also harbored many predators
and parasitoids (Davis, 1973) and both phylloplanes and
nettle specific insects harbored B. bassiana (Meyling and
Eilenberg, 2006a; Meyling, 2005). Thus nettles (U. dioica)
may be a key plant species for populations of predators,
parasitoids and entomopathogenic fungi. Whether man-
agement strategies can facilitate the use of indigenous pop-
ulations of B. bassiana in field margins in CBC remains to
be elucidated.

5. Conclusion

Recent research has generated more knowledge of the
natural occurrence, genetic diversity and dispersal mecha-
nisms of B. bassiana and M. anisopliae in temperate agroeco-
systems. This knowledge is crucial to understand the ecology
of entomopathogenic fungi and it is essential for the inclu-
sion of the fungiin CBC. Molecular markers to assess genetic
diversity are important tools in future studies of indigenous
populations of B. bassiana and M. anisopliae. Initiatives to
manipulate populations of predators and parasitoids in
agroecosystems for CBC are likely to also benefit the popu-
lations of B. bassiana and M. anisopliae. However, there is a
need for further understanding of the ecology of the entomo-
pathogenic fungi in order to predict these effects.
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The entomopathogenic fungus Beauveria bassiana produces at least three distinct single-cell propagules,
aerial conidia, vegetative cells termed blastospores, and submerged conidia, which can be isolated from agar
plates, from rich broth liquid cultures, and under nutrient limitation conditions in submerged cultures,
respectively. Fluorescently labeled fungal cells were used to quantify the kinetics of adhesion of these cell types
to surfaces having various hydrophobic or hydrophilic properties. Aerial conidia adhered poorly to weakly
polar surfaces and rapidly to both hydrophobic and hydrophilic surfaces but could be readily washed off the
latter surfaces. In contrast, blastospores bound poorly to hydrophobic surfaces, forming small aggregates,
bound rapidly to hydrophilic surfaces, and required a longer incubation time to bind to weakly polar surfaces
than to hydrophilic surfaces. Submerged conidia displayed the broadest binding specificity, adhering to
hydrophobic, weakly polar, and hydrophilic surfaces. The adhesion of the B. bassiana cell types also differed in
sensitivity to glycosidase and protease treatments, pH, and addition of various carbohydrate competitors and
detergents. The outer cell wall layer of aerial conidia contained sodium dodecyl sulfate-insoluble, trifluoro-
acetic acid-soluble proteins (presumably hydrophobins) that were not present on either blastospores or
submerged conidia. The variations in the cell surface properties leading to the different adhesion qualities of
B. bassiana aerial conidia, blastospores, and submerged conidia could lead to rational design decisions for

improving the efficacy and possibly the specificity of entomopathogenic fungi for host targets.

Under intensive study for use as a biopesticide, the ento-
mopathogenic fungus Beauveria bassiana displays a broad host
range and is able to target a number of diverse arthropod
species (7, 15, 16, 23, 26, 27, 31). Strains of B. bassiana have
been selected for control of insects and other arthropods that
act as disease vectors, including mosquitoes and ticks (6, 22);
crop pests, such as whiteflies, caterpillars, grasshoppers, and
borers (5, 9, 21, 25, 36); and even ecologically hazardous,
invading pests, such as fire ants and termites (4, 8). The varied
cuticles of these organisms represent the first barrier to the
pathogen, and attachment of fungal propagules to the cuticle is
the initial event in establishing mycosis. Air currents, disper-
sion via water droplets, and saprophytic growth over substrata
inhabited by insects are considered the major routes for con-
tact of fungal spores with host cuticles (2). Upon contact,
fungal cells bind to the cuticle and initiate a developmental
program that includes the production of specialized infection
structures, such as germ tubes and penetrant hyphae (2, 17). If
the infection is successful, the fungus grows across the cuticle
surface and penetrates the host cuticle to invade and prolifer-
ate within the hemolymph, which ultimately results in the
death of the host.

Fungal cell attachment to the cuticle may involve specific
receptor-ligand and/or nonspecific hydrophobic and electro-
static mechanisms (2, 3, 10). A haploid anamorphic fungus, B.
bassiana, produces a number of mononucleated single-cell

* Corresponding author. Mailing address: University of Florida, Mi-
crobiology and Cell Science, Bldg. 981, Museum Rd., Gainesville, FL
32611. Phone: (352) 392-2488. Fax: (352) 392-5922. E-mail: keyhani
@ufl.edu.

+ This paper is Florida Agricultural Experimental Station Journal
Series number R-10687.

5260

types, including aerial conidia, blastospores, and submerged
conidia, which can be isolated from agar plates, from rich broth
submerged cultures, and from nutrient-limited submerged cul-
tures, respectively. Although it is well known that culture con-
ditions (and hence the cell type produced) can affect successful
virulence for targeted hosts, little is known about the process of
adhesion of B. bassiana cell types other than conidia. In this
report we describe a quantitative assay used to determine the
binding qualities and adhesion substratum preferences of B.
bassiana aerial conidia, blastospores, and submerged conidia.

MATERIALS AND METHODS

Cultivation of fungi. B. bassiana ATCC 90517 was routinely grown on potato
dextrose agar. Plates were incubated at 26°C for 10 to 14 days, and aerial conidia
were harvested by flooding a plate with sterile distilled H,O. Conidial suspen-
sions were filtered through a single layer of Miracloth, and final spore concen-
trations were determined by direct counting using a hemocytometer. Blasto-
spores were produced in Sabouraud dextrose-1 to 2% yeast extract liquid broth
cultures using conidia harvested from plates at a final concentration of 0.5 X 10°
to 5 X 10° conidia/ml as the inoculum. Cultures were grown for 3 to 4 days at
26°C with aeration. Cultures were filtered twice through glass wool to remove
mycelia, and the concentration of blastospores was determined by direct count-
ing. Submerged conidia were produced in TKI broth using fructose as the carbon
source as described previously (32). For all cell types, Miracloth- or glass wool-
filtered cell suspensions were harvested by centrifugation (10,000 X g, 15 min,
4°C), washed two times with sterile distilled H,O, and resuspended to the desired
concentration as indicated below (typically 107 to 10% cells/ml).

FITC labeling of B. bassiana cells. Fluorescein isothiocyanate (FITC) (100 pl
of a 1-mg/ml stock solution per ml of fungal cells) was added to washed fungal
cells (0.5 X 10®* to 1 x 10 cells/ml) resuspended in 50 mM calcium carbonate
buffer, pH 9.2. Each reaction mixture was incubated for 20 min in the dark, after
which the cells were extensively washed (four or five times with an equal volume)
with TB (50 mM Tris-HCI, pH 8.0). The final cell pellets were resuspended in TB
to obtain the desired concentrations, as indicated below. The final cell suspen-
sion spore concentrations were checked by direct counting using a hemocyto-
meter.
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Adhesion assay. Two assays were used to assess adhesion to substrata. In the
first (qualitative) assay, solutions of fungal cell suspensions (100 pl, 1 X 10° to 20
X 10° cells/ml) were placed in slide chambers (treated and untreated glass
surfaces; Lab Tech chamber slide system; Nalgene Nunc, Naperville, IL) and
incubated at 25°C and 100% humidity for various times. Adhesion was assessed
microscopically after one wash or three washes. Digital images were taken using
a Nikon Optiphot-2 microscope equipped with a digital camera. Adhesion was
also assessed quantitatively using FITC-labeled cells incubated on various black
microtiter plate test substrata. Fungal cell suspensions (100 wl, 1 X 10° to 20 X
10° cells/ml) were placed in (black) microtiter plate wells and incubated at 25°C
in the dark for various times. Unbound cells were removed by aspiration of the
liquid from the wells, followed by up to three washes with 450 wl TB. Fluores-
cence was measured using a Spectra Max Gemini XS microplate fluorometer
(excitation wavelength, 495 nm; emission wavelength, 530 nm; cutoff wavelength,
515 nm; Molecular Devices Corp., Sunnydale, CA). For each experiment a
standard curve of fluorescence intensity versus cell number (as measured by
direct counting) was prepared. Typically, the fluorescence intensity was mea-
sured before washing (total number of cells) and after each wash. Weakly polar
microtiter plates (Fluorotrac F200) and hydrophilic microtiter plates (Fluorotrac
F600) were purchased from Greiner Biotech (Longwood, FL) and were used
unmodified. Hydrophobic substrata were prepared by addition of a thin layer of
silicone using Sigmacote (Sigma Corp., St. Louis, Mo.) to glass slides or to
Fluorotrac F200 microtiter plate wells. Typically, substrata were treated up to
three times with Sigmacote, and the treated plates or slides were placed in a fume
hood overnight in order to ensure evaporation of all solvent.

Enzyme treatments. Aerial conidia, blastospores, and submerged conidia (0.5
% 107 to 1.0 X 107 cells/ml) were washed twice and resuspended in the enzyme
reaction buffers suggested by the manufacturer. Portions (100 pl) of 10-mg/ml
stock solutions of amylase (catalog no. A6255; Sigma), cellulase (catalog no.
(C9422; Sigma), or laminarinase (catalog no. L5272; Sigma) in 0.01 M KPO, (pH
6.8 for a-amylase and pH 5.6 for cellulase and laminarinase) were added to 0.9
ml of cells resuspended in the same buffer. For protease treatments, 100 pl and
50 wl of stock solutions (10 mg/ml and 1 mg/ml) of proteinase K (catalog no.
p6911; Sigma) and pronase E (catalog no. 300140; Stratagene), respectively, in
buffer (0.1 M Tris HCI, pH 7.8, 0.5% sodium dodecyl sulfate [SDS], 1 mM CacCl,)
were added to cells resuspended in the same buffer. Glycosidase reaction mix-
tures were incubated for 4 h at 25°C, and protease treatments were performed
for 4 h at 37°C. After incubation, cells were extensively washed in 50 mM calcium
bicarbonate buffer (pH 9.2) (seven or eight times, 1 ml each) by centrifugation
(10,000 X g, 5 min). Treated, washed cells were then FITC labeled and used in
adhesion assays as described above.

Effect of pH on attachment. FITC-labeled cells (0.5 X 107 to 1.0 X 107
cells/ml) were washed twice and resuspended in one of the following physiolog-
ical buffers (0.1 M) before they were used in adhesion assays: acetate (pH 4 and
5), morpholineethanesulfonic acid (MES) (pH 6 and 7), HEPES (pH 7 and 8),
and TB (pH 8). Control wells with cells suspended in TB (pH 8) were used to
determine initial cell concentrations due to the pH sensitivity of FITC fluores-
cence intensity measurement. Normalization due to pH effects on the FITC
intensity was performed by allowing adhered cells (i.e., cells after the adhesion
assay incubation and washing steps) to equilibrate in TB (pH 8) until the fluo-
rescence intensity of the signal of the cells stopped increasing.

Competition assays. Cells were FITC labeled, and the final cell pellets result-
ing from the washing steps of the labeling reaction were suspended in TB
containing either 0.3 M carbohydrate (added as a competitor), 0.1% detergent
(SDS, Tween 80, or cetyltrimethylammonium bromide [CTAB]) or 1 M NaCl.
Cells were then immediately used in adhesion assays.

Contact angle determination. Contact angle (cZa) measurements for the
surfaces used to evaluate the adhesive properties of the fungal cell types were
obtained by using a Ramehart model 500 Advanced goniometer with an auto-
mated drop dispenser and tilting plate, using the DropImage Advanced software.
Dynamic angle measurements were obtained just prior to movement of the water
drop. Briefly, a 10-pl drop of sterile water was placed onto the surface of the
substratum to be tested. The stage and the camera were tilted at 10° increments
until the drop was on the verge of movement. The advanced (dynamic) contact
angle was then determined.

