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Minutes of WG IV meeting 10-11 June 2005, Locorotaito
1. Welcome: Following the welcome presentationtf@a whole of COST Action
842 presented by Siegfried Keller, the Working Ga®isplit for separate
meetings. Lise Stengard Hansen welcomed the pzatits to WG IV and
reviewed the main purposes of the meeting, in @aldr to finalise the route
for publication of the proceedings and developnuérst new COST action.

2. Presentation of papers (Day 1): Papers wereepted as outlined in the
program. A comprehensive presentation of the ctiroewlerstanding of the
impact of Biocide and Pesticide Regulations on ol agents was given
by Cornel Adler. This was of considerable interést participants and
highlighted that although some types of agent asabje are clearly defined
and covered by the regulations, the use of somgupts such as pheromones
may require further clarification.

Other presentations covered the temperature depefudectional response of
a parasitoid, susceptibility of a parasitoid totmédes, spatial analysis as a
component of IPM, the effect on control of popwas of host feeding in
addition to parasitism and potential problems & tise of biocontrol in the
agrifood industry. In the discussions following fhresentations the need for a
demonstration project was highlighted as key t@mss the use of biocontrol
in this area. The need for national authoritiesstgport this was also
recognised. Further research on monitoring of pegulations was regarded
as of high importance so that biological controhdae combined with
chemical control depending on population levels.

3. Presentation of papers (Day 2): This sessiorused on the use of
entomopathogenic fungi for control of storage peasid was a joint session of
all four Working Groups. This was the first timathihe four Working Groups
of COST 842 had met together. Presentations exahsnalies of the use of
entomopathogenic fungi for storage pests, manijpulaif conidia production,
combining entomopathogenic fungi with diatomaceeaigh, compatibility of
entomopathogens and beneficial insects, safetyctsmd fungal pathogens
and barriers to application with particular empha®si consumer acceptance.
Invited speakers for this session were Jeff Lor&4, Kansas, USA) and
Nina Jenkins (CABI Bioscience, UK). This was a vamngresting session with
guestions and comments from members of all the Wgrtroups.

4. Publication of activities of WG 1V: Guideline®rf publications had been
obtained from the COST office prior to the meetiddthough publication
through COST would cover all financial costs theexe potentially problems
with distribution and storage of the publicatiorth€r options for publication
of the proceedings were discussed. These includbtication on a web-site
or in a special issue of a journal. It was felttthieany of the publications may
not fulfil requirements for a peer-reviewed jourraid that production of
review type articles would require a lot of prepama It was generally
considered that publication on a web-site was tlstrsuitable option. Lise
Stengard-Hansen, Jan Lukas, Rick Hodges, Christtisanassiou and
Maureen Wakefield agreed to further discuss angrpss the various options.



Action: Lise Stengard Hansen to contact COST officéo see if COST would fund
publication on a web-site

5. WG IV final resolution: It was suggested thay @noposed new COST action
should be referred to in the final resolution ahdréfore discussion of this
was delayed until after discussion of a new COSibaclt was suggested that
the final resolution should be sent to Journal f&l Products Research for
publication and that a couple of paragraphs be cdlni¢he beginning to give
background and context. Other recipients for thmlfiresolution must be
identified.

Action: Maureen Wakefield to draft amended final resolution and circulate for
comment. Recipients to be identified by working grap members.

6. New COST action: Two possible titles for a ne@ST action were circulated
after the previous meeting. The one that receivedstmvotes was
‘Environmentally sustainable integrated pest manege in stored food
protection’. LiseStengard Hansen gave an overview of the requiresrfenta
new COST action. The preliminary proposal shouldapprox. 1500 words
and if accepted by the technical committee this ld/quroceed to a full
proposal. It needs to demonstrate European addiee &s well as being
innovative, original, relevant and contributingtbe development of the field.
The number of new participants needs to be inctkbgeb0% and new fields
of research should be explored. It was suggestadptoblem areas in the
storage field be identified for inclusion in the wneaction. Areas for
consideration were the import of resistant strathe, gap between current
food and hygiene regulations and actual practiod, raonitoring. It was felt
that ‘food’, ‘industry’ and ‘risk assessment’ wekey terms to be included.
The possibility of including urban pests was disags Various titles were
proposed and discussed and the final proposal Riak assessment and IPM
in the durable products food chain’. Further disouss identified potential
working groups within this action as: 1. MonitoriagControl methods and 3.
Risk assessment to include food safety, exposurdgraloand bioactive
compounds (mycotoxins and metabolites). Possihigcgeants in the various
working groups were identified. Several people egped interest in
contributing to the initial proposal for a new CO&Gation.

Action: Participants to send key themes to includén a new action based on the
previous discussions to Lise Stengard Hansen or Meaen Wakefield. Draft
proposal to be written and circulated for comment.

7. Publication of meeting proceedings: The presems from this meeting will
be published either as part of the final publicatad the Working Group 1V
activities or as a separate proceedings as hasdoeenfor previous meetings.
Action: All papers to be sent to Lise Stengard Hasenwithin 1 month of
the final meeting.

8. AOB: Lise Stengard Hansen gave a presentatioihé combined Working
Groups to summarise the activities of WG IV durthg COST action giving
details of publications and STSM'’s.

A vote of thanks was proposed for Lise Stengarddséa for her excellent
chairing of, and involvement in, Working Group IV.



Perspectives for biological control of stored-prodat pests using
entomopathogens, alone and in combination with befieial insects.

JEFFREY C. LORD
Grain Marketing and Production Research Center, AISIRS, 1515 College
Avenue, Manhattan, KS 66502, U.S.A.

Introduction

There are compelling reasons to pursue the usathbgens to control stored-
product pests. Future use of traditional chemicady be limited by a variety of
regulatory and safety constraints such as residlerances and worker entry
restrictions.  Microbial control offers two broadmoaches. Mass produced
microbial pesticides, such &acillus thuringiensigBt) andBeauveria bassianacan
be applied in the manner of traditional chemicalthwarying degrees of residual
effect or in situ cycling. Highly infectious agentsuch asPlodia interpunctella
granulosis virus (ImmGV) and the neogregarindajtesiaspp., can be introduced,
conserved, or manipulated to suppress pest popunstparticularly when the host
density is high. Adoption of microbial control hlsen impeded by the limitation of
acceptable input costs on low value commodities gerdands for rapid action with
few escapes. Accordingly, judicious selection whas is a key component of the
future of stored-product microbial control. Catesiation must also be given to the
realities of regulatory costs and constraints itkeorto direct research efforts so as to
maximize the likelihood of reaching a result thaneéfits operational stored-product
protection. The following review outlines sometbé salient aspects of microbial
insect control in stored products as exemplified thy microbial insecticide
Beauveria bassianand the natural control ageMittesia oryzaephili.It then offers

some recommendations for directing research pesrit

Microbial pesticides

Bacillus thuringiensishas been the great success of microbial conttokas
first described from the Mediterranean flour mdiphestia kuehniellawhich is one
of the few hosts in which rare epizootics have besmorded (Krieg 1987). Bt has
several advantages over other microbial controhtagelt is easily and inexpensively
produced, it can be formulated and applied in tlaamer of conventional pesticides,
and it is stable in storage and after applicat@nleast in the Mediterranean flour

moth, it has the potential to cycle in situ aftgplcation. It is also safe for



vertebrates and non-target beneficial arthropdds.the other hand, only the variety
kurstaki which is efficacious for Lepidoptera but not Gupéera, has been found
useful for stored-product pests. There are no knBwstrains that are efficacious for
the beetle pests of stored products. Accordingk/,use is limited and largely
restricted to application foP. interpunctellain high value commodities. Another
concern is that the first instance of insect rasis¢ to Bt was recorded w#&s
interpunctella (McGaughey 1985). The resistance developed withinfew
generations of selection and did not revert whensglection pressure was removed.
This suggests that routine Bt use for stored prisdwould not be sustainable.

The baculoviruses are the only viruses that halews potential as
commercially viable insecticides. They are specth one host species or very
closely related hosts. While they occur in seversgct orders, there are none known
from beetles, thus limiting their utility for statgoroducts. The only viral product to
reach market for stored-product insects is ImmGW. is most suitable for the
protection of dried fruits and nuts, for whi€h interpunctellais the principal pest.
Where a pest complex exists, additional controlaldibe needed. Although ImmGV
is a microbial insecticides, it also a natural coinagent. It has an advantage over
most other microbial insecticides in being highhfective and capable of cycling
after application. Like most baculoviruses, it das transmitted from an infected
female to her progeny (Burden et al. 2002). It amo be transmitted venereally and
thereby has great ability to cause epizootics (¥arl. 1993). Sublethal infection is
associated with reduced fertility (Sait et al. 1p98

Trial applications of InmGV have had notable sssceFor example, Hunter
et al. (1977) reported 134 days of control and ashmas 88% feeding damage
rejection of stored almonds. McGaughey (1975) rdeiteed that a dose of less than
two milligrams of formulated ImmGV per kilogram ograin gave goodP.
interpunctellacontrol. This development work by the US Deparitraf Agriculture
culminated in its obtaining a product registratiwhich it licensed to a commercial
distributor that targeted dried fruits and nuts.hather it will achieve commercial
success remains to be seen. As in the case afiBption for use in grain storage and
processing facilities is severely limited by ladlaativity for Coleoptera.

Among the fungi, onlyMetarhizium anisopliaeand B. bassianahave been
deemed of adequate efficacy and appropriate hogieréo be developed the use in
stored products (Moore et al. 2000), but they art sufficiently efficacious to be



competitive with traditional chemical insecticidesxcept in very special
circumstances. Strategies must be developed toroiraptheir performance.
Combinations with other environmentally benign colst should be developed. One
such combination that has proven to be synergatithe appropriate ratios B.
bassianawith diatomaceous earth (Akbar et. al. 2004, L2001b, 2005, Fig. 1). An
interaction need not be synergistic to be usefatieed, the statistical significance of
the interaction is apt to disappear as dosage®agiprrates that give acceptable levels

of control. Additivity can be a useful advantageene costs permit.

Figure 1.Rhyzopertha dominicenortality on wheat after exposure Beauveria
bassianawith or without 200 mg/kg DE. (data from Lord 2@)1
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The ability to survive, germinate, and grow und#e environmental
conditions of commodity storage is an often voicedcern about the fungi. Warm
season temperatures top meter of farm-stored whethie US Midwest are in the
range of 27-32C, which coincide with maximum insect activity (Haigim 1987).
The high end of that range is near the upper lforitgrowth of mostB. bassiana
isolates (Fargues et al. 1997). Insect contrdhwie fungus is best in the low end of
this range, but efficacy is good at the high enddisture is kept low (Lord 2005, Fig.
2), as it should be under sound management practice



Figure 2. Effect of 4 temperatures and 2 relativentdities on the number of
surviving progeny oRhyzopertha dominicaxposed t@Beauveria bassianavith
or without 200 mg/kg DE. (from Lord 2005)
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There is a predominant perception that fungi nexjai moist atmosphere. While
conidiation requires atmospheric moisture nearratiin, conidial germination and
initiation of the process of insect infection isdedemanding. The literature on
relationships between moisture and fungal efficiryinsects shows great variation.
Certainly the architecture and physiology of thegéa species are major factors.
Convoluted cuticles with favorable microclimates anost conducive to efficacy. It
was recently demonstrated that reduced atmosphedcgrain moisture, far from
reducing efficacy foRhyzopertha dominigaactually favored it (Lord 2005, Figure
2). There are several plausible explanations i@ phenomenon. Most of them
invoke the complex of responses to stress.