Rodlet layer extraction. The rodlet layer proteins were removed from the
surface of the spores as described by Paris et al. (29). Briefly, aerial conidia,
blastospores, and submerged conidia were prepared as described above, resus-
pended in water, and sonicated at 140 W (3-mm-diameter microtip, 50% duty
cycle) twice for 10 min using a Sonifier cell disrupter B-30 (Branson Ultrasons,
Rungis, France). Unlysed cells and cell debris were removed by low-speed cen-
trifugation (10,000 X g, 10 min), and the supernatant was centrifuged for 1 h at
50,000 X g. The resultant pellet was boiled in SDS-polyacrylamide gel electro-
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phoresis (PAGE) sample buffer (2% SDS, 5% B-mercaptoethanol, and 10%
glycerol in 62 mM Tris-HCI, pH 6.8) and washed twice with sample buffer and
three times with distilled water. The final pellet was lyophilized and then treated
with 100% trifluoroacetic acid for 10 min at room temperature. The acid was
removed under a stream of nitrogen, and dried extracts were stored at room
temperature under dry air and resuspended in water prior to analysis. Aliquots
of a protein sample were mixed with 4X lithium dodecyl sulfate sample buffer
(Invitrogen, Carlsbad, CA) plus dithiothreitol and run on a 10% bis-Tris Nu-
PAGE gel with MES-SDS gel running buffer together with standards. Protein
bands were visualized using either Sypro Ruby red (Bio-Rad, Hercules, CA) or
Coomassie blue.

RESULTS

A quantitative assay was developed in order to measure the
kinetics of fungal cell adhesion to various substrata. Fungal
cells chemically treated with the fluorescent reagent FITC ap-
peared to be uniformly labeled, with clear halo rings defining
the cell envelope. Labeling of all three cell types, aerial
conidia, blastospores, and submerged conidia, revealed a linear
relationship between cell number (as measured by cell count-
ing using a hemocytometer) and fluorescence intensity. Little
variation was observed within experiments; however, some
variation (up to a twofold difference in fluorescence intensity)
was observed between experiments (i.e., between separate
FITC labeling reactions). Therefore, a standard curve of fluo-
rescence intensity versus cell number as determined by cell
counting was determined and used for each experiment.

In order to determine the effects of the labeling reaction on
the adhesive qualities of the cells, a series of preliminary qual-
itative experiments were performed using untreated and sili-
conized glass slides with both unlabeled and labeled cells. In all
instances no difference was observed between using FITC-
labeled cells and using unlabeled cells. These data demon-
strated (i) that aerial conidia were able to bind to hydrophobic
surfaces but not to hydrophilic surfaces; (ii) that blastospores
bound uniformly to hydrophilic surfaces but bound poorly to
hydrophobic surfaces, forming small clumps on the latter; and
(iii) that submerged conidia bound equally well to both hydro-
philic and hydrophobic surfaces, forming large clumps that
appeared to become more evenly distributed over time. These
patterns were identical for FITC-labeled and unlabeled cells.

For the quantitative assays, the following three types of
black polystyrene-based microtiter plates with different surface
characteristics were used as substrata: (i) siliconized Fluoro-
trac F200 plates, which were highly hydrophobic; (ii) F200
untreated polystyrene surface plates, which were weakly polar;
and (iii) F600 plates, which were treated polystyrene and had
hydrophilic, polar surfaces containing hydroxyl, carbonyl, and
amino groups with a small net negative charge. Dynamic ad-
vanced water droplet contact angle measurements for the
three substrata were consistent with the decreasing hydropho-
bicities; the silinated F200 plates displayed a cZa of 104.7°, the
untreated F200 plates displayed a cZa of 95.6°, and the F600
plates displayed a cZa of 85.6° (the contact angles for cleaned
polished glass, the glass chamber slides, and silinated glass
were determined to be 73.1°, 87.4°, and 109.7°, respectively).

The number of binding sites per microtiter plate well was
estimated to be 4 X 10° to 8 X 10°, as determined by the
saturation point derived from plots of the percentage of cells
bound as a function of the cell concentration (Fig. 1). These
data indicated that the linear ranges of the cell types were
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FIG. 1. Saturation points of sites for binding of B. bassiana aerial
conidia (@), blastospores (m ), and submerged conidia (O) to microtiter
plates. The error bars indicate the results of at least three independent
experiments.
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similar, although the saturation points for the cell types varied
from approximately 25% of the aerial conidial cells able to
bind per well to more than 70% of the submerged conidia
bound in wells when ~5 X 10° cells/well was used. All subse-
quent experiments were performed using cell concentrations in
the linear range of the attachment curve (2 X 10° to 5 X 10°
cells/well).

Quantitative adhesion assays using aerial conidia, blasto-
spores, and submerged conidia on hydrophobic, weakly polar,
and hydrophilic surfaces with either one or three washes were
performed (Fig. 2). Aerial conidia bound rapidly and tightly to
hydrophobic surfaces, and there was no decrease in cell bind-
ing after up to 10 washes with buffer (data not shown). Aerial
conidia bound poorly to weakly polar surfaces even after pro-
longed exposure (24 h) to the substrata. Interestingly, these
cells bound weakly to hydrophilic surfaces and were readily
washed off. In contrast, blastospores bound poorly to hydro-
phobic surfaces, and no more than 10% of the cells were bound
even after 24 h. Blastospores bound moderately to weakly
polar surfaces, and approximately 1 X 10° to 2 X 10° cells
bound/well (30% of the 5 X 10° cells used in the assay) after
4 h of incubation. Blastospores bound more readily to hydro-
philic surfaces, and up to 50% of the cells bound within 30 min.
Submerged conidia displayed the broadest binding character-
istics, adhering to all three surfaces, although with slightly
different kinetics. On hydrophobic, weakly polar, and hydro-
philic surfaces, up to 60% of the cells used bound to the
substrata within 4 h, although in the case of the hydrophobic
and weakly polar surfaces, almost one-half of the bound cells
could be removed using three washes.

Attachment of aerial conidia to hydrophobic surfaces could
not be competed with any of the carbohydrate compounds
tested, including glucose, galactose, lactose, maltose, melibi-
ose, or trehalose, and was not sensitive to salt concentrations as
high as 1 M NaCl (Table 1). The presence of N-acetylglu-
cosamine appeared to promote adhesion (confirmed by micro-
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scopic analysis). The effect was not due to any visible growth or
mucilage production; i.e., no germination, germ tube, or secre-
tion of an extracellular matrix could be seen. Conidial attach-
ment was, however, sensitive to the presence of detergents, and
80 to 90% inhibition was observed when 0.1% Tween 80 (a
nonionic detergent), CTAB (a cationic detergent), or Triton
X-100 (a nonionic detergent) was used; SDS (an anionic de-
tergent) also inhibited conidial attachment to hydrophobic sur-
faces, although a large degree of variation was observed. Ad-
hesion of aerial conidia to surfaces was only slightly affected by
pH, and 30% fewer cells were bound at pH 4.0 than at pH 7.0.

A unique feature of blastospore attachment was that adhe-
sion could be competed with maltose (Table 1). No other sugar
tested had any effect on blastospore adhesion, nor did maltose
affect conidial or submerged conidial adhesion. Blastospore
attachment was not sensitive to salt (1 M NaCl), SDS, and
CTAB, but it was inhibited by Tween 20 and Triton X-100. In
contrast to the adhesion of the other cell types, the adhesion of
blastospores appeared to be pH dependent, and there was a
50% decrease in the number of cells bound when assays were
performed at pH 4 to 5 compared with the number of cells
bound when assays were performed at pH 7 to 8. Submerged
conidia behaved like aerial conidia, except that N-acetylglu-
cosamine did not increase the number of cells bound and the
presence of the detergents CTAB and Triton X-100 (Table 1)
and changes in pH had only minor effects on microcycle conid-
ial adhesion.

Removal of carbohydrates (maltose, glucose, or glucuronic
acid) from the cell surface of aerial conidia using either a-amy-
lase or laminarinase, but not removal of carbohydrates using
cellulase, resulted in decreased conidial adhesion to hydropho-
bic surfaces but had no effect on conidial adhesion to hydro-
philic surfaces (Table 2). Treatment of blastospores with gly-
cosidases appeared to either slightly promote adhesion (a-
amylase and to a lesser extent cellulase treatment) to
hydrophilic surfaces or to not affect adhesion (laminarinase
and/or hydrophobic surface). Glycosidase treatment of sub-
merged conidia resulted in a 25 to 50% decrease in adhesion of
cells to hydrophilic surfaces and hydrophobic surfaces except
for a-amylase-treated cells, for which great variation was ob-
served for adhesion to hydrophobic surfaces. Some differential
effects were observed after protease treatment of the cell types.
Aerial conidia treated with pronase E exhibited a more than
50% loss of adhesion to hydrophobic surfaces but no loss of
adhesion to hydrophilic surfaces, although great variation was
observed. This variation was between experiments (i.e., differ-
ent cell batches treated with the enzyme) and may have re-
flected surface heterogeneity or accessibility of target sub-
strates to the enzyme. Protease K treatment of aerial conidia
did not result in appreciable changes in adhesion. Similar treat-
ment of blastospores with proteases had no effect or resulted in
an almost twofold apparent increase in adhesion. Microscopic
analysis (i.e., visual counting) of the number of cells bound
indicated that there did not appear to be an actual increase in
the number of cells bound; instead, protease treatment ap-
peared to increase the intensity of the fluorescence signal.
These conditions were the only conditions tested in which the
fluorescent signal was affected, and in all other experiments the
results of microscopic analysis were in agreement with the
fluorescent intensity measurements. Finally, little or no effect
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FIG. 2. Quantitative adhesion and influence of washing on adhesion of aerial conidia (A), blastospores (B), and submerged conidia (C) to
silinated F200 (hydrophobic), F200 (weakly polar), and F600 (hydrophilic) microtiter plates. The percentages of cells bound after one wash (open
bars) and after three washes (solid bars) are presented versus assay incubation time. The error bars indicate the results of at least three independent

experiments.

was observed on the adhesion properties of protease-treated
submerged conidia.

Hydrophobic interactions are thought to be mediated (at
least in part) by low-molecular-weight proteins termed hydro-
phobins that form a rodlet layer on the surface of fungal cells.
Hydrophobins are highly resistant to extraction by detergents
but can be solubilized by (100%) trifluoroacetic acid. B. bassi-
ana aerial conidia, blastospores, and submerged conidia were
examined for the presence of hydrophobins by using cell ex-
tracts prepared as described in Materials and Methods and
were analyzed by SDS-PAGE (Fig. 3) (gels stained with Sypro
Ruby red gave essentially the same results). Protein bands

corresponding to putative hydrophobins were extracted only
from aerial conidia, and no bands were formed by extracts
derived from either blastospores or submerged conidia.

DISCUSSION

Conidial adhesion has been examined in a number of plant-
and insect-pathogenic fungi (2, 28). Adhesion of entomopatho-
genic fungi has been considered to involve an initial binding
interaction followed by a consolidation step, resulting in firm
attachment to the cuticle (2, 13, 14). Similarly, studies on the
phytopathogenic fungus Botrytis cinerea revealed a two-stage
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TABLE 1. Effects of various competitors and chemicals on
B. bassiana cell adhesion

Attachment ratio”

Compound Aerial conidia® Blastospores® Smeel:gf d
conidia
Glucose 1.0 0.1 1+0.1 1+0.1
N-Acetylglucosamine 20x0.1 1+0.1 1+0.1
Fucose 1.0+0.2 1+02 1+0.1
Melibiose 1.0 =02 102 ND
Maltose 1.0+0.2 0.1 0.1 1+03
Trehalose 0.8 £0.1 0.9 = 0.1 1+0.1
1 M NaCl 1.0 £0.2 0.9 +0.2 1+02
0.2% Tween 20 0.2 +0.1 0.1 £0.1 ND
0.2% SDS 0.4 +0.5 0.8 0.3 0.3 +0.1
0.2% CTAB 0.2 +0.1 0.6 £ 0.3 1+0.2
0.2% Triton X-100 0.1 £0.1 0.3 0.1 0.6 0.1

“ Attachment ratio = (% cells bound under conditions tested)/(% cells bound
under control conditions). The data are the means *+ standard deviations for at
least three independent experiments.

b Cells were tested on siliconized F200 (hydrophobic) microtiter plates.

¢ Cells were tested on F600 (hydrophilic) microtiter plates.

4ND, not determined.

adhesion process; immediate adhesion occurred upon hydra-
tion and was characterized by relatively weak attachment, and
stronger delayed adhesion was observed as the conidia germi-
nated (10, 11). Immediate adhesion of B. cinerea was passive
(nonmetabolic), and although no specific structures were visi-
ble on the conidia, adhesion was characterized as dependent
(in part) on hydrophobic interactions. Hydrophobic interac-
tions have also been implicated in the attachment of conidia of
the insect-pathogenic fungi Nomuraea rileyi, Metarhizium
anisopliae, and B. bassiana to both host and nonhost cuticle
preparations (3).

B. bassiana produces at least three single-cell types that can
be distinguished based on morphological and adhesive charac-
teristics. Qualitative studies assessing entomopathogenic fun-
gal adhesion to various surfaces, including insect cuticles (2, 3,
10, 11, 17), have almost exclusively addressed conidial binding
to surfaces and have not examined the adhesion properties of
either blastospores or submerged conidia. We used a quanti-
tative adhesion assay, and our results demonstrate that there
are complex interactions between various cell types and sub-
strata with different surface properties. All three B. bassiana
single-cell types studied, aerial conidia, blastospores, and sub-
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FIG. 3. Analysis of SDS-insoluble trifluoroacetic acid-soluble ma-
terial from ultrasonic extracts of B. bassiana aerial conidia, blasto-
spores, and microcycle conidia. An SDS-PAGE gel (10% polyacryl-
amide, bis-Tris) was stained with Coomassie blue. Lane 1, protein
molecular weight standards; lane 2, aerial conidia; lane 3, blastospores;
lane 4, submerged conidia.

merged conidia, displayed different adhesion properties that
appeared to be mediated by different cell-specific mechanisms.

B. bassiana aerial conidia were able to bind to both hydro-
phobic and hydrophilic surfaces, although adhesion to the lat-
ter was weak and the cells could readily be washed off. Aerial
conidia binding to hydrophobic surfaces could not be com-
peted off with any carbohydrate tested, although addition of
N-acetylglucosamine, the monomeric constituent of chitin, the
major carbohydrate (polymer) found in arthropod cuticles,
appeared to increase adhesion. The hydrophobic nature of B.
bassiana conidial spores, as well as conidial spores from other
entomopathogens, such as N. rileyi, M. anisopliae, and Paecilo-
myces fumsoroseus, has been correlated with the presence of an
outer cell layer comprised of rodlets or fascicles, as visualized

TABLE 2. Effects of various enzymatic treatments on B. bassiana cell adhesion

Attachment ratio”

Enzyme Aerial conidia Blastospores Submerged conidia
Hydrophobic” Hydrophilic Hydrophobic Hydrophilic Hydrophobic Hydrophilic
a-Amylase 0.3 = 0.05 1.0+x03 1.2+02 1.5+ 0.15 14 =02 0.5 *=0.15
Cellulase 0.8 = 0.15 1.1+0.2 1.0 0.7 1.3 +£0.05 04 +0.2 0.6 = 0.15
Laminarinase 0.3 = 0.05 09=*03 0.9 *=0.1 1.0+0.2 0402 0.8 = 0.15
Pronase E 0403 1.2+03 0.9 =0.1 1.7 +0.2¢ 1.1+£02 1.1+.05
Protease K 09=*=02 0.8 0.1 1.0+ 0.1 1.8 +0.2¢ 2804 1.0 £ 0.15

“ Attachment ratio = (% cells bound under conditions tested)/(% cells bound under control conditions). The data are the means = standard deviations for at least

three independent experiments, each consisting of triplicate determinations.
b Cells were tested on siliconized F200 (hydrophobic) microtiter plates.
¢ Cells were tested on F600 (hydrophilic) microtiter plates.
@ Apparent increase (see text for details).
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by electron microscopy (2, 3). The rodlet layers are presumably
formed by assembly of specific proteins termed hydrophobins,
which in turn are thought to passively mediate adhesion to
hydrophobic surfaces (34, 35). Consistent with this model, ex-
traction of the B. bassiana cell types revealed the presence of
putative hydrophobins (a rodlet layer) in aerial conidia that
were absent from both blastospores and submerged conidia.
Although hydrophobins may account for some of the observed
adhesion qualities, our data also indicate that the interaction of
aerial conidia with hydrophobic surfaces may be more com-
plex. Since amylase and laminarinase treatments, as well as
protease treatments, reduced adhesion (but had no discernible
effects on the rodlet layer [B. H. Kirkland, D. J. Holder, and
N. O. Keyhani, unpublished results]), both carbohydrates on
the cell surface and proteins may be involved in mediating
adhesion of aerial conidia. Some caution, however, should be
taken in any interpretation of enzymatic treatments of cells
since amylase, laminarase, and cellulase are enzyme mixtures
which contain various additional enzymes, often including pro-
teases.

In contrast, blastospores, which are cells that lack any visible
rodlet layer (2, 3) and from which no (putative) hydrophobins
were extracted under the conditions tested, bound poorly to
hydrophobic surfaces, forming small aggregates or clumps, but
they displayed high levels of binding to hydrophilic substrata.
Blastospores were also able to bind to weakly polar substrata,
although the incubation time required was greater than that
required for hydrophilic substrata. Intriguingly, blastospore at-
tachment could be specifically competed with maltose. No
other carbohydrate tested appeared to compete with adhesion
of blastospores or the other fungal cell types; this included
trehalose, the major carbohydrate constituent found in insect
hemolymph. In vivo-generated blastospores (distinct but sim-
ilar to the rich broth-produced blastospores), produced during
fungal proliferation in the insect hemolymph after penetration
of the cuticle, are able to evade recognition by insect hemo-
cytes and display altered membrane characteristics (19, 20, 30);
however, the physiological significance of potential maltose
inhibition of adhesion of these cells is unclear.

Submerged conidia displayed the broadest binding charac-
teristics of the B. bassiana single-cell types (they also appeared
not to contain a rodlet layer or hydrophobins), and they were
able to bind to hydrophobic, weakly polar, and hydrophilic
surfaces. Spore tips or mucilage-covered appendages and ad-
hesive knobs have been implicated as structures that mediate
conidial adhesion of several fungi (1, 18, 33). The mucosal coat
of nematophagous fungi not only appears to mediate adhesion
but also is attractive to host insects, and a wide variety of
arthropod mycopathogens appear to produce exocellular mu-
cilage during germ tube or appressorial formation (2). Simi-
larly, the hydrophilic nature of conidia of the Entomophtho-
rales is thought to be mediated by a mucilaginous coat released
upon attachment to cuticle surfaces, which acts as a glue me-
diating attachment (12, 24). Although blastospores and sub-
merged conidia attached to hydrophilic surfaces, no obvious
mucilaginous coat was visible in either cell type, and scanning
electron microscopy did not reveal any specific structures in
either conidia, blastospores, or submerged conidia of B. bassi-
ana that appeared to be involved in mediating adhesion (un-
published data). It is possible, however, that extracellular ma-
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trix components or mucilage located between the inner and
outer walls that may not be readily detectable could be in-
volved in mediating adhesion.

Although aerial conidia are considered easily dispersible via
air currents and due to their spore-like cell walls are more
resistant to adverse environmental conditions, such as desicca-
tion and extreme temperatures, microcycle conidiation and
blastospore formation may occur under a variety of environ-
mental conditions, as well as during the host-pathogen inter-
action. The production of multiple cell types with different
adhesive properties may occur in response to specific environ-
mental conditions, allowing fungal cells to bind to a broad
range of host targets and providing the fungus a way to adapt
to substratum conditions (13, 14). It is unlikely, however, that
alteration of adhesion can account for the emergence of the
restricted-host-range B. bassiana strains since these strains may
have altered (cuticle-degrading) enzyme production or be un-
able to penetrate and/or respond to surface cues of certain
hosts but still retain the means to initiate binding or adhesion
interactions. Indeed, there is some evidence that when ento-
mopathogens specialize, they lose structures rather than gain
them, although it would be interesting to see whether any
alteration in the adhesion kinetics of general and specialized
strains of B. bassiana occurs. Our data do indicate that certain
practical considerations should be taken into account during
application of B. bassiana. For instance, if blastospores are to
be used, formulations should probably contain aqueous or
nonpolar liquids that may prove to be more successful in bio-
control of certain hosts compared to aerial conidia. In contrast,
the use of detergents in order to avoid aggregation of aerial
conidia may prove to be detrimental during application since
the presence of such detergents can decrease adhesion to sur-
faces. Future research correlating the virulence of the fungal
cell types to specific insect targets may lead to rational design
decisions for the selection of fungal strains with greater spec-
ificity for desired targets.
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Abstract

The commercial use of entomopathogenic fungi and their products as mycoinsecticides
necessitates their registration. Worldwide, several registration guidelines are available, however,
most of them focus on similar or even the same safety issues. With respect to the two
entomopathogenic fungi, Beauwveria bassiana (Bals.-Criv.) Vuill. and Beauveria brongniartii
(Sacc.) Petch, many commercial products have been developed, and numerous papers on
different biological, environmental, toxicological and other safety aspects have been published
during the past 30—40 years. The aim of the present review is to summarise these data. The
following safety issues are presented: (1) identity of Beauwveria spp.; (2) biological properties of
Beauveria spp. (history, natural occurrence and geographical distribution, host range, mode of
action, production of metabolites/toxins, effect of environmental factors); (3) analytical
methods to determine and quantify residues; (4) fate and behaviour in the environment
(mobility and persistence in air, water and soil); (5) effects on non-target organisms (non-target
microorganisms, plants, soil organisms, aquatic organisms, predators, parasitoids, honey bees,
earth worms and nontarget arthropods); (6) effects on vertebrates (fish, amphibia, reptiles and
birds); and (7) effects on mammals and human health. Based on the present knowledge it is
concluded that both Beauveria species are considered to be safe.

Keywords: Beauveria bassiana, Beauveria brongniartii, occurrence, host range, toxins,
environmental fate, safety, side-effects

Introduction

The two entomopathogenic fungal species Beauveria bassiana (Balsamo-Crivelli)
Vuillemin and Beauveria brongniartii (Saccardo) Petch were described for the first time
about 170 and 110 years ago, respectively. Since that time they have always been
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considered as fungi that can and should be used for control of pest insects. In the early
days of biological control and especially microbial control, there was no concern for
possible side-effects or safety considerations of these two species. Steinhaus (1957)
was possibly the first who raised questions on the safety of microbial control products
to man, other vertebrates and even to crops. He very carefully discussed different
aspects of the scientific knowledge at that time. Although he concluded that
microorganisms pathogenic to insects are in general harmless to man, animals and
plants, he recommended that such products are subjected to appropriate State and
Federal regulations. A few years later, Miller-Koégler (1965) published a book
(unfortunately in German) on fungal diseases of insects, practical use for biological
control and basics of insect mycology, in which some sections on side-effects of
entomopathogenic fungi on humans and other warm-blooded animals as well as on
beneficial insects were already included. In 1971, Heimpel summarised the knowledge
on safety of insect pathogens, i.e. bacteria, viruses, protozoa, fungi and rickettsiae for
man and vertebrates. He also emphasised the necessity for testing the safety of insect
pathogens and said ‘it seems incredible that so many good scientists have worked so
long with insect pathogens without testing them for safety...”. He also mentioned
registration guidelines of the USA and other countries at that time. A similar review
was published two years later by Ignoffo (1973).