Beauveria bassianandM. anisopliaeare probably capable of infecting any
arthropod if the ambient conditions are right ahd tlosage is high enough. This
breadth of host range has both negative and pesitspects. Infection of beneficial
species can disrupt natural control and contribtegulatory problems. Integration

of parasitoids and predators with rapidly actinthpgens of broad host range, such as



B. bassianais a precarious strategy. Often infectivity fbe natural enemies of a
pest is on a par with that for the target speci€kis is illustrated by the case fBt
bassianaOryzaephilus surinamensand its parasitoidCephalonomia tarsaliglL.ord
20014, Fig. 3). Unlike some parasitic wasps tlaaehthe ability to detect and avoid
fungal infection in their hosts (Fransen and vamtéeen 1993)C. tarsalishas no
apparent avoidance ability (Lord, 2001a). Itlid@ seldom that the nontarget issue
IS put into perspective by comparison with broadesum chemical and physical

controls.

Figure 3. Mortality of Cephalonomia tarsalis8 days after entry into grain
containing conidia oBeauveria bassian@ata from Lord 2001a)

In contrast to the nontarget concerns that arecesgsd with a broad host range,
pathogen acceptance by end users generally reghaésll of the pest species be
controlled by a single agent. In this the regdhne, fungi have the advantage over
other pathogen groups. WhiBeauveria bassianaan infect all of the insect pests of
stored products, the range of pathogenicity is weide (Table 1). There are many
published reports of good efficacy or potentiaboth B. bassianaandM. anisopliae
when very high concentrations are needed for afgcef The opinion here is that a
median lethal concentration of above 1000 mg/kgédl out of the practical range

and should be interpreted as poor efficacy.




Table 1. Approximat8eauveria bassianbBCses (mg/kg of grain) for grain pests.

Tribolium confusunadults >2000
Tribolium confusuntarvae 1400
Sitophilus oryzaadults and larvae >2000
Rhyzopertha dominicadults 100
Rhyzopertha dominidarvae 150
Oryzaephilus surinamensalults 120
Oryzaephilus surinamendiarvae 10

Natural microbial control agents

The core requirement of an effective natural nb@bcontrol agent is that it
be capable of sustaining itself in wild pest pofialess. As mentioned above, only
ImmGYV in P. interpunctellaand Bt inE. kuehniellaamong the microbial pesticides
for stored-product insects have this ability. Mokthe other known natural control
agents are protozoa or microsporidia, which wereéoly classified as protozoa but
were recently transferred to fungi (Thomarat e28D4). They are generally cryptic
and go undetected. Their effects on hosts aren ¢tbdtle, including fecundity and
longevity reduction (Bass and Armstrong 1992), seeéuction (Milner 1972), and
increased susceptibility to pesticides (Rabindraletil988). Determination of their
long term impact on pest populations is very diffiand often impractical. Of many
factors that affect the impact, the stability of thabitat is perhaps the most important.
Where commodities are moved through storage feslitquickly and insect
populations rise and fall accordingly, the prevaterof pathogens would vary
erratically. Conversely, long-term storage witbifferent sanitation and pest control
provides the conditions for establishment and neaiance of natural controls. Host
density has a profound effect on epizootiology. ev¢hpest populations are kept
under control, the prevalence and impact of ndiuraccurring pathogens is
minimized.

Neogregarinorida is perhaps the only group ofgrodns that has significant
pathogenicity and wide distribution among-storeddpict insects. Perhaps the most
common genus iMattesig which includes the well known pathogenkofkuehniella
and P. interpunctella Mattesia dispora A less-reported speciedylattesia

oryzaephilj overlaps withM. disporain host range and is primarily a pathogen of

10



grain beetles (Lord 2003). The two species arg ga@nilar in morphology and are
easily confused. Many, if not all, of the literegueports oM. disporain beetles are
either misidentification ofM. oryzaephilior predate its description as a separate
species.

Mattesia oryzaephilillustrates many of the desirable properties afatural
control agent and as a model for assessment amghect that such an agent has on a
population or may have through introduction intstppopulations from which it is
absent. It produces a propagule, the oocyst cénatsurvive for prolonged periods in
the absence of a host. Its physiological hosttspecincludes several important pest
species that frequently occur together (Lord 200hle 2). It should be noted that
the physiological host range may not accurateliecethe ecological host range, i.e.
species that contract infections under natural itmmd, which has not been assessed

for M. oryzaephili.

Table 2. Susceptibility of selected stored-prodosects toMattesia oryzaephili
(from Lord 2003)

Coleoptera
Cryptolestespp. Laemophloeidae +++
Oryzaephilus surinamensis Silvanidae ++
Rhyzopertha dominica Bostrichidae +++
Tenebrio molitor Tenebrionidae _
Tribolium castaneum Tenebrionidae _
Trogoderma variable Dermestidae _
Lepidoptera
Ephestia kuehniella Pyralidae ++
Plodia interpunctella Pyralidae +
Psocoptera
Liposcelis bostrichophila Liposcelidae _
Hymenoptera
Cephalonomia tarsalis Bethylidae +++
Cephalonomia waterstoni  Bethylidae +++

Perhaps an ironically advantageous propertyMoforyzaephiliis that it is
infectious for bethylid parasitoid wasps of at tetwgo of its pest hosts. The rusty

grain beetle, Cryptolestes ferrugineysand the sawtoothed grain beetl®,
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surinamensisare attacked bgZephalonomia waterstorand C. tarsalis respectively
(Rilett 1949, Powell 1938). Both of these paradgocontractM. oryzaephili
infections by attacking infected hosts. Male wadpsot attack the beetle larvae and
do not become infected, but the disease is tratesinfier os to nearly all female
wasps when they paralyze or feed on infected hobislaboratory tests, the mean
survival time of infected femal€. tarsalis after exposure to heavily infected.
surinamensisvas reduced by 47% compared with that of healthyarsalis ForC.
waterstonifemales, infection reduced the mean survival tilmgesnly 21% (Fig. 4).
Infected wasps survived an average of 20 d andf86d. tarsalisandC. waterstoni
respectively. The long survival time of infectechsps fosters oviposition and
inoculum deposition in the hosts’ habitat. Contaation of wheat by wasps after
they attack infected beetles can result from dejposof both contaminated frass and
cadavers. Since the wasps are highly motile afectafe host seekers, they can

disperse the inoculum.

Figure 4. Mean survival time o€ephalonomia tarsalisand Cephalonomia
waterstoniafter attackindVattesia oryzaephilinfected host beetle larvae.

Pathogens of high epizootic potential, such Ms oryzaephili have the

potential to be used for introductions by way oftoglissemination traps with
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pheromone or food odor attractants. Most pathogbas are used as microbial
insecticides and are unlikely to produce epizootggch asB. bassiana are not

candidates for this approach. The concept has teséed on the scale of small rooms
for ImmGV (Vail et al. 1993) andattesia trogodermador Trogoderma glabrum

(Shapas et al. 1977). In both cases, infection amppression of subsequent
generations was demonstrated. Large scale trialdabe very useful to advance the
strategy. As new pheromones and bait attractaderbe available, this concept has
growing potential. Perhaps mixed attractants aatiggens could be used for more

than one pest species.

Conclusions and Recommendations:

The economic realities of stored-product pest mament should be included
in planning applied insect pathology in the areaWhen planning research,
investigators should take into consideration theh@inature of microbial control of
stored-product pests. The expense, effort, and tiequired to register a pathogen,
especially in Europe, preclude the registrationaofy pathogen whose principal
market would be stored products. Therefore scngepiathogen isolates for use
against stored-product pests is of limited vallResearch efforts should emphasize
agents that are currently registered or in thesteggion process or that can be used as
inoculants without registration. While screeningymfind isolates with efficacy,
stability and production characteristics outperfahose that are currently in industry
hands, the cost of registration of a new agentsamirate production is prohibitive
for a limited market such as stored-product insecitrol. Efforts should be directed
to developing approaches to extend the use ofiegisticrobial insecticides and to
improve their performance.

While the stored-product segment of pesticideisisenall, there is only a very
small subsegment that is amenable to microbialrobntNevertheless, it is at those
niches that are research should be aimed. Miar@augents will have their greatest
impact where chemicals pesticides are not an opsiach as in organic production or
where human chemical exposure is not allowed.

Genetic manipulation of pathogens will surely progl some interesting and
worthwhile results, but it is not relevant to applientomology in stored products in
the foreseeable future. The potential reward dussjustify a struggle to bring

genetically modified living pathogens into use $tored products.
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For the fungi, whose the host range is relatiialyorable, efficacy is the
major nonregulatory concern, and creative appraathenproving their performance
are needed. The most apparent means to achievacgfimprovement is to combine
fungi with other control measures. Combinatioat&gies should concentrate on low
cost and environmentally benign components in otdeppeal to the most receptive
end users. Physical controls, such as modifiecospimeres and aeration, are the
primary candidates, but soft chemicals merit cogrsition.

Autodissemination is one of the most promisingtsigies for implementation
of microbial control. It is a logical approach pribr contagious pathogens that are
likely to cause epizootics. There have been rebeafforts for the use of
autodissemination with pathogens that seldom pre@yizootics, such & bassiana
and M. anisopliae. The transmission rates for such pathogens dojustify the
release of the target pests once captured, arapgreach is not appropriate.

The impact of naturally-occurring, cryptic pathogeon pest populations is
fertile ground for research. In addition to madtialsublethal and prelethal effects
reduce pest populations and their economic impactvays that are not easily
recognized. Perhaps they are insignificant, bubh&absence of long-term studies of
pathogen and host population dynamics, that assomghould not be made. Such
studies are difficult and expensive, but no othgpraach will provide an adequate
assessment.

For pathogens that are intended for registratimh @mmercial application, a
wise course of action would be to seek consultatidth microbial pesticide
companies. Perhaps the most practical approath seek expansion of existing

microbial insecticide registrations to include apgiions for stored-product pests.
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Introduction

Cereals are an important component of both humai laestock diets.
However, stored cereals are vulnerable to attack bgnge of insect and mite pests
which may result in damage to the cereals and suies® economic losses, either as a
result of direct damage and loss of quality, optigh rejection at the point of sale.
Traditionally, pesticides have been used for thaegmtion of stored products from
attack by insects and mites. However, there iseeming concern over the use of
organophosphorus (OP) pesticides and problemsdeiielopment of pest resistance.
Changes in the pesticide regulations may reducéhdurthe small number of
chemicals that are registered for use in grainestand flour mills and in premises
further down the food processing chain, where thesects and mites may also be
present. There is therefore an urgent need fordeéhelopment of environmentally
friendly pest management strategies.