With the increasing interest in biological control of pest insects between 1980 and
1990, safety aspects were discussed in more detail (e.g. Austwick 1980; Burges 1981;
Hall et al. 1982; Laird et al. 1990). Burges (1981) outlined the main principles and
guidelines for testing the safety of insect pathogens and stated ‘I believe that a
pathogen should be registered as safe when there is reasonable evidence that it is so
and in the absence of concrete evidence that it is not. A “no risk” situation does not
exist, certainly not with chemical pesticides, and even with biological agents one
cannot absolutely prove a negative’. First guidelines for the registration of entomo-
pathogenic fungi under the auspices of the IOBC as an advisory document were
published by Hall et al. (1982). The first book, dedicated alone to the safety of
microbial insecticides was published by Laird et al. (1990), including sections on
safety to domestic animals and wildlife (Saik et al. 1990) and to vertebrates and
humans (Siegel & Shadduck 1990). In 1996, Cook and coauthors published an
interesting framework for scientific safety evaluation of microorganisms intended for
pest and plant disease control. The intention was to identify and discuss safety issues
linked to microbial control agents which should stimulate and improve discussions on
possible risks and risk management. Later reviews on safety of entomopathogenic
fungi and especially also on Beauveria spp. were published by Goettel and Jaronski
(1997), Goettel et al. (2001), Vestergaard et al. (2003) and Copping (2004). A good
summary of various safety issues of B. bassiana strain GHA (128924) and strain
ATCC 74040 (128818) can be found at www.epa.gov/pesticides/biopesticides/
ingredients/factsheets/factsheet_128924.htm and 128818.htm.

Within the EU, safety regulations are documented in the Directive 91/414/EEC. A
national registration of a microbial product is only possible after extensive testing (and
inclusion of the microorganism in Annex I of the guideline). Annexes IIB and IIIB to
Directive 91/414/EEC set out the requirements for the dossier to be submitted by an
applicant, respectively, for the inclusion of an active substance consisting of micro-
organisms or viruses in Annex I to that Directive and for the authorisation of a plant
protection product based on preparations of micro-organisms or viruses. A guidance
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for registration requirements of microbial pesticides is also published by the OECD
(Anon. 2003).

The aim of the present review is to summarise and discuss our present knowledge
on the safety, possible side-effects and the environmental behaviour of both Beauveria
species, B. bassiana and B. brongniarti, as basis for further discussions within the
registration process and the intended use of these fungi as mycoinsecticides.

Identity of Beauveria spp.

In 1954, Macleod published the first, careful review of literature on the genera
Beauveria and Tritirachium, including a taxonomic revision of both genera. The
studies comprise cultural and morphological characteristics of numerous Beauveria
isolates and species. Fourteen of formerly described species of Beauveria were
described as synonyms of B. bassiana and B. tenella. Beauveria stephanoderis, B. laxa,
B. globulifera, B. effusa, B. vexans, B. doryphorae, B. delacroixii and B. acridiorum were
included as strains of B. bassiana, while B. densa, B. melolonthae, B. brongniartii and B.
shiotae are strains of B. tenella. Later, De Hoog (1972) restricted the genus Beauveria
Vuill. to three species: B. bassiana, B. brongniartii and B. alba. A comprehensive
description of the species is presented, including a key to species, morphological
characteristics, a huge list of former synonyms and some representative figures. The
main synonymous names of B. bassiana and B. brongniartii are presented in Table I.

Further descriptions of Beauveria spp. are presented by Domsch et al. (1980) and
Humber (1997). Recently, the taxonomy and phylogenetics of the genus Beauveria
was discussed in detail (Rehner 2005; Rehner & Buckley 2005). Beauveria bassiana
is characterised by white, later yellowish or occasionally reddish colonies. The reverse
is uncoloured, or yellowish to pinkish. Conidiogenous cells consist of globose to

Table I. Main synonyms of B. bassiana and B. brongniartii (MacLeod 1954; De Hoog 1972; CABI
Bioscience et al. 2006).

Fungus Synonym
B. bassiana (Balsamo-Crivelli) Beauwveria laxa Petch (1931)
Vuillemin (1912) Beauwveria globulifera (Speg.) Picard (1914)

Botrytis bassiana Balsamo (1835)

Botrytis necans Massee (1914)

Botrytis bassiana Sacc. subsp. tenella Delacroix (1937)
Botrytis bassiana var. lunzinensis Szilvinyi (1941)
Botrytis brongniartii subsp. delacroixii (Sacc. Delacroix (1893)
Borrytis effusa Beauverie (1911)

Bortrytis stephanoderis Bally (1923)

Sporotrichum densum Link (1809)

Sporotrichum globuliferum Speggazzini (1880)
Sporotrichum minimum Speggazzini (1881)

Isaria shiotae Kuru (1931)

B. brongniartii (Saccardo) Beauveria densa Link (1914)
Petch (1926) Beauwveria tenella (Sacc.) McLeod sensu McLeod (1954)
Borrytis tenella Saccardo (1874)
Bortrytis brongniartii Saccardo (1892)
Botrytis melolonthae (Sacc.) Ciferri (1929)
Isaria densa Link (1892)
Sporotrichum epigaeum Daszew (1912)
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flask-shaped basal part and an up to 20-um long rachis, mostly forming a zig-zag.
Conidia are hyaline, globose to broadly ellipsoidal, generally 2—3 x2-2.5 pm. The
conidia are formed in clusters, like snow balls or cotton balls. Beauveria brongniartii is
characterised by first white, later yellowish to pinkish or reddish colonies. The reverse
is uncoloured, yellowish or pinkish. The conidiogenous cells also consist of a
subglobose or flask-shaped basal part with a long rachis. In contrast to B. bassiana,
the hyaline conidia are ellipsoidal, (2 —) 2.5-4.5 (—6) pm. Conidia are clustered, but
also arranged in small groups or are solitary.

Recent investigations have demonstrated that there is a direct link between the
genus Beauveria and the teleomorph genus Cordyceps (Ascomycota: Hypocreales,
Clavicipitaceae) (Shimazu et al. 1988; Bo et al. 2002; Liu et al. 2002; Rehner 2005;
Rehner & Buckley 2005). However, all Beauveria teleomorphs have been described so
far from Asia.

Biological properties of Beauveria spp.
History

The most comprehensive study on the genera Beauveria and Tritirachium , the history
of the genus Beauveria and of its species and the cultural and morphological
characteristics are presented in detail by Steinhaus (1949), Macleod (1954) and,
later, by De Hoog (1972). The early history of B. bassiana started in 1835. It was
Agostino Bassi di Lodi from Italy, who was the first to show that a fungus can cause a
disease in insects, thus enunciating the germ theory of disease. He observed a disease
in silkworms, Bombyx mori, which he called ‘white muscardine’ and started the first
infection experiments. The fungus was then studied and described by the famous
Italian naturalist Giuseppe Gabriel Balsamo-Crivelli in 1835, who gave it the name
Borrytis bassiana, in honour of Bassi (Steinhaus 1949; Miiller-Koégler 1965; Rehner
2005).

In 1911, Beauverie studied the fungus again and in 1912 Vuillemin created the new
genus Beauveria in honor of Beauverie, of which the species B. bassiana became the
type. Beauveria brongniartii has been described under different names by several
investigators at the end of the 19th century (MacLeod 1954). An extensive study of
this fungus with respect to its use against Melolontha melolontha was already published
more than 100 years ago by Giard (1892).

Since the first descriptions of the genus Beauveria, both B. bassiana and B.
brongniarrii were used in biocontrol against pest insects. In a section on ‘Fungous
Infections’, Steinhaus (1949) summarised the infection process, the development of
the disease and the practical use of B. bassiana against some pest insects, mainly the
European corn borer, Ostrinia (Pyrausta) nubilalis, and the codling moth, Carpocapsa
pomonella. He also mentioned practical use of Beauveria globulifera, which later was
included in B. bassiana, against the chinch bug, Blissus leucopterus.

In the book of Miiller-Kogler (1965), 28 species and families of pest insects in
agriculture, orchards, forestry, greenhouse and in the tropics were mentioned against
which B. bassiana had been used for control purposes. The fungus B. brongniartii
(=B. tenella) however, was applied mainly against Melolontha spp. and Epilachna
vigintioctomaculara. A review on pest control of the fungi Beauveria and Metarhizium
including basic as well as practical aspects was published later by Ferron (1981). At
that time, the B. bassiana product ‘Boverin’ was extensively used in the USSR on
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thousands of hectars mainly against the Colorado potato beetle, Leptinotarsa
decemlineatra, and the codling moth Cydia pomonella, while B. brongniartii was applied
against M. melolontha. In China, B. bassiana was produced and widely used against O.
nubilalis in corn, Dendrolimus puncrarus on pines and Nephotertix leathoppers on rice
and tea (Hussey & Tinsley 1981).

The present state of Beauveria products registered or under commercial develop-
ment is summarised in Table II (Butt et al. 2001; Wraight et al. 2001; Copping 2004;
Zimmermann 2005; Kabaluk & Gazdik 2005).

Natural occurrence and geographical distribution

Beauveria bassiana is the most widely distributed species of the genus. It is generally
found on infected insects both in temperate and tropical areas throughout the world.
Macleod (1954) mentioned that B. bassiana was isolated from 63 different insect
species collected in various localities throughout Canada. He also reported that
Beauveria strains were found within the lung tissues of 14 rodents. However,
histological examination did not show that the fungus creates a pathological condition
within the tissues.

The occurrence and distribution of B. bassiana and B. brongniartii in various
countries and areas are listed by Domsch et al. (1980). Reports of the occurrence of B.
bassiana are from Turkey, the Ivory Coast, equatorial West Africa, central Africa,
South Africa, the Bahamas, Nepal, east Siberia, New Zealand and Japan. Habitats for
B. bassiana range from an alpine soil, to heathland, peat bogs, soils with savannah type
vegetation, forest and cultivated soils, sand blows and dunes, desert soil and running

Table II. Mycopesticides of Beauweria bassiana and B. brongniartii registered or under commercial
development (Butt et al. 2001; Wraight et al. 2001; Copping 2004; Kabaluk & Gazdik 2005; Zimmermann
2005).

Fungus Product/Trade name Company/Producer Country/Origin

B. bassiana Bio-Power Stanes India
BotaniGard ES Laverlam International (formerly USA
BotaniGard 22WP Emerald BioAgriculture)
Boverol Fytovita Czech Republic
Conidia LST Columbia
Mycotrol ES Laverlam International USA
Mycotrol-O (formerly Emerald BioAgriculture)
Naturalis Intrachem Italy
Naturalis-L Andermatt Biocontrol Switzerland

Troy Biosciences Inc. USA

Ostrinil Arysta (formerly NPP, Calliope) France
Proecol Probioagro Venezuela
Racer BB SOM Phytopharma India
Trichobass-L AMC Chemical/Trichodex Spain
Trichobass-P

B. brongniartii Beauveria Schweizer Lbu Switzerland

(=B. tenella) (formerly Eric Schweizer Seeds)

Betel Arysta (formerly NPP, Calliope) France
Biolisa-Kamikiri Nitto Denko Japan
Engerlingspilz Andermatt Biocontrol AG Switzerland

Melocont-Pilzgerste Agrifutur-Kwizda Italy—Austria
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water. Also, isolations from the rhizoplane of peat bog plants, the rhizosphere of
clover, dead bark, nests, feathers and droppings of free-living birds were mentioned.

Beauveria brongniartii is less common than B. bassiana, but also has a worldwide
distribution in insects as well as in different habitats. It has been reported from open
bogs, alpine habitats, forest soil in Hong Kong, terra rossa in Greece, a Calluna heath,
an alpine grassland in Italy and sand dunes in the British Isles (see Domsch et al.
1980).

Beauveria bassiana has also been isolated from the surface and the interior of plants.
Using selective media, B. bassiana was isolated from bark of elm trees and from soil at
the base of elm trees (Doberski & Tribe 1980) and from the bark of Carpinus
caroliniana (ironwood, hop hornbeam) (Bills & Polishook 1991). Recently, the species
was also found naturally occurring on phylloplanes of various hedgerow plants
(Meyling & Eilenberg 2006). Further information on the natural occurrence of B.
bassiana in general and as an endophyte in various plant species are reported in Host
range and Effects on Plants, respectively.

The description of the so-called ‘Galleria-bait-bait’ (Zimmermann 1986) and
various selective media for isolation of Beauveria spp. from soil (see Analyrical methods
to determine and quantify residues) have lead to a huge increase in the findings of B.
bassiana throughout the world (Table III).

Although Beauveria spp. are no common airborne fungi, B. bassiana has been
isolated from the air. In a study on fungal biodiversity in the air of Turin, Italy, the
species was found at a mean of 0.2 CFU m > during 10 months per year, while B.
brongniartii was found at only <0.1 CFU m™ > during one month (Airaudi &
Filipello-Marchisio 1996). The natural density of B. bassiana in the air of a forest in
Japan ranged from 0 to 3.1 x 10> CFU m 2 day ~ ! (Shimazu et al. 2002). In the air of
a hospital, the fungus was isolated together with 98 other fungal species (Rainer et al.
2000). Nolard (2004) mentioned B. bassiana in the air of humid dwellings of allergic
patients. For natural occurrence in vertebrates including mammals and humans (see
Effects on vertebrates (fish, amphibia, repriles and birds) and Effects on mammals and
human health). Recently, both Beauveria spp. were found in surface water-derived
drinking water in Norway, but not in groundwater derived water (Hageskal et al.
2006).

Host range

Beauveria bassiana is a ubiquitous entomopathogenic fungus which has been found
and isolated from a wide variety of insects from different orders (MacLeod 1954;
Leatherdale 1970; Li 1988; Goettel et al. 1990). Macleod (1954) mentioned about
60 insect species from which Beauveria strains have been isolated. The hosts of 106
species of entomopathogenic fungi known from Britain are catalogued by Leatherdale
(1970). Listed hosts of B. bassiana are Heteroptera (Picromerus bidens, Anthocoris
nemorum), Homoptera (Eulecanium spp.), Lepidoptera (Hepialus spp., Hypocrita
jacobaea, Cydia nigricans), Coleoptera (Lathrobium brunnipes, Calvia quattuordecim-
gurtata, Phyrodectra olivacea, Oriorhynchus sulcatus, Sitona lineatus, S. sulcifrons, S.
macularius, S. hispidulus, Anthonomus pomorum, Hylaster ater), Hymenoptera (Ich-
neumonidae, Lasius fuliginosus, Vespula spp., Bombus pratorum), Diptera (Leria
serrata) and spiders.
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Table III. Natural occurrence of Beauveria bassiana and Beauveria brongniarzii in the soil in different

countries and areas.

Location Results Reference
Canada In 266 soil samples from 86 locations the Bidochka et al. (1998)
most abundant species were B. bassiana (187
isolates) and M. anisopliae (357 isolates)
Czech Republic: From 146 soil samples 25 strains of B. bassiana Landa et al. (2002)

South Bohemia;
arable soil
Finland

Germany

Italy:

Southern part
Japan
Macquarie Islands

Nepal
New Zealand

Norway:
Northern parts

Panama:
Tropical forest
Poland:
Apple and plum
orchards
Poland:
Hop plantations and
arable fields
Poland:
Mid-forest meadows
(Sudety mountains)
Poland:
Different soil types
Spain:
Alicante
Switzerland

USA

were isolated; no differences in soils from arable
fields on conventional and organic farms

From 590 soil samples, B. bassiana was isolated
from 19.8%

In 100 soil samples from different locations and
soil types, B. bassiana was found in 22%

In 188 soil samples, the most common
entomopathogen was B. bassiana

B. bassiana was often isolated from forest soils
In 163 subantarctic soils samples, 1 contained
B. bassiana

B. bassiana was isolated from a few soil samples
B. bassiana was higher in pasture soils than in
forest or cropland soils

Significantly higher occurrence of
entomopathogenic fungi in soils from arable
fields of organically managed farms compared
to conventionally ones. Species found were

B. bassiana, M. anisopliae and Tolypocladium
eylindrosporum

B. bassiana was detected in soil near colonies of
leaf-cutting ants

B. bassiana was dominant in soil under sward in
both kinds of orchards

B. bassiana in all soil types and areas available

B. bassiana and B. brongniartii were isolated
from various areas

B. bassiana was the dominant species in muck
and loess

B. bassiana was most frequently found in 21%
of soils from 61 sites

Soil samples from 82 fields were analysed: B.
brongniartii was limited to soil sites colonised
by its host, Melolontha melolontha; B. bassiana
was also isolated

Soil from 105 sites in 21 orchards: From 16
orchards mainly B. bassiana and M. anisopliae
were isolated

Vinninen (1996)
Kleespies et al. (1989)
Tarasco et al. (1997)

Shimazu et al. (2002)
Roddam and Rath (1997)

Dhoj and Keller (2003)
Barker and Barker (1998)

Klingen et al. (2002)

Hughes et al. (2004)

Sapieha-Waszkiewicz
et al. (2003)

Mietkiewski et al. (1996)

Mietkiewski et al. (1994)

Tkaczuk and Mietkiewski
(1996)
Asensio et al. (2003)

Keller et al. (2003)

Shapiro-Ilan et al. (2003)

Based on worldwide data, Li (1988) listed 707 species of insect hosts of
B. bassiana. These comprise 521 genera and 149 families of 15 orders. In addition,
13 host species of Acarina distributed in seven genera and six families are listed. The
insect orders in which B. bassiana has been found as a pathogen are as follows:
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(1) Lepidoptera, (2) Coleoptera, (3) Hymenoptera, (4) Homoptera, (5) Diptera,
(6) Hemiptera, (7) Orthoptera, (8) Siphonaptera, (9) Isoptera, (10) Thysanoptera,
(11) Mantodea, (12) Neuroptera, (13) Dermaptera, (14) Blattariae, (15) Embioptera.

The host range and specificity of B. bassiana is listed by Goettel et al.
(1990) as follows: Gastropoda, Acari, Orthoptera, Dermaptera, Isoptera, Blattaria,
Thysanoptera, Homoptera, Heteroptera, Diptera, Coleoptera, Hymenoptera, Sipho-
naptera and Lepidoptera. Furthermore, several hundred B. bassiana isolates from
numerous host insects are listed in the USDA ARS Entomopathogenic Fungus
collection.

However, despite the prevalence of B. bassiana in a huge number of arthropods, it is
known that most isolates of this fungus have a restricted host range (Goettel et al.
1990; Vestergaard et al. 2003), and there are several examples that B. bassiana isolates
from a distinct host insect or from the soil are highly virulent against other target pests
(Feng & Johnson 1990; Ekesi et al. 1998; Cottrell & Shapiro-Ilan 2003). Therefore, it
is necessary to screen the virulence of different isolates against a target insect species in
order to select the most virulent one.

In Europe, B. brongmiartii mainly attacks the field and the forest cockchafer,
Melolontha melolontha and M. hippocastani. However, the fungus may also occur on
other insects. According to Leatherdale (1970), the listed hosts of B. brongniartii (=B.
tenella) are: Heteroptera (Pentatomidae), Lepidoptera (Hepialus lupulinus), Coleop-
tera (Coccinellidae, Chrysomelidae, Plateumaris braccata, Galerucella tenella, Curcu-
lionidae, Strophosomus sus.), Hymenoptera (Formicidae, Vespula spp.) and spiders.
Vestergaard et al. (2003) summarised the reports on the occurrence of B. brongniartii
and mentioned the following hosts: Coleoptera (Cerambycidae, Curculionidae,
Ipidae, Lucanidae, Nitidulidae), Lepidoptera (Pyralidae), Homoptera (Cicadidae),
Hymenoptera (Vespidae), Phasmatodea and Orthoptera. However, isolates from non-
coleopteran hosts have a large genetic distance to those from Melolontha spp. (Enkerli
et al. 2001).

Mode of action

There is a huge number of publications dealing with the mode of action and the
infection process. The first publications dealing with the infection of certain pest
insects by B. bassiana, such as the silkworm, were compiled by Steinhaus (1949) and
Muller-Koégler (1965). Therefore, in this section only the general aspects of the
infection process are summarised (see e.g. Boucias & Pendland 1998 for more specific
information). A comprehensive overview on the biochemical aspects of disease
development, its physico-chemical aspects and the genetics and molecular biology
of disease development is presented by Khachatourians (1998).

As in other entomopathogenic fungi, Beauveria species attack their host insects
generally percutaneously. The infection pathway consists of the following steps: (1)
attachment of the spore to the cuticle; (2) germination; (3) penetration through the
cuticle; (4) overcoming the host response and immune defense reactions; (5)
proliferation within the host by formation of hyphal bodies/blastospores, i.e. yeast
like cells; (6) saprophytic outgrowth from the dead host and production of new conidia.

Attachment is due to the hydrophobicity of the conidia as well as the cuticular
surfaces. In B. bassiana, conidia contain a hydrophobin-type protein on their exterior
surfaces. Germination and successful infection depends on a number of factors, e.g.
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susceptible host and host stage and certain environmental factors, such as optimal
temperature and humidity. Germination is further influenced by certain cuticular
lipids, such as short-chain fatty acids, aldehydes, wax esters, ketones and alcohols
which may possess antimicrobial activity. However, the cuticle may also be coated
with substances that are important for fungal recognition, like free amino acids or
peptides, and may trigger attachment and germination. Generally, germination of B.
bassiana conidia starts after about 10 h and is largely completed by 20 h at 20—-25°C.

Generally the fungus penetrates thinner, non-sclerotised areas of the cuticle, like
joints, between segments or the mouthparts. Before penetration, germ tubes may
produce so-called appressoria and infection pegs. The penetration process is by
mechnical means and by the production of several enzymes, including proteases,
chitinases and lipases.

The penetration of the cuticle layers and the beginning of invasion is accompanied
by several host response activities, e.g. by production of phenoloxidase and certain
hemocytes and melanisation. The interactions between the penetrating fungus and the
insect immune system are a complex process and comprise many molecular and
cellular reactions (Vilcinskas & Go6tz 1999). During the infection process, Beauveria
spp. produce proteolytic enzymes and toxins, while the host insects respond with
cellular and humoral defence reactions. These reactions consist of the production of
antifungal compounds, inducible protease inhibitors and proteins, which detoxify
fungal toxins in the insect.

After successful penetration, the fungus produces hyphal bodies, i.e. yeast like cells,
which are distributed passively in the hemolymph, enabling the fungus to invade other
tissues of the host insect by extensive vegetative growth and the production of toxins.
For example, during this stage, the metabolite oosporein is produced by B.
brongniarti, which is visible by turning its host cadaver red. During its invasion of
the insect body, the fungus depletes nutrients in the hemolymph and the fat body.
This process is followed by the death of the insect and the end of the pathogenesis
(Boucias & Pendland 1998).

The incubation period depends on the host, the host stage, temperature and
virulence of the fungus strain. In aphids, it may take 3—4 days, while in scarab larvae,
2—4 weeks. After the host death and under humid conditions, the fungus starts its
saprophytic phase by emerging out of the host body and producing conidia on the
exterior surface of the cadaver. Under very dry conditions, the fungus may also persist
in the hyphal stage inside the cadaver or, e.g. in locusts in Africa, produce its conidia
inside the body.