Biological control has received increased attentioer the past few decades as
an alternative to chemical treatments or as a coentoof integrated pest management
(IPM) strategies. Several studies have shown thengial for entomopathogens to
control a range of stored product insects eithenal(Searle and Doberski, 1984,
Adaneet al, 1996; Hidalgeet al, 1998; Moinoet al, 1998; Rice and Cogburn, 1999;
Meikle et al, 2001, Sheebat al, 2001; Dal Bellcet al, 2001, Cherrnet al, 2005) or
in combination with other control treatments sushdeatomaceous earth (Lord, 2001,
Akbar et al, 2004, Athanassiou, 2004). However, much of wosk has used species
and conditions more likely encountered in tropicegions and there has been little
work under conditions found in temperate regiorchsas in the UK.

In the UK, a four year project which aimed to idBnthe most effective
naturally-occurring insect specific fungi for thentrol of residual infestations of
storage pests in storage structures has recendly bempleted. This project was
known as ‘Mycopest’ and was jointly funded ggvernment and industry through the
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Defra Sustainable Arable LINK programme. Prelimjneasults from this project have
been reported previously (Wildest al, 2002; Wakefieldet al, 2002; Coxet al,
2003). This paper highlights the key findings fréims project and introduces a new
project designed to overcome the remaining chaflengor the use of

entomopathogens in storage structures.

The ‘Mycopest’ project

The main phases of the ‘Mycopest’ project were:

1. Collection and identification of fungi from UKajn stores

2. Establishment of cultures and screening of thgsénst a range of storage

pests in the laboratory

3. Pilot and practical scale testing under actuglstbrage conditions.

Samples were collected from UK grain stores andamately 70,000 insect
cadavers were processsed. Fungal isolates weréfiel@rio species, established in
culture and subjected to molecular and biologidaaracterisation. Eight of the
isolates were identified @Beauveria bassianalhese eight isolates together with a
further four isolates oB. bassianand two isolates dB. brongniartiifrom the CABI
Bioscience culture collection were tested using h&gh-challenge’ test against
Oryzaephilus surinamensigsaw-toothed grain beetle) (organophosphate (OP)
resistant strain)Ephestia kuehniell@Mediterranean flour moth)Lepinotus patruelis
(black domestic psocid) andicarus siro(flour mite). The most promising isolates
were then tested in a dose response test in theeotration range 1xfax1C?
conidia/ml using a carrier of a 1:4 mix of Codacai®l sterile distilled water. Three
additional beetle specieSifophilus granarius, Tribolium confusuamd Cryptolestes
ferrugineu$, an OP susceptible strain ©f. surinamensijsand one additional mite
species Tyrophagus longigrwere also tested with the top four performing iseda
Tests investigating the effect of different temperes and humidities were also
conducted.

Pilot scale testing examined the efficacyBobassianan three different surfaces,
wood, concrete and metal, that are likely to benfbin UK grain stores. Practical
scale testing involved spraying of beetles insixi2 i plywood arenas situated in a

typical grain store. Investigations of the potdrftia secondary cycling and for
dissemination of spores from insect monitoring desiwere also conducted as part of

this project. For the spore dissemination studsedts were confined to an arena
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containing the monitoring device, either with othvaut an additional refuge, for 48
hours. After this time insects were removed andgaan petri dishes on clean filter
papers. Mortality was recorded 14 days after the sf the experiment. Full

descriptions of all experimental methods can badon Coxet al (2004).

Key findings

Biological characterisation of the eight bassianasolates examined growth
and sporulation. For most isolates the optimal enajures for growth were 26 and
30°C and for sporulation were 20 and 28C. Molecular characterisation revealed
that isolates fell into several clusters and tloae isolates from the same farm were
clustered separately, based on AFLP banding pattérhis demonstrated genetic
diversity amongst thB. bassianasolates and the presence of more than one isaate
the same premises.

Results from the ‘high challenge’ testing showedt theveral of the isolates
from the UK grain stores showed good efficacy asfatine four species tested (Table

1). B. brongniartiigave poor mortality for all species tested.
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Table 1. Mean percentage mortalitySE 10 days after treatment wih bassiana

isolates in a ‘high challenge’ test. (N=4 for inseand 5 for mite) (Control response

in parentheses)

Isolate Country of 0. E. L. patruelis A. siro
reference origin surinamensis kuehniella
number (OP resistant
Beauveria
bassiana
061345 UK 00 250+6.8| 63.2+8.0 | 44.0+10.7
(1.7+£1.7) | (10.9+4.7)] (34.0+8.9) | (9.0+2.9)
173199 UK 77.0+8.8| 97.0+3.2 100+ 0 33.0+3.7
(3.0+£3.0) | (18.5+6.4)| (25.0+7.0) | (6.0+2.9)
173201 UK 100+ 0 100+ 0 100+ 0 100+ 0
(1.7+1.7) | (10.9+4.7) (34.0+8.9)| (9.0+2.9)
358840 UK 88.5+15| 1000 100+ 0 18.0+4.1
(3.0£3.0) | 185+6.4)| (25.0+7.0)| (6.0+2.9)
386243 UK 91.4+19 | 84.8+11.0 100+ 0 *
(3.3+£3.3) | (10.7+4.6)| (30.8+4.1)
386367 UK * * * 100+ 0
(5.0 £ 1.6)
386368 UK 85.4+10.1| 100x0 98.2+1.8 100+ 0
(1.8+1.8) | (12.4+3.3)] (16.0+5.2) | (5.0+1.6)
387294 UK 39.0+13.0 59.0+6.0| 61.9+128 | 38.0+2.0
(3.0£3.0) | (9.0+4.0) | (32.0+10.3) | (3.0+3.0)
389521 UK 100+0 100+ 0 100+ 0 *
(3.5+20) | (7.0+5.1)| (17.4+25)
187643 Adriatic 93.0+2.7| 98.0+1.7 100+ 0 85.0+7.6
(0) (7.0+£2.9) | (36.0+13.5)| (6.0+2.9)
382297 Turkey 84.0+7.5 96.5+3.5 100+ 0 13.0+4.4
(0) (7.0+£2.9) | (36.0+13.5)| (8.0+4.1)
382239 N. 75.0+3.0 | 945+3.6 100+ 0 39.0 £ 10.7
Afghanistan (0) (70+£29) | (36.0+13.5)| (8.0+4.1)
382231 Turkey 93+2.7 | 95.0+£5.0 100+ 0 49.0+11.3
(0)) (7.0+£2.9) | (36.0+£13.5)| (8.0+4.1)
B. brongniartii
223216 UK 50+£1.7 | 102+4.4| 384+50 | 240+4.8
1.7+1.7) | (10.9+4.4)] (34.0+£8.9) | (9.0+2.9)
303228 UK 55+1.8 | 10.5+6.5 44 £ 9.8 28.0+6.4
(10.0+4.3)| (85+5.1)| (49+2.1) | (8.0+4.1)

* |solate not tested.
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Dose response tests showed that highest mortaditiesrred at the maximum

concentration used of 1x46onidia/ml. (Figure 1).

Figure 1. Dose response of 3 insect and 1 mite sgscto fungal isolate 386243
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The tests also showed that a period of high hugnalithe beginning of the test was
necessary to achieve a good effect and in the aiadee beetle species it was
necessary to spray them directly rather than apglyhe spores to the filter

paper in order to get efficacy. (Table 2 a and b).

Table 2. Effect of increased humidity and direaagmng of beetles on mortality
a). Comparison of the effect of increasing humidity the first 24 hours after
treatment with 1 x 1conidia/ml.O. surinamensis were treated with isolate 386606

andA. sirowith isolate 386243

Mean % mortality: SE after 10 days
O. surinamensigo extra humidity 3.4+ 1.7
O. surinamensis extra humidity 81.2+7.5
A. sirono extra humidity 38.3+ 2.6
A. siroextra humidity 96.5+ 2.1

b). Comparison of mortality at 10 days @f. surinamensidreated with 1x1d

conidia/ml isolate 386243 sprayed on filter papedicectly to beetles. (N=5)
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Mean % mortality+ SE

Sprayed filter paper 1+1

Sprayed beetles 95.7+ 2.6

Two of the isolates were patrticularly effective imgathe three insect species
tested, including the OP resistant straifDofsurinamensiand one (386243) was also
effective against the mitd,. siro(Table 3). However, testing of the additional speci
showed that not all beetle and mite species weeetafl to the same extent. High
mortalities were achieved f@. ferrugineuswith all four isolates but only one isolate
gave high mortality ofS. granariusand none of the isolates were very effective

againsfT. confusunand the miteT. longior.

Table 3. Mean percentage mortality +SE at £xd@hidia/m| 10 days after exposure
to the top four isolates against nine pest spesieains. (N=5) (Control response in

parentheses)
386243 386606 386367 389521

Oryzaephilus | 95.7+ 2.6 81.2+ 7.5 42.1+11.5 63.0+ 10.7

surinamensis | (11.4+ 4.8) (11.4+ 4.8) (2.0£1.2) (3.5+2.5)

(OP resistant)

Ephestia 99.0+ 1.0 87.3£6.3 95.9+ 2.9 86.2+ 5.3

kuehniella (1.05+ 1.05) | (1.05+1.05) | (8.6+ 1.5) (14.0+ 2.4)

Lepinotus 75.6+ 4.5 26.5+ 5.4 38.3+4.4 69.3% 8.5

patruelis (11.5+ 6.2) (5.3+ 3.4) (5.3+ 2.3) (6.4+5.1)

Oryzaephilus | 84.7+ 4.5 47.0+ 8.7 11.7+ 3.4 83.0+ 5.6

surinamensis | (13.6+ 2.9) (2.0 2.0) (7.7 6.5) (3.3 2.3)

SuscC

C. ferrugineus | 89.0+ 12.3 86.0+ 8.3 100+ 0 100+ 0
(6.94+ 6.94) | (10.1+5.47) | (6.94+6.94) | (3.0%2.0)

S. granarius | 65.0+ 5.7 275+ 4.0 1.0+ 1.0 3.0£1.2
(1.0+ 1.0) (1.0+ 1.0) (3.95+3.95) | (0£0)

T. confusum | 27.0+ 11.0 6.3+ 3.9 1.0+ 1.0 1.0+ 1.0
(38.4+ 8.5) (6.0% 2.4) (2.0+1.2) (0 0)

A. siro 75.6+ 3.0 48.5+5.4 46.2+ 4.3 20.0+ 7.7
(7.2+1.3) (13.0% 2.0) (5.7+2.7) (5.6+ 2.9)

T. longior 9.1+ 1.4 47+3.1 8.7+2.6 10.1+ 2.4
(5.0+ 2.2) (2.0+1.2) (2.0+1.2) (1.0 1.0)

Tests at different temperatures and humidities glabthiat efficacy was reduced at the

lower temperature of & and generally there was little improvement inceify
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with an increase in RH from 70% to 80% for the atseor from 80% to 90% RH for
the mites. Although mortality decreased at the lowenperature it is possible that
prolonged exposure would increase the efficacy.