During the incubation period, the fungus may affect its host insect throughout
behavioural and feeding changes, the reduction of body weight or fecundity,
malformations or behavioural fever (Miiller-Kogler 1965; Ekesi 2001; Ouedraogo
et al. 2003).

Production of metabolites/toxins

Microorganisms, and especially fungi, produce a wide variety of compounds or
metabolites, mostly within their secondary metabolism, which generally have diverse
activities and functions. Therefore, it is not surprising that entomopathogenic fungi
are also able to produce different metabolites. With respect to registration and risk
assessment, these metabolites and their special activities are of particular toxicological
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interest. In the following chapter, the most important metabolites of B. bassiana and
B. brongmiartii are presented and their occurrence and general activities are outlined.

One of the first comprehensive overviews on the toxins of entomopathogenic fungi
is presented by Roberts (1981). The author summarises the knowledge of toxic
metabolites produced by well-known entomopathogenic Deuteromycetes, such as
Beauveria, Metarhizium, Nomuraea, Aspergillus, Paecilomyces and Verticillium, the
ascomycete Cordyceps and the genus Entomophthora sensu lato. He presented four
principle objectives of studies on fungal metabolites toxic to insects, which are still
important: (1) to elucidate the mode of action; (2) to search for new chemicals for use
in pest control; (3) to evaluate the safety of specific fungi proposed for use in pest
control; and (4) to conduct basic chemistry studies on natural products. Today, we
should add the search for new drugs and pharmaceuticals in human medicine. These
objectives demonstrate that fungal metabolites generally cannot only be considered as
safety issues. A recent review on toxic metabolites of entomopathogenic fungi
including those used for other biocontrol purposes was given by Vey et al. (2001).

Both Beauwveria spp. produce several toxic compounds i vitro and in vivo (e.g.
Mazet et al. 1994; Strasser et al. 2000; Vey et al. 2001). These are presented in Table
IV. A majority of these insecticidal molecules are low molecular weight secondary
metabolites, mainly cyclic peptides such as beauvericin and bassianolide, and the
pigments bassianin and tenellin. There is also evidence that melanising macromole-
cular toxins are secreted during mycosis in the haemolymph (Fuguet & Vey 2004).
One toxic macromolecule was identified as a hydrophilic, chitosanase-like protein
(Fuguet et al. 2004). Additionally, the secondary metabolite cyclosporin A is
produced by B. bassiana, which was originally found in Tolypocladium inflatum
(Boucias & Pendland 1998). The main metabolite produced by B. brongniartii is
oosporein.

Beauvericin is the most important compound which was reported first from B.
bassiana. Beauvericin is a toxic cyclic hexadepsipeptide and comprises a cyclic
repeating sequence of three molecules of N-methyl phenylalanine alternating with
three molecules of 2-hydroxyisovaleric acid. Not all isolates of B. bassiana produce
beauvericin i vitro (for corresponding literature see Roberts, 1981). A review on the
activity of beauvericin and two other metabolites, bassianolide and beauveriolide, is
given by Strasser et al. (2000) and Vey et al. (2001). Beauvericin has also been isolated
from other fungi, such as Paecilomyces fumosoroseus (see Roberts 1981), Paecilomyces
tenuipes (Nilanonta et al. 2000) and, especially from members of the genus Fusarium

Table IV. Major metabolites produced by Beauveria spp.

Fungus Metabolite Reference

B. bassiana Beauvericin, bassianin, bassianolide, Strasser et al. (2000); Vey et al. (2001)
beauverolides, beauveriolides, tenellin,
oosporein
Oxalic acid Roberts (1981)
Bassiacridin Quesada-Moraga and Vey (2004)

B. brongniartii Oosporein Strasser et al. (2000); Vey et al. (2001)
Oxalic acid Muiller-Kogler (1965); Roberts (1981)

B. felina Destruxin B Kim et al. (2002)
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(e.g. Gupta et al. 1991; Bottalico et al. 1995; Logrieco et al. 1998). Gupta et al. (1991)
detected beauvericin in cultures of Fusarium wmoniliforme var. subglutinans and
F semitectum, and later, a co-occurrence of beauvericin with fumonisin B; in
E momniliforme was reported (Bottalico et al. 1995). From 94 Fusarium isolates tested
belonging to 25 taxa, the following species produced beauvericin: F acuminatum
var. acuminatum, E acuminatum var. armeniacum, E anthophilum, E avenaceum,
E beomiforme, E dlamini, E equiseti, E longipes, E nygamai, E oxysporum, E poae,
FE sambucinum , and E subglutinans (Logrieco et al. 1998). The metabolite has also been
found as a natural contaminant of maize in Italy, Austria, Poland, South Africa and the
USA and was detected in all maize hybrids (Pascale et al. 2002). These results and
other published data (Munkvold et al. 1998; Fotso et al. 2002; Logrieco et al. 2002;
Moretti et al. 2002) confirm that beauvericin is a common metabolite of many
phytopathogenic Fusarium species and occurs in diverse foods and feeds contaminated
with Fusarium species.

Investigations of beauvericin have demonstrated that this metabolite has insectidal,
antibiotic, cytotoxic, and ionophoric properties. According to Roberts (1981), some
toxic effects have been noticed against bacteria, mosquito larvae, brine shrimp and
adult houseflies, but not against silkworm larvae at 1000 ppm in artificial diet.
Recently, Ganassi et al. (2002) reported some effects of beauvericin on the aphid
Schizaphis graminum . Antimycobacterial (Mycobacterium tuberculosis) and antiplasmo-
dial (Plasmodium falciparum) activity of beauvericin and beauvericin A isolated from P
tenuipes BCC 1614 was reported by Nilanonta et al. (2000).

Beauvericin is a specific cholesterol acyltransferase inhibitor and is toxic towards
Artemia salina larvae and against insect, murine and human cell lines. It can induce
programmed cell death similar to apoptosis and causes cytolysis (LLogrieco et al. 1998;
Vey et al. 2001; Pascale et al. 2002). Investigations on the effect of beauvericin to the
insect cell line SF-9 from the lepidopteran Spodoptera frugiperda revealed a clear
cytotoxicity (Calo et al. 2003; Fornelli et al. 2004). One micromolar concentration of
beauvericin caused about 10% decrease in the number of viable cells, and the effect
increased at higher concentrations. However, in time-course experiments, no effect of
beauvericin at 30 pM was noticed on cell viability (Calo et al. 2003). Cytotoxicity of
beauvericin to two human cell lines of myeloid origin was reported by Calo et al.
(2004). After an exposure time of 24 h, a decline in viability of cells was observed at a
concentration of 10 uM or higher. In turkeys, fumonisin B-1 and beauvericin may
affect the immune functions by suppressing proliferation and inducing apoptosis of
peripheral blood lymphocytes (Dombrink-Kurtzman 2003).

Beauvericin did not cause any symptoms on roots of melon, tomato, wheat and
barley, however, it showed high toxicity towards protoplasts of these plants (see
Moretti et al. 2002).

With respect to the natural occurrence of beauvericin in Fusarium-contaminated
food, feeding trials were conducted with broilers to study the effect of diets containing
the mycotoxins moniliformin and beauvericin from natural contamination in the field
(Zollitsch et al. 2003). The results indicate that dosages of up to 2.7 mg moniliformin
and 12 mg beauvericin per kg diet showed no effect on any of the traits observed.

Whether beauvericin should be seen as a food mycotoxin is not yet clear, because it
mostly co-occurrs with other Fusarium metabolites, such as fumonisins. In any case, it
is likely that beauvericin found and isolated from foods and feeds in nature derives
from Fusarium species rather than from B. bassiana.
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Bassianin and tenellin are two yellow-coloured non-peptide secondary metabolites
which inhibit the erythrocyte membrane ATPases (Jeffs & Khatchatourians 1997).
There is very little published information on these two metabolites (see Strasser et al.
2000).

Bassianolide is another cyclo-octadepsipeptide produced by B. bassiana with
ionophoric and antibiotic activity similar to beauvericin (see Strasser et al. 2000;
Vey et al. 2001). The biosynthesis of a structurally related substance, called PF1022,
was reported by Weckwerth et al. (2000). PF1022 has strong anthelmintic properties
and was found in a fungus producing only sterile mycelium.

Bassiacridin is a toxic protein, that was purified from a strain of B. bassiana infecting
locusts (Queseda-Moraga & Vey 2004). Injection of fourth instar nymphs of Locusta
migratoria with the pure protein at relatively low dosage (3.3 ng toxin/g body weight)
caused nearly 50% mortality. This insecticidal protein showed specific activity against
locusts and has a limited similarity to a chitin binding protein from yeasts.

Beauveriolides and beauverolides are peptides with a similar structure to
beauvericin and bassianolide (Namatame et al. 1999, 2004). Beauveriolides seem to
have potential as drugs in human medicine. Beauveriolides I and III isolated from
culture broth of Beauveria sp. (FO-6979) showed potent inhibitory activity of lipid
droplet accumulation in primary mouse peritoneal macrophages. They are the first
microbial cyclodepsipeptides with demonstrated iz vivo antiartherosclerotic effects
and show promise as potential lead compounds as antiartherosclerotic agents
(Namatame et al. 2004). Recently, a patent for production of beauveriolide I or III
by Beauveria sp. (FO-6979) on selective media was granted (Omura & Tomoda
2005).

QOosporein is the major secondary metabolite produced by B. brongniarzi and is also
produced by many isolates of B. bassiana. Comprehensive overviews on oosporein are
presented by Strasser et al. (2000), Vey et al. (2001) and Seger et al. (2005a,b). This
red-coloured pigment is a dihydroxybenzoquinone, which is also produced by many
soil fungi. It is an antiviral compound and has antibiotic activity against gram-positive
bacteria, but little effect on gram-negative bacteria. Obviously, oosporein has no
antifungal and phytotoxic effects. It has been reported to cause avian gout in broiler
chicks and turkeys and was found to be toxic to 1-day-old chicks. Furthermore,
studies on its toxicity in mice and hamsters indicated an LDs, value of 0.5 mg kg !
body weight after intraperitoneal injection (Manning & Wyatt 1984; Vey et al. 2001).
In vivo and in wvitro studies on the distribution of oosporein in the environment
revealed negligible amounts present. The maximum amount of oosporein produced in
a culture medium was 300 mg L', 3.2 mg kg~ ' in the commercial product
‘Melocont®-Pilzgerste’ (Agrifutur-Kwizda), 200 pg in a mycosed larva, 0.02 mg m 2
in soil enriched with the commercial product and 6.4 mg m 2 in soil enriched by
mycosed larvae (Strasser et al. 2000). These results demonstrate that the quantity of
oosporein produced by these fungi i vivo is usually much less than that secreted in
nutrient rich liquid media. No fungal metabolites, such as oosporein, were detected in
potato plants and tubers after application of ‘Melocont®-Pilzgerste’ into the soil of a
potato field (Abendstein et al. 2000; Strasser et al. 2000; Seger et al. 2005c¢).
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Oxalic acid is secreted by B. bassiana and B. brongniartii (Miller-Kogler 1965;
Roberts 1981). It is considered an important pathogenicity determinant because it can
solubilise specific cuticular proteins (see Vey et al. 2001). In the grasshopper
Melanoplus sanguinipes, a synergistic activity between oxalic acid and B. bassiana
conidia was observed (Bidochka & Khachatourians 1991), however the acid was not
related to virulence in grasshoppers (Bidochka & Khachatourians 1993). Cell-free
culture supernatants of B. bassiana containing oxalic acid caused mortality in several
tick species after dipping (Kirkland et al. 2005), which support the hypothesis that
oxalic acid secretion by B. bassiana, coupled to a reduction in the pH of the medium,
acts as a potent acaricidal factor during pathogenesis.