Tests on both a pilot scale using different sudaaed on a practical scale in
plywood arenas revealed that the carrier of a IixdahCodacide and sterile distilled
water was not suitable for applications of thisetyfn the laboratory tests this had
proven a very effective carrier when sprayed diyeat to beetles. However, on non-
porous surfaces such as steel, wood and conceetathier formed a sticky coating in
which the insects became trapped and this resintsgynificant mortality in control
treatments which were treated with the carrier @lonherefore, although higher
mortality was seen in treatments wbBh bassianahe effectiveness of the treatment
could not be ascertained. Investigation of the ipenscy (how long spores remain
viable after application) of conidia after applicatto steel plates using a carrier of
Shellsol T or kept as a dry powder revealed thatdity powder form showed greater
persistency than that formulated in oil. Futurenfakations for the isolate may
therefore concentrate on the use of the dry poviater which would also overcome
the problems with the stickiness of the oil/wataniulation.

The potential for secondary cycling was shown Witk mortality of
untreated insects after 10 days exposure in pietied to dead insects from which the
fungi was sporulating. When the sporulating inseasge removed from the arenas
after 48 hours mortality of the untreated inseelistd 17% after 10 days. The PC
floor trap (Collins and Chambers, 2003) was usdduestigate the potential for
dissemination of spores from monitoring deviceseAlL4 days, mortality of insects
from arenas with monitoring devices containing sgavas 40% compared to 5% in

control arenas (Table 4). The presence of an additirefuge did not affect mortality.

Table 4. The potential of the PC Floor Trap fordahspore dissemination. Mortality
of O. surinamensisfter 14 days at 20°C 70%RH. (N=5)

Treatment Mean % mortality+ SE
Untreated control trap 5.1+ 3.87
Untreated control trap + refuge 3.2+2.2
Trap + fungal spores 39.6+ 4.86
Trap + fungal spores + refuge 40.0+£ 6.12
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Main challenges

The work undertaken in the ‘Mycopest’ project destomted that the
entomopathogenic funguBgauveria bassianas present in UK grain stores and that
under laboratory conditions very good control ofamge of insect and mite pests
could be achieved. However, areas that requireaugmnent to enablB. bassiando
be used as a control agent under practical conditicere also identified.

1. Uptake of spores. Whilst high mortality was aeled for the moth and psocid
species by application of the spore suspensionfiltea paper, application of
the spores directly to the beetle species was sagesor good mortality.
Improved uptake of spores from surfaces is theeefoecessary for these
species.

2. Germination of spores/ requirement for high Hlityi To achieve good
control it was necessary to increase humidity fpedod of up to 24 hours for
both insect and mite species. Although we have shibat the RH in a UK
grain store will often exceed 90% this requiremshbuld ideally not be
necessary. It may be possible to identify isoldteg are effective at lower
humidities or to manipulate the water requiremdrthe isolate. Alternatively
changes in the formulation may result in improvefficacy at lower
humidities.

3. Formulation. The 1:4 mix of Codacide and stedistilled water whilst
effective as a carrier in laboratory tests is natable on a practical scale.
Alternative formulations should be examined inchglthe potential of a dry

spore powder.

Future work
The technical challenges that need to be overcorpeoduce an effective
formulation for use in empty grain stores will beamined as part of a new four year
project that commenced in April 2005. This projiscagain funded through the Defra
Sustainable Arable LINK programme but has a laogesortium of industrial
partners than the ‘Mycopest’ project reflecting thereased interest and need for
novel, sustainable invertebrate control measurgsaim stores, flour mills and food
processing premises. CSL and CABI Bioscience arelved in this project as
research partners together with Exosect Ltd anda®ySomycel. Exosect Ltd have

developed novel patented technology using eleettiosind bio-magnetic powders
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for the control of insect pests in agriculture.\&yl Somycel have considerable

experience in large scale production and distrilutif biological control agents.
The work will investigate optimisation of the camtagent when in contact
with insects to increase efficacy and will alsorakege ways to improve delivery to
the insects. In addition to addressing the techruballenges this project will also
examine other obstacles to registration for praslwétthis type. Consultations with
the UK Pesticides Safety Directorate will take plaélcroughout the project to identify
a clear route that could be used by industry fgrsteation of products of this type in
the future. Factors which may affect use of suabdpcts by industry will also be
identified from the start of the project and théommation will be used to guide
investigations in the project. Finally as part loé tpractical scale trials that will be
undertaken within this project information on pdteh risks to workers, the

commaodity and management practices will be gathered

Acknowledgements
The authors gratefully acknowledge the supportrgiee this study, through the UK
government Sustainable Arable LINK Programme, leyDiepartment for
Environment, Food and Rural Affairs, the Home-Grd@ereals Authority, and five

industrial partners.

References

Adane, K., Moore D. and Archer, S. A. (1996). Rnaiary studies on the use of
Beauveria bassianto controlSitophilus zeamai@Coleoptera: Curculionidae)
in the laboratory. Journal of Stored Products Rete&2: 105-113.

Akbar, W., Lord, J.C.; Nechols, J.R. and HowardVR.(2004) Diatomaceous earth
increases the efficacy ddeauveria bassianagainstTribolium castaneum
larvae and increases conidial attachment. JowihBlconomic Entomology,
97: 273-280.

Athanassiou, C.G. (2004). Feasibility of usBgauveria bassianplus diatomaceous
earth against three stored-product beetle spekie®roceedings of the 4th
meeting of COST Action 842 Working Group 4, AtheP804. Eds. Stengard-
Hansen, L., Wakefield, M., Lukas, J. and StejsWapp 50-52.

Cherry, A.J., Abalo, P. and Hell, K. (2005). A laatory assessment of the potential

of different strains of the entomopathogenic furi®gauveria bassiana

25



(Balsamo) Vuilleum andMetarhizium anisopliagMetschnikoff) to control
Callosobruchus maculatu§.) (Coleoptera: Bruchidae) in stored cowpea.
Journal of Stored Products Research, 41: 295-309.
Collins, L.E. and Chambers, J. (2003). The I-Sppett Indicator: an effective trap
for the detection of insect pests in empty storesan flat surfaces in the
cereal and food trades. Journal of Stored ProdResgarch, 39: 277-292.

Cox, P.D., Wakefield, M.E., Price, N.R., Wildey,B, Moore, D., Aquino de Muro,
M. and Bell, B.A. (2003). Entomopathogenic fungir fthe control of
invertebrate pests in storage  structures. AdvanoesStored Product
Protection. Proceedings of th8 Biternational Working Conference on Stored
Product Protection pp.87-94.

Cox, P.D., Wakefield, M.E., Price, N., Wildey, K,BChambers, J., Moore, D.,
Aquino de Muro, M. and Bell, B.A. (2004). The pdiah use of insect-
specific fungi to control grain storage pests inpgmgrain stores. HGCA
Project Report No. 341, 49 pp.

Dal Bello, G., Padin, S., Lépez Lastra, C. and Radr M. (2001). Laboratory
evaluation of chemical-biological control of theaiweevil Sitophilus oryzae
L.) in stored grains. Journal of Stored ProductseRech, 37: 77-84.

Hidalgo, E. Moore, D and Le Patourel G. (1998). €fffect of different formulations
of Beauveria bassianan Sitophilus zeamaisn stored maize. Journal of
Stored Products Research, 34: 171-179.

Lord, J.C. (2001) Desiccant dusts synergize tHecefof Beauveria bassiana
(Hyphomycetes:Moniliales) on stored-grain beetldsurnal of Economic
Entomology, 94: 367-372.

Meikle, W. G., Cherry, A. J., Holst, N., Hounna,&d Markham, R. H. (2001). The
effects of an entomopathogenic funguBeauveria bassianaBalsamo)
vuillemin  (Hyphomycetes), onProstephanus truncatus(Horn) (Col.:
Bostrichidae), Sitophilus zeamaisMotschulsky (Col.: Curculionidae), and
grain losses in stored maize in the Benin Repuldlaurnal of Invertebrate
Pathology, 77: 198-205.

Moino, A., Alves, S. B. and Pereira, R. M. (199Bfficacy of Beauveria bassiana
(Balsamo) Vuillemin isolates for control of storggain pests. Journal of
Applied Entomology, 122, 301-305.

26



Rice, W. C. and Cogburn, R. R. (1999). Activity ehtomopathogenic fungus
Beauveria bassiana (Deuteromycota: Hyphomycetes) against three
coleopteran pests of stored grain. Journal of BEeoo&ntomology, 92: 691-
694.

Searle, T. and Doberski, J. (1984). An investa@atof the entomogenous fungus
Beauveria bassian@Bals.) Vuill. as a potential biological control eag for
Oryzaephilus surinamensidournal of Stored Products Research, 20: 17-23.

Sheeba, G., Seshadri, S., Raja, N., JanarthanaamdSignacimuthu, S. (2001).
Efficacy of Beauveria bassian&or the control of the rice weevBitophilus
oryzae(L.) (Coleoptera: Curculionidae). Applied Entomojognd Zoology,
36:117-120.

Wakefield, M., Cox, P.D., Wildey, K.B., Price, N,RMoore, D. and Bell, B. A.
(2002). The use of entomopathogenic fungi for stgmeduct insect and mite
control - further progress in the ‘Mycopest projebt: Proceedings of the"2
meeting of COST Action 842 Working Group 4, Prag802. Eds.
d’arkova, E., Wakefield, M., Lukas, J. and Hubedt,pp 110-115.

Wildey, K.B., Cox, P. D., Wakefield, M., Price, IR., Moore, D. and Bell, B. A.
(2002).The use of entomopathogenic fungi for stored progest control -
The "MYCOPEST" project. In: Proceedings of the IOB®RS Working
Group ‘Integrated Protection in stored productssEédler, C., Navarro, S.,
Scholler, M. and Stengard-Hansen, L. Vol 25(3) pg@5

27
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Introduction

Entomopathogenic fungi are generally considdcethe safe in terms of low
risks compared to chemical pesticides. New areaside of these fungal biocontrol
agents include their use in close proximity to f@odi feed, or even applied directly
to stored grain and other food commodities. Thiseslegitimate concerns as to the
safety of these control agents. Naturally, the d¢regstion is the safety of consumers
and store operators. However, as much as the asisartipat there are no dangers in
the use of these fungi must be resisted, it is migmrtant to keep in mind that the
development of alternative pest control method$ siscentomopathogenic fungi may
be hampered significantly by undue safety conceriifis short review compiles
information relevant to the future use of entombpgenic fungi in stored product
facilities. Special emphasis is given to human tyafevhereas issues related to
environmental safety are not covered.

Several European groups within COST Action &2 currently evaluating
entomopathogenic fungi for pest control in storeairg so this commodity will be in
focus here. The European teams are obviously fogusin the technical aspects of
being able to use these fungi in the future inest@roduct facilities. However, safety
is of paramount importance for later registratisrpi&ant protection products, and thus
should be taken into consideration already whileetping fungi for microbial
control. WhileBeauveria bassianes registrered for use in crops to be used for food
or feed in the United States, no fungal biocon&gént is currently being used for
treatment of stored product pests, and the previsesofB. bassianan grain stores
in the Czech Republic seems to have ceased.