Effect of environmental factors (temperature, humidity, solar radiation)

The propagation and survival of any microorganism in the environment is strongly
affected by several abiotic and biotic factors. The most important abiotic environ-
mental constraints for fungi are temperature, humidity or moisture and solar
radiation. These factors are also responsible for effective, commercial use of
entomopathogenic fungi. The importance of these ecological parameters was
recognised early (Clerk & Madelin 1965; Miiller-Kogler 1965; Roberts & Campbell
1977; Keller & Zimmermann 1989; Fuxa 1995). This section summarises some
general observations of the effect of temperature, humidity and solar radiation on the
activity and longevity of B. bassiana and B. brongniartii in the laboratory as well as in
the field.

Temperature. Temperature can affect an entomopathogen in different ways by
influencing the germination, growth and viability of the fungus on and in the host
insect and in the environment. High temperatures may inactivate an entomopathogen
before contact with the pest insect or may reduce or accelerate the growth within an
insect depending on the temperature requirements of the entomopathogen and the
host insect. In contrast, low temperatures may reduce or stop the germination and
growth, thus impair or prolong a successful infection, e.g. against soil dwelling pest
insects.

In B. bassiana, the optimum temperature is 23—28°C, the minimum 5-10°C and the
maximum about 30-38°C, depending on the isolates tested (Miiller-Kogler 1965;
Roberts & Campbell 1977). These values have been substantiated later by other
scientists (e.g. Hywel-Jones & Gillespie 1990; Fargues et al. 1997; Hallsworth &
Magan 1999). Among African isolates of B. bassiana, germination, radial growth and
sporulation of all isolates were retarded at 15 and 35°C, while the optimum
temperature of different isolates was between 20 and 30°C (Tefera & Pringle 2003)
or 25-30°C (Ekesi et al. 1999). In contrast, B. bassiana isolates from subantarctic soils
of Macquarie Island germinated at 5°C (Roddam & Rath 1997). The thermal death
point of B. bassiana spores is at 50°C for 10 min (Walstad et al. 1970). In B. brongniartii
the temperature range for growth and sporulation is between 2 and 33°C with an
optimum of 22-23°C (Miiller-Kogler 1965; Roberts & Campbell 1977). Growth of
B. brongniartii has been noticed during storage at 2°C (Aregger 1992).

Humidiry. Humidity is a very important environmental factor affecting the efficacy and
survival of entomopathogens. Spore germination on the insect cuticle and sporulation
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after outgrowth of the dead host insect require high moisture. On the other hand, high
or low humidity in conjunction with high temperature may affect the viability and
persistence of fungal spores. We have to distinguish between the macroclimate or
macrohumidity and the microclimate or microhumidity on leaf or insect surfaces
when considering moisture effects in the field. Generally, the range of relative
humidity (RH) for germination of B. bassiana conidia is 100-92% (Walstad et al.
1970; Hallsworth & Magan 1999). A slight reduction in germination occurs at 99%
RH, while germination and growth is retarded at 94% and 92%. However, fungal
infections of insects have been noticed at relatively low macrohumidities of 60—70%.
Presumably the microhumidity at the surface of the host integument or foliage was
higher in these cases. Successful infection at low relative humidities has also been
observed with oil formulations (Prior et al. 1988; Bateman et al. 1993; Vidal et al.
2003). Obviously, fungal spores are able to germinate and infect the insect when
covered by a thin oil layer on the insect cuticle independent of the surrounding relative
humidity. The longevity of conidia at different temperatures is also strongly affected
by the relative humidity and moisture content of the conidia. For example, the
viability of dry conidia of B. bassiana was 635 days at 8°C and 0% RH in contrast to
28-56 days at 25°C and 75.8% RH. A lower RH increases the longevity of spores even
at higher temperature (Clerk & Madelin 1965).

Solar radiation. Sunlight, especially UV-B (290-330 nm) and UV-A (330-400 nm), is
the most detrimental environmental factor affecting the field persistence of fungal
insecticides. The results presented in the literature reveal that entomopathogens are
inactivated within hours or days when exposed to sunlight (Gardner et al. 1977). In
laboratory experiments under simulated sunlight, 99% of all B. bassiana conidia were
inactivated at UV-C after nearly 16 min, and at UV-A and UV-B after about 31 min
(Krieg et al. 1981). After irradiation with simulated sunlight, Ignoffo and Garcia
(1992) found a half life of B. bassiana conidia of about 2 h. The influence of simulated
sunlight (295-1100 nm) on the survival of conidia of 65 isolates of B. bassiana
demonstrated that the survival decreased with increasing exposure, i.e. an exposure
for 2 h or more was detrimental to all isolates tested (Fargues et al. 1996). In the
laboratory, the survival of conidia applied in water onto glass coverslips and on crested
wheatgrass (Agropyron cristatum) was reduced by greater than 95% after 15 min
exposure to UV-B radiation (Inglis et al. 1995). Conidial survival in oil was more
pronounced on glass (74% mortality after 60 min) than on leaves (97% mortality after
60 min). Significant differences in susceptibility to simulated sunlight among isolates
of B. bassiana were demonstrated by Morley-Davies et al. (1995). Also, diffuse
sunlight has inactivating abilities as demonstrated in the entomopathogenic fungus
Paecilomyces fumosoroseus (Smits et al. 1996).

The detrimental effects of sunlight implicating the relatively short persistence of
microbial control agents after application have led to incorporation of various UV-
protectants to conidial formulations (e.g. Inglis et al. 1995; Edgington et al. 2000;
Cohen et al. 2001; Leland & Behle 2005).

Analytical methods to determine and quantify residues

There are several methods and techniques for selective isolation of entomopathogenic
fungi, including B. bassiana and B. brongniartii (Goettel & Inglis 1997). As larvae of
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Galleria mellonella are notoriously sensitive to entomopathogenic fungi, the ‘Galleria
bait method’ (Zimmermann 1986) is generally used for qualitative analysis and to
indirectly isolate fungi from soil. The use of selective media in combination with the
soil serial dilution plating method or a leaf washing technique gives quantitative
results. Different selective media for reisolation of B. bassiana and B. brongniartii from
soil or plants have been used (Veen & Ferron 1966; Miiller-Kogler & Stein 1970;
Joussier & Catroux 1976; Doberski & Tribe 1980; Beilharz et al. 1982; Chase et al.
1986; Strasser et al. 1996). As selective agents, the first media contained oxgall, rose
Bengal, crystal violet, cycloheximide and antibiotics, such as streptomycin, chlor-
amphenicol and/or tetracycline. In 1982, Beilharz et al. found, that media based on
oatmeal agar containing the fungicide Dodine® (N-dodecylguanidine monoacetate)
considerably improved the selectivity for B. bassiana and M. anisopliae. Later, the
addition of benomyl was suggested by Chase et al. (1986). For B. brongniartii, Strasser
et al. (1996) demonstrated that a nutrient medium containing cycloheximide
(0.05%), Dodine® (0.1%) and antibiotics was best suited for selective isolation of
this fungus from soil. In all cases, the minimum number for recovery of both
Beauveria species is about 10? conidia or propagules per 1 g of soil.

During a study on the microbial flora in heavy metal polluted soils, Baath (1991)
found that entomogenous fungi were highly tolerant to copper. Therefore, a copper-
based medium could also be useful for selective isolation of these fungi.

A variety of different biochemical and molecular methods has been developed to
identify and distinguish among strains of entomopathogenic fungi (see Bidochka
2001; Rehner & Buckley 2005). Neuveglise et al. (1997) found that 28s rDNA group-
I introns are a powerful tool for identifying strains of B. brongniartii. Also, strain-
specific microsatellite markers in B. brongniartii (Enkerli et al. 2001) and in B.
bassiana (Rehner & Buckley 2003) have been identified. These microsatellite markers
can also be applied to study fungus populations and to monitor the fate of specific
strains in the environment (Enkerli et al. 2004).

Fate and behaviour in the environment

Studies on the fate and behaviour of a microbial control agent are important with
respect to its ecological safety, e.g. potential unintended effects on non-target
organisms, including their displacement, unintended distribution in the environment
or contamination of groundwater.

Mobiliry and persistence in air

Conidia of B. bassiana and B. brongniartii are dry, of small size and are produced in
powdery clusters. Therefore, it is obvious that these types of conidia are easily
transported by air. However, there are only few observations of Beauveria as an
airborne fungus, but these results document that Beauwveria spp., especially B.
bassiana, do occur naturally in the air (Airaudi & Filipello-Marchisio 1996; Rainer
et al. 2000; Shimazu et al. 2002; Lackner et al. 2004; Nolard 2004; see Natural
occurrence and geographical distribution and Effects on mammals and human health).
The transportation of fungal spores through the air by insects has been documented
in many cases. Insects may function as a mechanical carrier or vector for B. bassiana,
e.g. in order to transmit the fungus from a contamination device into the pest
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population (for references see Kreutz et al. 2004). For example, sap beetles were
contaminated with B. bassiana in an autoinoculative device and transferred the fungus
to overwintering sites (Dowd & Vega 2003). The species was also isolated from free
flying sap beetles caught in traps. Similar transmission of B. bassiana in laboratory and
semi-field experiments has been demonstrated with the bark beetle, Ips rypographus
(Kreutz et al. 2004). Carpophilus freemani is a fungivore that is frequently found in
European corn borer, Ostrinia nubilalis, tunnels in corn. Beetles fed B. bassiana
excreted viable conidia in 14% of their fecal droppings and, thus, may transfer the
fungus both via their fecal droppings and mechanically (Bruck & Lewis 2002a).

The viability of B. bassiana spores in the air is mainly affected by temperature,
humidity and sunlight (see Effect of environmental factors (temperature, humidity, solar
radiation)). The longevity of dry conidia on glass surfaces decreases as the storage
temperature increases from 8 to 25°C and by exposure to light. High storage
humidities reduce the germination sooner than low humidities (Clerk & Madelin
1965). Undoubtedly, natural sunlight, i.e. the UV-B (290-330 nm) and UV-A (330—
400 nm) component, is one of the most important factors affecting the survival of
fungal spores in the air and on plants. A rapid inactivation of B. bassiana conidia by
ultraviolet radiation within hours has been demonstrated in the laboratory (e.g. Krieg
et al. 1981; Fargues et al. 1996). Studies on the persistence of B. bassiana conidia on
plant surfaces, such as soybean foliage, have demonstrated that one-half of the original
activity was lost between 5 and 10 days post application (Gardner et al. 1977).

Viability on the plant surface may also be influenced by the plant type. Field
evaluations of B. bassiana revealed a conidia persistence and infectivity up to 26 days
on foliage of lettuce and celery. However, the number of colony forming units (CFUs)
recovered on lettuce was significantly higher than on celery leaves (Kouassi et al.
2003). The viability of conidia of B. bassiana on phylloplanes of alfalfa (Medicago
sativa) and crested wheatgrass (Agropyron cristatum) was reduced after four days by
more than 75%, at 16 days more than 99% of the conidia on wheatgrass leaves and
28-85% on alfalfa leaves were destroyed (Inglis et al. 1993).

Mobility and persistence in water

There are different aspects on the mobility and persistence of fungal spores in water:
(1) water can be used for longterm storage of fungi under laboratory conditions, (2)
water is responsible for migration/percolation of spores into the soil, and (3) water as
raindrops is responsible for dispersal.

Storage of fungal cultures in water is an easy and cheap method, which was used
more than 60 years ago by Castellani (1939). Boesewinkel (1976) was able to store
650 plant pathogenic and saprophytic fungi successfully in sterile, distilled water at
room temperature for periods up to seven years. Several entomopathogenic fungi were
viable after storage in sterile aqueous solutions of 0.675% NaCl at 4°C for 2—3 years
(Muller-Kogler & Zimmermann 1980).