A registration for use in foodstuffs would pati@lly be in conflict with national
and EU food law. Adding fungal conidia to a comnpdiuch as grain might be seen
as the intentional addition of contaminants to f@sichilar to concerns of parasitoids
being able to carry harmful micro-organisms int@doproduction), and generally

food should not contain contaminants. European faas also state that substances
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must not be added which would render food injuritushealth or unfit for human
consumption. This emphasizes the need to documbat treatment with
entomopathogenic fungi poses no hazard to consuroperators and other non

targets.

Background information

Some of the entomopathogenic fungi likely toused in the future against stored
product pests are listed in Table 1, which providaskground information on the
natural occurrence in stored product facilitie® #tatus concerning registration in
Europe, whether the species was included in a teEenopean project on risk
assessment of fungal biocontrol agents, as welisasg which fungi are currently

tested in European research projects on fungataauitstored product pests.

Table 1. The status of entomopathogenic fungi of pential use against stored

product pests in Europe

Fungus Natural Registration|Inclusion  in|Work in
occurrence in|in EU EU-RAFBCA* |progress in
stored study Europe®
product pests

Beauveria bassianaSitophilus spp. United
in grain storeg “Old” Kingdom
(UK)*

Denmark
Ephestia
kuehniella in Greece
flour mill
(DK)*

Beauveria “Old” Yes

brongniartii

Metarhizium

anisopliae “Old” Yes Greece

Verticillium lecanii | Mites in whea

(Lecanicillium sp.) | stored “Old” Yes

Paecilomyces Denmark

fumosoroseus Annex 1

Greece

Paecilomyces

farinosus Mites in whea
store$
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'wildey et al, 2002 2Steenberg, unpubl. datdHubert et al, 2003*http://www.rafbca.com SPersonal communication, M.
Wakefield and C. Athanassiou

Some of the fungi do occur naturally in stopedduct facilities but apparently not
very frequently. This does not imply, however, tisared product pests are not
susceptible to these control agents. Only one spdeaecilomyces fumosoroseis,
currently on the Annex 1 list of the Directive 91MEEC (The European Plant
Protection Product directive) which regulates tise of entomopathogenic fungi in
plant production, including storage. Several ogpgcies are currently used in the EU
against pests in glasshouses etc. (“old” specidabie 1), but new dossiers must be
submitted before 1 November 2005. This incluBeswuveria bassianayhich is the
species evaluated at present in United Kingdome&reand Denmark for control of
stored product pests. Three species of entomopatimdungi, unfortunately not
including B. bassianawere included in the recent European RAFBCA stualyisk

assessment of fungal biocontrol agents.

The stored grain scenario

Grain is stored in closed structures at reddyiwtable abiotic conditions, where the
relative humidity is kept below certain thresholdpproximately 70% r.h.) to prevent
growth of storage fungi. Low humidities might be paoblem for the use of
entomopathogenic fungi, as they generally needtaobally higher humidity levels
to infect their host and later to multiply on theface of the dead insect. Conversely,
the longevity of conidia might well be longer ater relative humidities, and long
viability of fungus inoculum is needed for contmolstored products, where treatment
with fungus is not going to be economical if it mibe applied repeatedly during a
storage season.

Grain and flour frequently contain high numbefs microorganisms, including
fungal spores (“moulds”), which may lower the qtyaliof the commodity
substantially. These microorganisms may be preaetite time of harvest or may
develop during storage. Bacteria, yeasts and maaldsause workers handling grain
to develop respiratory symptoms, particularly i ttleaning sector of grain mills
(Dacarro et al., 2005) and their multiplication idgr storage should therefore be
prevented. However, cleaning, grinding and millthg grain, and later cooking may

remove microorganisms, at least to some degree.piimary location of most fungal
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conidia is the hull as they are adhering to thdaser of the grain, and during the
milling process a substantial part of the conidiaai@moved. Thus, contaminarie
concentrated in end products such as bran, wheat gge. This was documented in a
study finding that moulds (measured as colony fagninits per g grain) ranged from
10° to 10 before processing the grain (Berghofer et al., 2008is reference also
proposes an achievable microbiological qualityffour of <102 cfu/g for yeast and
moulds. So, in conclusion, already before addingal conidia to stored product
facilities, it is likely that a considerable amowrfdtmicroorganisms are present in the
commodity. At present it is not known whether entgaxhogenic fungi will persist
as viable units in stored grain which is often etbrfor several months before
processing — and thus it is not known whether tHe=sgn fungi will add to the
numbers of colony forming units measured in qualdwtrol.

Entomopathogenic fungi in stored food products maya result of treatment of
empty stores to control residual pests before #ve Imarvest is brought in, or may be
direct admixture of conidia to grain, either asvemative or curative treatments of
bulk grain. The latter solution is only going te successful if adding fungus directly
to the commodity does not decrease the qualitytlamsl marketability. In any case, an
amount of fungus will be applied to the facilitiasd/or the commodity. Depending
on the number of hosts available and the abioti@itimns more conidia (and more
secondary metabolites) may be produced from trexiafl hosts during this recycling
and therefore may build up over time in the storag@ironment. Recycling is
normally considered a benefit, but may not be a®reid so in stored product pest
control. However, if fungi are applied at low pésnsities as soon as monitoring has
detected their presence, the recycling probably kel limited. This approach of

course makes targeting the pests with entomopatiofiengi even more important.

Potential hazards from using entomopathogenic fungi

Potential hazards from using entomopathogamgi in stored product facilities
can be related to the active ingredient (fungaldia) to formulants and carriers and
to contaminants in mass-production. The followirigcdssion is focusing on the
active ingredient, the conidia. Conidia are appliedthe premises or the grain
directly, and this is likely to be the main souaofeconidia in most situations, as little

secondary cycling is expected to take place irestdue to relative humidities being
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maintained well below the 95% generally neededthar fungi to sporulate from
fungus killed hosts.

Safety concerns related to the conidia are pathoggnallerginicity and toxicity.
The first hazard relates to any non-target organighile the last two involve direct
threats to humans and other vertebrates, esped@ifestic animals.

Pathogenicity of these fungi to mammals ancotion target organisms in very
rare cases may happen after inhalation or ingesfiaonidia or via skin contact. Two
recent cases involving humans have been reporte@dauveriaspecies; in both
cases none of the patients had been exposed dite¢tle fungus (Henke et al., 2002,
Tucker et al., 2004). The risk of allergenicitysamg from exposure to fungal conidia
probably is a concern mainly for operators in thairg stores and mills. Proper
precautionary measures to protect people handhagreated commodity of course
must be secured. Toxicity is likely to be the magmmcern. There is a general
consumer concern of mycotoxins entering the foodirgchand the idea of adding
fungus to stored grain, where mycotoxin producinggi already may cause
problems, must be expected to raise specific coscethether any mycotoxins are
introduced via entomopathogenic fungi.

Entomopathogenic fungi, like most fungi, prodwsecondary metabolites some of
which are excreted into the environment, while otaee found in mycelium and

conidia (reviews in Strasser et al., 2000 and Veyale 2001; www.rafbca.com

provides output from the EU project on risk assesgnof fungal biocontrol agents).
Some of these metabolites may be toxic, and thelsstances must be regulated as
any chemical substance. The best option is notaidk writh isolates producing these
substances. Regulatory authorities often requirildd information on relevan
metabolites, but as most fungi secrete a numbdriaEctive compounds it is not
currently clear what is a relevant metabolite. Egample,Beauveriabassiana may
produce bassianin, beauvericin, bassianolide, lralide, tenellin and oosporein
(Strasser et al., 2000) and recently another tevas described (bassiacridin, with
specific toxic activity against locusts (Quesadardm & Vey, 2004)). Not all
isolates produce the whole array of metabolitesl famthermore these bioactive
compounds are not produced under all growing candit Finally, most metabolites,
if excreted, are excreted in very small amountg] afien the naturally occurring

microflora in soil (or grain?) produces substandiaounts of the same metabolites.
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The EU RAFBCA project focused on oosporein and rd&sts. However, forB.
bassianaone of the mycotoxins of special concern is likédy be beauvericin.
Beauvericin is a mycotoxin produced by sevénasariumspecies, and has also been
isolated fromBeauveria bassiandt has highin vitro toxicity to human cell lines and
maybe a possible synergistic effect with anothercaobyxin, moniliformin.
Moniliformin is produced byFusariumunder certain conditions, and ingestion of
Fusarium contaminated grain by mammals causes cancer obeékephagous and
heart problems. It has not yet been determined Ivenebeauvericin should be
classified as a food toxin (Strasser et al., 200)e possible production of
beauvericin produced byBeauveria bassianavas addressed in the tolerance
exemption of the Naturalis-L strain by the US Eaomimental Protection Agency, with
a comment that beauvericin levels in the technigatle active ingredient were not
likely to exceed 60 ppm, and that the applicant peaided methods and quality
assurance procedures to control beauvericin withgiulatory levels (US EPA, 1999).
In addition, the EU review report on the contentbefuvericin inP. fumosoroseus
specifies that this compund was detected in stltuce but not in liquid fermentation,
and claims that no secondary metabolites are atloimethe fermentation broth
(Anonymous, 2002). This emphasizes that beauvepcoduction is of particular
interest to regulators.

In conclusion, it is very important that resdgears pick an isolate that does not
produce metabolites that cause adverse effectsdiffieulty however is that it is not
clear at present which metabolites to avoid, amwd fesearchers know the potential

metabolite production of their selected isolatesgitro andin vivo.

Outlook

It is relevant to ask whether an increase inidial numbers over time can be
expected following application of a fungus to graiares, i.e. whether there will be a
build up of conidial numbers and of secondary maitds and thus maybe an
increased hazard of allerginicity, pathogenicitd &oxicity. As mentioned previously,
sporulation from fungus-killed hosts require a miom of 95% relative humidity,
and grain store managers attempt substantially rlaektive humidities to avoid
problems with storage fungi. So, the possibility afnidial numbers increasing
through secondary infection is likely to be lowsAlentomopathogenic fungi can not

be expected to multiply in a non-sterile substsateh as grain.
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Based on this analysis the likelihood of insesain numbers of conidia or of
metabolites following application of entomopathaigefiungi to grain or grain stores
is low. However, no experimental data are availadtel studies on the fate of conidia
and metabolites must be carried out.

As researchers involved in the development rabmopathogenic fungi against
stored product pests it is important that the feite questions are addressed:

1. What are the effective doses of fungus and camdecrease them in order to
limit hazards? Depending on commodity and pest sopt®ns might be the
combination with diatomaceous earth (Lord, 2001}awgeted application in

traps with attractants (food sources or semiochals)ic

2. What is the longevity of conidia over time atex&nt temperatures and

relative humidities, and will conidia be non-vialde the time of processing

the grain?

3. How much of the fungus inoculum remaining viadte¢he time of processing

is removed during grain cleaning and milling?

4. Do we need to start screening isolates for towetabolites early in the
development of fungi for pest control, and is isgible to find simple and
reliable methods once authorities agree which noditab are not acceptable?

5. Isit an option to use already registered igslaather than select from isolates
with no known metabolite profile? A constraint tust approach is that very
few fungal isolates have gone through the registigirocess, and even these
isolates may have to be re-evaluated before gettinggistration covering
application to food or feed. Furthermore, the usal®ady registered isolates

is likely to conflict with claims to use indigenoisolates.
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Abstract

Entomopathogens have only rarely been used foptbtection of stored products.
For this reason there is apparently no documemtatidiow consumers react to them
although some researchers are concerned that toerd be negative responses.
However, there is evidence of consumer demandréatrhents that are sustainable
and present lower health risks, such as those gmgl@ntomopathogens. To ensure
good uptake of these technologies it will be imaottto maintain positive attitudes
by consumers. This could be achieved by ensuhagrione of the language used in
describing the technology raises unnecessary feach) as the inappropriate use of
the word ‘pathogen’, and/or by a concerted efforietlucate consumers. Effective
marketing messages will be needed, perhaps inforbyedocio-anthropological
advice that will tailor the approach to each targelture and to each category of

consumer.

Introduction

Entomopathogens are among a group of pest comé@inients generally referred to

as biologically-based crop protection agents (BCASpnsumers of entomopathogen
BCAs are either those people using the technologyrdtect stored products or those
people who may eat the treated food. Howevergth@pears to be no documented
evidence about consumer reaction to the use ofrepathogens on stored products
since, apart from in experimental trials, theseanrgms have rarely been used in the
storage environment. In contrast, entomopathogemurrently in use in a number

of situations for pre-harvest pest management.
In preparing this paper, | approached two entomstegurrently engaged in projects

to support small- and medium-scale enterpriseseweldping countries to market

fungal and viral entomopathogens for the protectibgrowing crops. | asked them
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whether they had any knowledge about consumer teooep of the technology. They
considered that from their experience in develomiagntries, consumer acceptance
has not been a significant issue, not least becaossumers are reassured that

products have passed stringent safety testingy itaele the point that

“BCAs provide growers and producers with altermatiproducts which when
compared to many chemical pesticides have lowercitgxless residues and hence

greater food safety and environmental protection.”

and that

“One of the drivers for increased use of BCAs iapcproduction is the response to

consumer demand for greater food safety”.

Nevertheless, it would be unwise to assume thasdhee attitudes would necessarily
prevail in relation to treatment applied in a diéfet situation (stored products) and in

a different continent (Europe).

Experience of entomopathogens in stored-product ptection

Storage technologists have been aware of the plitysild using of entomopathogens
for the protection of stored products for a longdj there was sufficient research on
the subject for it to be reviewed in 1984 (Hodgd$84). To date, the
entomopathogens listed in Table 1 (and perhapgsjtiave been tested for use in
stored products, at least in experimental trialse organisms listed will be familiar
to scientists concerned with pre-harvest pest memagt. The only obvious

omission is entomopathogenic nematodes.
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Table 1: Entomopathogens studied as potential mearmd controlling insect

infestation of stored products

Agents Organisms
Protozoa Nosema, Mattesia
Fungi Beauverid, Metarhizium
Bacteria Bacillus thuringiensi§ Spinosad
Viruses Baculoviruses, e.g. Indian meal
moth

*in commercial use or ‘near market’

A combination ofBeauveria bassianand the insecticide pirimiphos methyl, under
the brand name Boverosil, has been registereds®on store surfaces in the former
Czechoslovakia (Dales, 1994). The bacterBatillus thuringiensisand the Indian
meal moth granulosis virus are both ‘near markat'application to the surface layers
of grain bulks in then USA. THhg. thuringiensigoxin can already be found in stored
food as it is occurs in BT genetically modified @eaigrain. However, this has been
found to have only limited efficacy against storageoths such asPlodia
interpunctella(Gileset al.,2000).

The 8" International Working Conference of Stored ProduBtotection in 2002
offered a forum for the presentation of informatmmthe research and application of
BCAs in stored products. Several papers were dtdmniof which two are of
particular interest in the current context. Sulaagamet al. (2002) stressed the
importance of the US Food Quality Protection Actl®P6 as a stimulus for reducing
the usage of organophosphorous insecticides anel premoting the use of Spinosad,
a bacterial metabolite with insecticidal propert&s an alternative to the admixture of
conventional insecticides to grain. A second papgrCoxet al. (2002), described
proposals for the Mycopest project in the UK, adgtwf the use ofBeauveria

bassianaor the control of storage pests.

An important question to ask in relation to consueceptability is - would use on

food as it grows be any different from food whersiin store? The stated aims of the
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Mycopest project, hint that storage technologists betlieve in possible negative
consumer reaction since it was mentioned that ttigeqt would be limited to

treatment of store surfaces since

“.... admixture may be acceptable only in certaicwnstances because of possible

concerns over the presence of micro-organisms, eeeaficial ones, in food stuffs.”

and that
“.... their use for structural treatments to contrekidual infestation in stored
products is more likely to find favour with reguay authorities and the general
public”.

Given that BCAs pass stringent food safety checksd that environmentally
sustainable pest control with greater food safetgiriven by consumer demand, it is
far from certain that there would be any significaagative consumer reaction to the
use of entomopathogens in stored products. Ifethigra consumer acceptability
problem then perhaps it is to do with the word oafen

It is clearly very important that the language ubgdscientists does not provoke a
negative response from consumers. It would be gasy to mislead consumers into
believing that pathogenic material is being added their food. The term
‘entomopathogen’ sounds much like ‘enteropathogentisease causing organism of
the human gut. Some people also have an exagdesatgpicion of anything
involving microbes or that is described as micrhbikespite the fact that our very

existence depends on such organisms.

There are real barriers of both a technical andteohnical nature to the use of
entomopathogens such as those listed in Table @vekker, consumer acceptability
need not be a barrier if there is careful marketivad lays stress on the organic nature
of the treatment and food safety advantages oweusie of synthetic pesticides. At
the very least, we need positive sounding namethfoproducts. For products used
pre-harvest, good examples are Biogreletéarhiziun), Green muscleBeauveria
and CornguardBeauveria. The names of companies marketing entomopattsogen
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are also carefully chosen, such as Agrivir, Micoobnd Naturale-Agro, although it

could be argued that Microbio could alarm some feop

Table 2: Possible technical and non-technical barers to uptake of

entomopathogens for the protection of stored produs

Technical
Short persistence
Slow speed of action
High specificity
May have to be kept alive

Need for more intensive management techniques

Non technical
Limited evidence of success
Cost effectiveness
Consumer acceptability?
Conclusions
It would seem that the current position with resgecentomopathogen use in stored

products can be summarised as follows —

It is uncertain that there is currently any consuateeptability problem

It is probably best to anticipate that there migdta problem

Post-harvest scientists and companies intendingacket entomopathogens
should be proactive in promoting environmentalkgridly pest management
with the consumer

They must also be sensitive to the use of any lagguhat might lead to

consumer concerns

In the future, successful uptake of entomopathdgehnologies by consumers of all
types will require these technologies to have arepiable public profile. There is
clear demand for sustainable technologies and aanar label will improve
consumer acceptability. However, a ‘false stayttlire use of inappropriate language
could damage consumer confidence and the futurgppats for these technologies.
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There needs to be a debate as to how ‘false stanisbe avoided. Should we seek to
educate consumers so that they understand thesiess@iould we just rely on the use
of language that that avoids unnecessary alarmfisi@erable effort will be required
to ensure appropriate marketing. Consumer expectatind attitudes are likely to
vary between cultures and between category of enasuso that better results may

be achieved if marketing efforts are informed bgigeanthropological advice.
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Abstract

Information on compatibility between entomopathagemd beneficial insects for

stored product pest control is briefly reviewedudi¢s involving a total of seven

macroorganisms, namely six hymenopteran parasitaids one predaceous beetle
were found. Entomopathogens include viruses, mpoadians, and fungi. However,

this aspect of integrated control of stored-prodaegts is in its beginning and much

more research is needed until practical applicatammbe expected.

Key words: Hymenoptera, Coleoptera, viruses, microsporidiangi, Bacillus

thuringiensis

Introduction
From a biological control viewpoint, there are beibsitive and negative aspects of

host-parasitoid-pathogen-interactions. The negategpects are pathogen-induced
mortality of beneficials due to pathogen-producextirts, the infection of the
beneficials, and a lower attractiveness of infedtedts as oviposition sites for the
parasitoid. Positive aspects are increased proatyabil predation or parasitism of
infected pests, and the propagation of pathogensdneficials. Temerak (1982),
Kurstak (1966) and Burkholder (1981) suggested robraf pest populations by
spreading viruses and pathogens with the help cdsgaids. In practice in stored
product protection, there is an important diffeenconcerning registration.
Microorganisms always require registration compkerabo synthetic chemical
insecticides. Macroorganisms require no registnato registration at lower cost.
Consequently, in Germany, 72 organisms for macftobical control are

commercially available, 5 of them against storeadprct pests (Bathon, 2005),
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whereas in the whole of Europe there are only Blycts containing microbials for

biocontrol, none of them against stored-productyes

Viruses

Nuclear-polyhedrosis viruses are known to infeotedd product moths. Hassan and
Groner (1977) found no side effects of such virumeparasitism and development of
Trichogramma However, negative side effects of granulosissesiofE. kuehniella
on the braconidPhanerotoma flavitestaceavere found, but under an identical
experimental setup, no such effects were found WitbanesceniKaya and Tanada,
1972). No other information on compatibility betweeruses and beneficial insects

for stored product pest control was found.

Microsporidians

Microsporidians were evaluated for the controPodstephanus truncatu$o far, no
information seems to be available on possible sfticts on beneficials attackiri®y
truncatus (Brooks, 1993). The neogregarihdattesia dispora infected H. hebetor
(Leibenguth, 1972). Healthy adults of the relatpécées,Bracon mellitor, did not
transmit the pathogeNlattesia grandison host larvae or their own progeny. Also
infected parasitoids did not infect the host larvhat a low percentage of the
parasitoid's progeny was infected (McLaughlin anda#s, 1966). Progeny of
Trichogramma evanescereclosing from eggs infected with the microsponmuiu
Nosema pyraustevere heavily infected and the fertility was selsereduced (Huger,
1984). Similar results were obtained farnubilale(Sajap and Lewis, 1988Ylattesia
oryzaephili infected Cephalonomia tarsalis a parasitoid of Oryzaephilus
surinamensisand C. waterstoni a parasitoid ofCryptolestes ferrugineysand were
dispersed by the parasitoids (Lord 2005).

Fungi

Three species of fungi which are effective antagignofP. truncatus(Aspergillus
ochraceus Metarhizium anisopliaeand Beauveria bassianawvere also shown to be
lethal to the predatorT. nigrescens(Burde, 1988). Cumulative mortality of.
nigrescenson day 14 was 42 and 48% wihetarhizium anisopliaeand Beauveria
bassiana respectively, and > 90% of the dedd nigrescensproduced conidia
(Bourassa et al., 2001). Lord (2001) showed @&phalonomia tarsalisuffers high
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mortality after infection withBeauveria bassianaut does not avoid habitats where

the fungi are present.