Water is responsible for percolation of spores into soil and will be discussed in
Mobility and persistence in soil. Rainfall plays an active role in the dispersal of B.
bassiana from the soil to the surface of whorl-stage corn. Increased levels of crop
residues reduce the amount of fungal transfer to the surface of young maize (Bruck &
Lewis 2002b). Recently, both Beauveria spp. were found in surface water-derived
drinking water in Norway (Hageskal et al. 2006).
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Mobility and persistence in soil

The mobility of fungal spores in the soil is mainly due to water/rain and soil
arthropods. In contrast, persistence depends on several abiotic and biotic factors.
These are specific soil properties, temperature, moisture and water, and agrochem-
icals as abiotic factors and soil microorganisms as well as soil arthropods as biotic
factors (Keller & Zimmermann 1989).

Mobiliry. The mobility of fungal spores in and into the soil is of relevance for two
different reasons: (1) for effective biocontrol of soil dwelling pests, which mostly feed
on roots of their host plants. In this case, the fungus has to be introduced into the root
area in order to come into contact with the host insect; (2) for environmental safety
considerations, i.e. it has to be demonstrated that the fungus only percolates to the
root area and does not reach or contaminate the ground water. In this respect,
Marshall and Bitton (1980) pointed out that microbial adhesion is of fundamental
significance in the function and interaction between microorganisms, i.e. attachment
of microorganisms to surfaces ensures that they are not eliminated from the particular
ecosystem. This means that attachment may be a prerequisite for the relationship
between micro- and macroorganisms.

Concerning B. bassiana and B. brongniartii, it has been proven that these fungi
occur naturally in the soil throughout the world (see Natural occurrrence and
geographical distribution). It has further been demonstrated that B. bassiana could be
found from 0-5 to 20—25 cm depth in different arable soils (Mietkiewski et al. 1995).
The question however is, how deep can these fungi percolate into the soil. First
experiments with other fungal species show that the spore and soil type may affect the
migration. Spores of Zygorrhynchus and Gliomastix wash readily through a sand
column up to 30—40 cm, whereas Penicillium spores show very little movement (5—10
cm) (Burges 1950). Spores that have a mucilaginous coat wash down readily, while
spores which have a waxy non-wetting coat remain on the surface (Burges 1950).
According to Hepple (1960), water is responsible for vertical movement of spores of
Mucor ramannianus, but only over short distances. About 75% of conidia of the
entomopathogenic fungus Nomuraea rileyi layered on a 10.5-cm column of sand were
recovered in the filtrate after exposure to the equivalent of 16.25 cm of rain (Ignoffo et
al. 1977). However, no conidia were recovered in filtrate from a silt-loam soil and over
90% of the recovered conidia were in the upper 2 cm of the column. The spores had
probably been adsorbed on clay or organic particles. Studies on the vertical movement
of wet and dry spores of M. anisopliae through a 30-cm sand column revealed that less
than one spore per 1 mL effluent was found (Zimmermann 1992). The effect of
percolating water on spore movement through soil was also studied using a plant-
pathogenic isolate of Fusarium oxysporum f. sp. niveum . Formulations were placed on
soil columns and artificial rain was applied. In general, 10-fold fewer CFU were
recorded at an 8—10 cm depth compared with a 0—2 cm depth (Gracia-Garza &
Fravel 1998).

Vertical movement of commercially formulated conidia of B. bassiana was measured
in four, sifted soil types in 30.6 cm columns (Storey & Gardner 1987). When applied
as an aqueous suspension to the soil, >90% of the viable CFU’s were recovered in the
upper 15.2 cm in two soil types. Approximately 12.5% of the CFU’s moved through
the 30.6 cm column of the two other types and were collected in the effluent. When
the vertical movement of formulated B. bassiana conidia was investigated in
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undisturbed soil types, the migration was considerably less than that observed in
columns of sifted soil. The majority, i.e. >94% of the conidia remained in the upper
5 cm of all four soil profiles (Storey & Gardner 1988; Storey et al. 1989). These
observations indicate that the soil type, the soil pore structure (sifted versus
undisturbed soil) and probably also the shape and size of spores affect their movement
through the soil. Finally, movement in horizontal and vertical direction is also possible
by Collembola (Dromph 2003) and earthworms (Hozzank et al. 2003).

Persistence. As already mentioned, persistence of fungal spores in the soil is affected by
several biotic and abiotic factors. In this respect, one main aspect is soil fungistasis.
The term describes the phenomenon, whereby (a) viable fungal propagules, not under
the influence of endogenous or constitutive dormancy, do not germinate in non-sterile
soil at temperature and moisture favourable for germination, or (b) growth of fungal
hyphae is retarded or terminated by conditions of the soil environment other than
temperature and moisture (Watson & Ford 1972). A widespread fungistasis in soils
was found and postulated about 50 years ago (Dobbs & Hinson 1953). Soil fungistasis
has been shown to be general in natural soils and to be a dynamic phenomenon.

First experiments concerning the survival of B. bassiana in the soil were carried out
by Huber (1958) and later by Wartenberg and Freund (1961). The authors found that
antibiotic microorganisms suppress the germination of conidia of B. bassiana in soil.
They concluded that B. bassiana is a weak saprophyte and speak of a ‘conservation
effect’ induced by antibiotic microorganisms, such as Actinomycetes. According to
Clerk (1969), several authors have reported that conidia of B. bassiana are subject to
fungistatic effects in natural soils. However, the nature of the inhibitor(s) responsible
for soil fungistasis is still unknown, although several authors consider that inhibitory
substances released by soil microorganisms play a major role in fungistasis. Clerk
(1969) found that conidia of B. bassiana are able to germinate in sterilised soil or in
soil stimulated by an external source of nutrients, i.e. the presence of insects in the soil
might influence the behaviour of conidia. Conidial germination and hyphal growth of
B. bassiana was inhibited in unsterilised aqueous extracts of soil. Extracts of the
deepest soil layer were less inhibiting than extracts of overlaying layers of humus-rich
soil. The inhibition was reduced by autoclaving and by filtering the extracts, indicating
that the soil microbiota has an impact on the activity of Beauwveria spp. When B.
bassiana and B. brongniartii were stored at 4°C in sterile soil for preservation purposes,
Muiller-Ko6gler and Zimmermann (1980) found that the B. bassiana isolate was still
viable after six years, the B. brongniarti isolate after four years with decreased viability
after six years.

According to Lingg and Donaldson (1981), the viability of B. bassiana conidia in
soil was primarily dependent on temperature and soil water content. Conidia half-lives
ranged from 14 days at 25°C and 75% water saturation to 276 days at 10°C and 25%
water saturation. Conidia held at —15°C exhibited little or no loss in viability.
Conidia were not recoverable after 10 days from soils at 55°C. Conidia survival in
nonsterile soil amended with carbon (wheat and pea straw, gluciose, chitin) and/or
nitrogen (KNO3, NH,4Cl, urea, ammonium tartrate) sources was greatly decreased
with often complete loss in less than 22 days, whereas conidia in sterile soil treated in
the same manner showed dramatic increase. The fungistatic effect in amended
nonsterile soil was possibly related to Penicillium urticae, which was often isolated and
which produced a water-soluble inhibitor of B. bassiana. Groden and Lockwood
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(1991) noticed a fungistatic effect on B. bassiana in two soils from different areas.
Fungistatic levels varied between years and increased with increasing pH in soil. A loss
of fungistatic mechanisms by sterilisation was postulated by McDowell et al. (1990).
Sterilising soil before bioassays resulted in a 10- and 1000-fold reduction in LCsg
values required to kill first and third instars of Elasmopalpus lignosellus (Lepidoptera:
Pyralidae), respectively. These findings are also supported by Rosin et al. (1996) who
found that soil containing fresh manure was detrimental to B. bassiana, whereas high
rates of composted manure were beneficial. Obviously, certain factors in the fresh
manure reduce the survival of B. bassiana.

The persistence of B. bassiana conidia in artificially contaminated soil was
investigated under laboratory and field conditions (Miller-Kégler & Zimmermann
1986). When starting the experiment in October, the number of viable conidia
decreased from about 10° g~ ! dry soil to about 10* or 10 after one year according to
the soil depth. When the experiment was started in May, the corresponding values
were 107 at the beginning to about 10° conidia g~ ! dry soil after 1 year. Storey et al.
(1989) estimated the persistence of applied conidia to be about 200 days, while the
granular formulation of conidia persisted for a longer period. The persistence of B.
bassiana blastospores in soil and their protection by clay-coating was investigated by
Fargues et al. (1983). Naked blastospores of B. bassiana were inactivated after 3 weeks
incubation in soil, while clay-coated blastospores were still active after two months at
20°C. Clay coating is a protection against biodegradation of fungal propagules by soil
bacteria and protozoa. The authors stated that antagonists implicated in lysis of
blastospores must be considered an important part of the environmental response to a
massive introduction of a fungus for biocontrol. Studdert et al. (1990) studied the
relationship between soil water potential and temperature on survival of B. bassiana
clay coated and noncoated conidia in two nonsterile soils. The longest mean half-life
value was 44.4 weeks for conidia in sandy loam at —10 bars (0.0 bars =saturation)
and 10°C. Clay-coating increase the survival of conidia. Survival was longer in the low
organic soil compared to the high organic peat. The results suggest that conidia
survival is affected by several physical factors and the soil microbiota. With an
experimental biodegradation method, Fargues and Robert (1985) found that inocula
of B. bassiana were substantially degraded and subject to 70-80% dry weight loss
after six months at 19°C. In another experiment, conidia were spread on test areas as
water suspensions at a rate of 10'° spores m ~ 2. After one year, the mean counts were
about only 0.2% for B. bassiana of the originally spread spore amount. In loamy soil,
most of the spores were found at 0—5 cm, while in humus, they were found in deeper
soil layers at 5—15 and 15-20 cm (Tyni-Juslin & Vinninen 1990). Inglis et al. (1997)
investigated the influence of three formulations (water, oil, and 15% oil emulsion) and
two crops (alfalfa and crested wheatgrass) on the deposition and subsequent
persistence of B. bassiana conidia in soil. Reductions during winter after 225-272
days were less than one order of magnitude. Neither crop nor formulation influenced
conidial persistence in a clay—loam soil.

Investigations on the persistence of B. brongniartii were done mainly in Switzerland
within the frame of experiments for cockchafer control. Applications of B. brongiartii
fungus kernels from May to August generally resulted in an increase of 1-5 x 10>
CFU g~ ! dry soil compared to untreated control plots (Kessler et al. 2003). Soils
treated in October and November yielded no increase. Soil temperatures between 20
and 25°C and a high clay content had a positive effect on the occurrence and density
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of B. brongniartii, whereas temperatures above 27°C had a negative influence. The
survival of B. brongniartii in soil was further examined for over 16 months after
application of fungus kernels in different soil types in Switzerland (Kessler et al.
2004). In the absence of the host insect, M. melolontha, the reduction in the CFU in
soil was nearly 90%. In soils with high organic content, the decline was more
pronounced. When grubs of M. melolontha were present, the survival was significantly
longer. The rapid decrease of the fungus in soil without the host reveals the high
specificity of the fungus and that a saprophytic multiplication is unlikely (Lingle et al.
2005).

Monitoring of introduced microorganisms in the environment is essential not only
for the development of new biocontrol agents, but also for understanding of their
interactions with the living environment, their ecological impact and safety assess-
ments. Several years after B. brongniartii was applied against M. melolontha in various
field tests in Switzerland, isolates were recovered from soil and subjected to genetic
analyses using specific microsatellite markers (Enkerli et al. 2004). The applied B.
brongniarti strains were detected