Bacillus thuringiensis

The application oBacillus thuringiensigBt) is not microbiological control in a strict
sense, as no living organism is applied but théntot a entomopathogen, i.e. it is
biotechnical method. The toxin &acillus thuringiensigBt) has in most cases little
or no side effects on parasitoids. The effect einB¢cted larvae oE. kuehniellaon

the biology ofV. canescensvas studied by Kurstak (1966). Parasitism was not
affected, moreovel. canescensvas shown to be a vector for Bt and therefore
enhances the spread of the disease in a moth pigpulanother parasitoid species
which was identified as a vector for Bt Bs brevicornis In this species, Bt had a

pathogenic effect on the parasitoid.
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Background

The use of residual pesticides and fumigants is mmminant is stored-product
protection. However, several pest species are ®eswtant to many commonly used
pesticides (Champ and Dyte 1976, Arthur 1996). Alftere is an increasing
consumer demand for residue-free food and thusrnative, reduced-risk control
methods should be evaluated.

Diatomaceous earths (DEs) are among the most piraognialternatives to
residual pesticides. They are composed of thelf®sdiremains of phytoplanktons
(called diatoms) and have low mammalian toxicitpihic 1998, Subramanyam and
Roesli 2000). It is now well established that DEsactivate” the waterproof lipids
of the insect’s cuticle, and insects die thoughabesion (Korunic 1998). Several DE
formulations are now commercially available for usestored-product protection
(Subramanyam and Roesli 2000), and many of thera baen proved very effective
in both laboratory and field tests (Aldryhim 199@93, Korunic 1998, Subramanyam
and Roesli 2000, Fields and Korunic 2000, Arthud@8) b, Athanassiou et al. 2003,
2004b, 2005b, Athanassiou and Kavallieratos 2008yaKieratos et al. 2005).
However, the use of DEs has a negative influencthemphysical properties of grain,
especially bulk density (Korunic 1998, Korunic €t998). DEs should be applied at
high dose rates (>500 ppm) and this problem isidensd as the main drawback in
the use of DEs.

One other promising alternative to pesticideshis ise of entomopathogenic
fungi (Moore et al. 2000). Several fungal speciesehbeen tested with success
against stored-product insect pests (Moore et @02Lord 2001, 2005, Stathers
2002, Wakefield et al. 2002, Throne and Lord 2(Bdtta 2004a, b, Steenberg and
Hansen 2004, Athanassiou 2004, Akbar et al. 200dhalbaki et al. 2005). These
pathogens penetrate the cuticle and Kkill the inbgcinfection (Moore et al. 2000).
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However, like DEs, entomopathogenic fungi are shmting in comparison with
traditional insecticides. Also, despite the facattiungi do affect seriously bulk
density like DEs, for a satisfactory level of effay they should be applied at
relatively high dose rates, which increases th¢ abtheir application. Moreover, the
use of fungi in the product results in contamimatisith living material (conidia,

spores etc.) which is an additional limiting factor their use (Moore et al. 2000).

Entomopathogenic fungi with DEs

Several inert materials, including silicates, haeen evaluated for use in conjunction
with entomopathogenic fungi, mainly for viabilitgasons, as carriers in the fungal
formulations. For instance, Moore and Higgins ()9®aund that some clays had a
certain detrimental effect on the conidial vialilaf Metarhizium flavovirideGams
and Rozsypal (Deuteromycotina: Hyphomycetes). B#&R@04a) noted that the
addition of several inert materials, such as asbharcoal, increased the insecticidal
effect of Metarhizium anisopliagMetschinkoff) Sorokin against adults of the rice
weevil, Sitophilus oryzadlL.) (Coleoptera: Curculionidae). Lord (2001) firstated
that the DE formulation Protect-It increased th&éicaty of Beauveria bassiana
(Balsamo) Vuillemin (Deuteromycotina: Hyphomycetegpinst larvae of the lesser
grain borerRhyzopertha dominicé.) (Coleoptera: Bostrychidae). In that study, the
simultaneous use of DE reduced remarkably the dieeofB. bassianaThis finding
was very promising, since the use of both substrogether resulted in a
considerable lowering in the dose rate, minimizthg negative influence of high
doses, as noted above. However, several parantlgtraffect the efficacy of such a
combination need to be evaluated with additiongdeexnental work. Some of these

are analysed below.

Influence of temperature

Several studies document that, with few exceptidhs, increase of temperature
increases DE efficacy (Fields and Korunic 2000, hArt 2000a, Vayias and
Athanassiou 2004, Athanassiou et al. 2005a). Bhlsecause at higher temperatures
the insects are more mobile, and thus, more DEcpestare picked up on the cuticle
(Fields and Korunic 2000). In the case of fungg #ifect of temperature is not clear,
because fungal viability is highly affected by teerature (Moore et al. 1996, Moore
et al. 2000, Lord 2005). Also different fungal Bsts have different thermal
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requirements (Stathers 2002, Wakefield et al. 2002, Steenberg personal
communication). Lord (2005) found that mortality & dominicaadults after
exposure td. bassianavas reduced with the increase of temperature§C:30 that
study, the insecticidal effect @. bassianawas enhanced by the presence of DE.
Michalaki et al. (2005) noted that the efficacy bf. anisopliae conidia in
combination with the DE SilicoSec against larvaetioé confused flour beetle,
Tribolium confusumlacquelin du Val (Coleoptera: Tenebrionidae) was d» 20C,

in comparison with 25 and 30. Nevertheless, the presence of DE may moderate th
negative influence of high temperatures to conidfficacy, as noted by Michalaki et
al. (2005). While many studies are available fa ¢ffect of temperature on conidial
viability when fungus is present alone, there isralative data for what occurs to
viability when DE is present. This hypotheses stidu¢ examined with additional
experimentation. Generally, most isolates seemetdebs effective at temperatures
>30 °C; however, DEs are quite effective at these teatpegs and thus, this

combination can be used in a wide temperature range

Influence of humidity

As far as the insecticidal effect is concerned, doth fungi and DEs, temperature
notably interacts with relative humidity (rh) (Vagi and Athanassiou 2004, Lord
2005). For DEs, the influence of rh is clear: DEs not very effective at high rh
values (Subramanyam and Roesli 2000, Fields andirkor2000, Arthur 2000a,
Vayias and Athanassiou 2004). This is due to tlo¢ taat at high rh values insects
can moderate water loss, while at the same timep&xEcles absorb moisture from
the air (Subramanyam and Roesli 2000). The oppegite expected for fungi: the
increase of moisture/humidity causes an increa$enigal insecticidal effect. Hence,
under these conditions the effect of DE in the &lrigrmulation could be negatively
affected. Surprisingly, in many cases the reveras twe. For instance, Akbar et al.
(2004) noted that the increase of rh had no eftecthe efficacy ofB. bassiana
against larvae of. castaneurmwith or without the addition of DE. Also, Lord(@5)
found that the same fungus was much more effeatiV@wer rhs again®®. dominica
For M. anisopliae Michalaki et al. (2005) gave similar results, lwiir without the
addition of DE. The use of a fungus that is effextt a high moisture content value
in a certain commodity may be of no practical imiance, since at high moistures the

product can be downgraded (Moore et al. 2000). sltkhown that several

48



entomopathogenic fungal species are favored byivela low rhs (Wraight et al.

2001, Lord 2005). In contrast to what was expedtedBrower et al. (1995), Lord
(2005) clearly showed that low rh may be a berefifungal activity against insects.
Hence, a combination of both fungus and DE can s&&d uwith success at dry
conditions (Akbar et al. 2004, Lord 2005).

Interactions between fungus and DE

Only two possible interactions have been examiwefds The first is the effect of DE
to conidial attachment in the insect cuticle. Akbaal. (2004) found that the presence
of Protect-It increased the conidial attachmerthia case ofl. castaneumHowever,
Lord (2001) by using the same combination agalRisdominicadid not record a
significant degree in conidial attachment. The sdmwé&ls for M. anisopliae and
SilicoSec, for adults ofSitophilus oryzae(L.) (Coleoptera: Curculionidae)R.
dominicaand T. confusum(Athanassiou, unpublished data). Desiccation catsed
DEs is directly related to changes in cuticular position (Howard et al. 1995), and
DEs may "inactivate” epicuticular lipids that malay an inhibitory role in conidial
attachment and germination (Lord 2001, 2005, Lord Bloward 2004, James et al.
2004). Apparently, this fact needs to be investidamore, given that if certain
ingredients, like DEs, play an augmentative rolecamidial attachment then these
ingredients should be included in conidial formidas.

The second interaction that has been studiedyfdytto a minor extent, is the
effect of DEs in conidial germination. Preliminamprk, on the effect of SilicoSec on
conidial germination for al. anisopliaestrain (T. Steenberg and C. Athanassiou,
unpublished data), found that the presence of Miscaused a slight germination
decrease. At the fungus: DE ratios 1: 0, 1: 1, an@ 2: 1, the % germination rates,
after 24 h, were 94.2, 85.2, 87.0 and 89.3 %, wisdy. Also, Moore and Higgins
(1997) noted that the presence of certain claysearha detrimental effect in conidial
viability of Metarhizium flavoviride Gams and Rozsypal (Deuteromycotina:
Hyphomycetes). Hence, before conducting bioassaysarfungal/DE combination, a
preliminary germination tests is required. Addiabrexperimentation is needed on

this issue, with a wider range of cases (fungdhtes, DEs, substrates etc.).

Influence of commodity
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DEs are not equally effective in different commaatit (Subramanyam and Roesli
2000, Athanassiou et al. 2003, 2004, Athanassiod &mavallieratos 2005,
Kavallieratos et al. 2005). Similar reports haverbalso recorded for fungi (Rice and
Cogburn 1999, Padin et al. 2002, Michalaki et &0%). The only report for the
influence of commodity on the insecticidal efficamfya fungus/DE combination is the
recent work of Michalaki et al. (2005) who reportibdt the effect oM. anisopliae
with SilicoSec was more effective on wheat tharfloar againstT. confusuntarvae
(Michalaki et al. 2005). Apparently, commodity pdagn important role in survival
and development of stored-product insects; foramstT. confusundevelops better
on flour than on wheat (Aitken 1975) and this isziobsly an important factor for the
increased larval survival on treated flour in thedg of Michalaki et al. (2005). Also,
access to food may moderate water loss causedidassiWhite and Loschiavo 1986,
Arthur 2000b, Vayias and Athanassiou 2004). Newetts, despite the fact that there
are not enough data on this aspect, the presencenmodity may have a direct
effect on the efficacy for both fungus and DE. Fstance, the presence of flour or
other fine materials may help insects to partialynove DE particles or even the
fungal conidia. In addition, DEs interact with tbds and other substances in the
kernels seed coat, which is, to some extent, détetive for DE effectiveness
(Subramanyam and Roesli 2000). Interestingly, coditpcalso seems to play an
important role in conidial germination and vialyilittord (2005) reported that the
survival ofB. bassianaonidia was reduced in vials with wheat substriasam tin vials
without wheat. Despite the above facts, the culyezammercially available fungus
and DE formulations are not labelled for differeapplication rates for different

commodities.

Persistence

As inert materials, DEs are expected to providgtmrm protection in stored-product
commodities, as long as the rh level is not veghliSubramanyam and Roesli 2000).
This characteristic is particularly important, givthat all insecticides currently used
as residual protectants are usually not very effedor a long period, unless high
dose rates are applied. For instance, Athanassial €004a) found that low dose
rates of the pyrethroids beta cyfluthirn, deltamiaettand alpha cypermethrin were
unable to protect the treated wheat for a six-mantarval againstS. oryzae.ln

contrast, Athanassiou et al. (2005) found thatDis, SilicoSec, PyriSec and Insecto
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could provide a satisfactory level of protectionwheat and barley against the same
species, for more than 7 months. Persistence @& @sasidered an advantage of
entomopathogenic fungi, despite the fact that tle@eenot many data available for
stored-products (Moore et al. 2000). This is duthtofact that fungi can be recycled
in the cadavers, reintroducing more inoculum ifte system (Thomas et al. 1996,
1997, Stathers 2002). This is an appealing pensgecbecause a fungal/DE
combination can be a very promising insecticide fong-term stored-product
protection, despite the fact that a loss in viraeonccurs with time (Athanassiou and
Kavallieratos, unpublished data). Ironically, whipersistence is a “red flag” for
traditional pesticides, it is a desirable charastier in the case of fungi/DEs.
However, persistence of conidia may require higliMbore et al. 2000), and under

these conditions, the benefit of using DEs mayfleoqractical importance.

Future research

There is no doubt that there are many things thatld be investigated, on the factors
that affect the use of fungus with DEs. Obvioughe additive effect of DEs on
fungus is an additional advantage. This would redihe cost of such an application,
because there is no need to maintain and testrence of a huge number of fungal
isolates, because the presence of DE may incrdmsesfficacy of a moderately
effective isolate. Overall, this combination hagaod potential for use in an IPM-
based stored product protection, for the reasotedrabove. For an insecticidal effect
that can be compared with traditional insecticidesh fungus and DEs should be
used in high dose rates. For instance, Lord (23®d 200 ppm o0B. bassiana
conidia and 100 ppm of DE agair®t dominicaon wheat, while the usual dose rates
for the same commodity is <10 ppm for most graiotgetants (Arthur 1996,
Athanassiou et al. 2004a). Thus, an additionalreffar the further decrease of the
fungus/DE application rates is required. One oismre that has to be examined is the
interactions between fungus and DEs. For instaBcebassianaexhibits a clear
synergistic effect with DEs, but this effect is requally clear in the case oA.
anisopliae(Lord 2001, Athanassiou 2004, Michalaki et al. 20 third issue is the
more extensive research on the physiological clarfat occur to the insects
exposed to this combination, in order to understaetter its mode of action, which is

poorly known today. Finally, from the availableeliature it becomes evident that,
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since most data available come from laboratonstestarge-scale experimentation is

needed.
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Temperature dependent functional response a€ephalonomia tarsalis
(Ashmead) (Hymenoptera: Bethylidae)

JAN LUKAS

Research Institute of Crop Production, Drnovska, 50@dgue 6, Czech Republic

Abstract

The effect of temperature on functional response Gaphalonomia tarsalis
(Ashmead) was studied at 4 constant temperatuteC(24°C, 27°C and 30°C) in
temperature-controlled chambers. Handling tinik) (was inversely proportional to
temperature and ranged from 0.167 at 21°C to 0a0230°C. Instantaneous search
rate @) also changed with temperature. It was lowestG&8C3and highest at 27°C.
The predicted maximum number of paralyzed larvaé ohay (17h) was highest at
27°C (21.3 larvael/day). A temperature-mediated tfonael response equation

explained 77% of the variance in paralyzation rate.

Keywords
Caphalonomia tarsaligemperature, functional response

Introduction

The saw-toothed grain beetleDryzaephilus surinamensis(Linaeus)
(Coleoptera: Silvanidae), is a cosmopolitan stgrextiuct secondary pest whose
adults and larvae cause damage. This pest is @esics a key pest of stored and
processed grain in Czech Republic. A possible ratére to broadly employed
chemical control of this pest is the use of nateramies.Caphalonomia tarsalis
(Ashmead) (Hymenoptera: Bethylidae) is both a pr@dand an ectoparasitoid of
larvae and pupae of sawtoothed grain beebeyzaephilus surrinamensigl.)
(Coleoptera: Silvanidae)This parasitoid is naturally present in stored paid in
Czech Republic (Lukas, 2002). Basic biology of fterasitoid was described by
Powell (1938). Some aspects of behavioral traitthisf parasitoid have been studied
(Howard et al., 1998; Cheng et al., 2003, 20049rdL(2001) conducted experiments
on compatibility of this parasitoid with an entonatipogenic fungusBeauveria

bassiana.
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Effectiveness of parasitoids is highly dependenthair ability to search for
and handle hosts at varying ambient temperaturesemly, Lukas & Stejskal (2005)
determined lower developmental thresholds (LDT) amah of effective temperatures
(SETK) of eggs, larvae, pupae and overall developroé this parasitoid. Detailed
knowledge of parasitoid biology other than develeptal thresholds is important for
predicting successful biological control. Infornmati such as functional response
dependent on temperature could help to assessiitiadisty of C. tarsalisto control
O. surinamensis.

The aim of this study was to determine the effemftshost density and
temperature on the functional response of the hidtpgrasitoidC. tarsalisattacking

fourth-instar saw-toothed grain beetl®, surinamensis.

Material and methods

Cultures ofCephalonomia tarsalisnd Oryzaephilus surinamensiiginated
from stored wheat samples obtained from a warehoese Prague in 2002.
surinamensisvas reared on rolled oats afd tarsaliswas reared on fourth instar
larvae of O. surinamensisn wheat. Both cultures were maintained in climati
chambers in a constant temperature of 30°C, relativmidity of 75-80% at a
photoperiod of 16:8 (L:D).
Functional response of mated experienced 5-dajeofdles ofC. tarsalisparalyzing
O. surinamensitarvaewas studied at different constant temperaturesld€224°C,
27°C, 30°C in temperature controlled chambers. & plnewly emerged male and
femaleC. tarsaliswas placed in a plastic jar containing 10g of viteead provided
with 10 fourth-instalO. surinamensifor 96 hours. Females @. tarsaliswere sieved
out after this period and deprived of hosts foh®drs. A factorial arrangement of all
treatments replicated as complete blocks were uBe@tments included 4 constant
temperatures (see above) and targeted host densiti@ 1, 2, 4, 8, 16 or 32 fourth
instar larvae oD. surinamensisExperimental blocks were replicated 10 times. After
24 hours, the parasitoid females were removed filmenexperimental jars and the

number of paralyzed host larvae was recorded.

A type Il disk equation for parasitoids (Royama71pwas fitted to the obtained data:
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_afh
1+aTiN:

No =Nt 1- exp -
whereNp is the number of hosts attackéd, are the number of hosts availaldeis

the instantaneous search ratés the total time of the experime#t is the number of
parasitoids andrh is the parasitoid handling time. A nonlinear asayof the R

freeware statistical packagéttfp://cran.at.r-project.ojgwas used to estimate the

coefficientsa andTh.

A model capable to predict functional response @veange of temperature was used
(Flinn, 1991):

aThk

Ne =Nt 1- exp -
P T T a(bo+ biX + baxE)N:

whereX is the temperature (°C) and the other parameteraspreviously described.
A nonlinear analysis of the R freeware statistigatkage was used to estimate the

coefficientsa, o, 1, 2

Results

At all experimental temperatures functional resgoristed well a type Il disk
equation for parasitoids (Tab. 1). Fig. 1 showgpfieally this equation fitted to the
data for each temperature. Handling timeh)( was inversely proportional to
temperature and ranged from 0.167 at 21°C to 0&0230°C. Instantaneous search
rate @) also changed with temperature. It was lowest0&8C3and highest at 27°C.
The predicted maximum number of paralyzed larvaé ohay (17h) was highest at
30°C (41.7 larvae/day) and 27°C (21.3 larvae/daie value ofTh at 30°C was on
the border of significance (p=0.051). A temperatmediated functional response
equation explained 77% of the variance in paralgnatate. Parameter estimates of
this equation are shown in table 2. Temperatureen@ent functional response
equation fitted to the data sef & 0.77, p<0.0001) is shown in Fig.2. The optimal

temperature for paralyzing the maximum number ct fervae is about 28°C.

Discussion
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Functional response analysis is commonly used {p peedict the potential of
parasitoids to regulate host populations (OatenNmaioch, 1975). The results show
that both handling time and search rate varied épeddence to temperature.
Estimated instantaneous search rates Qortarsalis were relatively high at all
temperatures. The highest search rate was foudd°&t, lower at 21°C and 30°C and
not significant at 24°C (p>0.05. tarsaliswas able to attack and paralyze up to 21.3
larvae at 27°C. Flinn (1991) found that waterstoniattacked 7.5 larvae in 12 hours
at 25°C. Considering the suitability @f. tarsalisfor biological control programs of
O. surinamensisit is necessary to take into account that nopafalyzed hosts are
used for oviposition. Some of them serve as a soofonutrient (host feeding) for
maturation of eggs and some are abandoned. Thss, féeding is an important
mortality factor which is welcome for the parasitoMoreover, paralyzed host larvae
are not able to recover. Parasitism rate indicatdg the number of hosts used for
reproduction of the parasitoid but paralyzatiorerest of greater importance as it is
shows real capacity of the parasitoid to supprhespest populatiorC. tarsalisis
highly host specific as it seems ti@at surrinamensiss its exclusive host (Howard et
al., 1998; unpublished data). Developmental tim&otarsalisis shorter Lukas &
Stejskal (2005) than that of its host (Hagstrum B&filliken, 1988). Results of this
study suggest that this parasitoid could be effectagainst population of

Oryzaephilus surinamensis

Acknowledgements
This work was supported by grant GACR No. 522/0681

References

Cheng, L., Howard, R.W., Campbell, J.F., CharltoR,E., Nechols, J.R.,
Ramaswamy, S. 2004. Mating behavior @éphalonomia tarsaligAshmead)
(Hymenoptera: Bethylidae) and the effect of femabating frequeny on
offspring production. -Journal of Insect Behavit: 625-645.

Cheng, L., Howard, R.W., Campbell, J.F., CharltoR,E., Nechols, J.R.,
Ramaswamy, S. 2004. Behavioral interactions betvmeales ofCephalonomia
tarsalis (Ashmead) (Hymenoptera: Bethylidae) competingféonales. -Journal
of Insect Behavior. 16: 625-645.

60



Flinn, P.W. 1991: Temperature dependent functiomesponse of the parasitoid
Cephalonomia waterstoniGahan) Hymenoptera: Bethylidae) attacking rusty
grain beetle larvae (Coleoptera: Cucujidae). -Envimental Entomology. 20:
872-876.

Hagstrum, D.W., Milliken, G.A. 1988: Quantitativaaysis of temperature, moisture,
and diet factors affecting insect development.- #larEntomological Society of
America. 81: 539-546.

Howard, R.W., Charlton, M., Charlton, R.E. 1998: dt#inding, host-recognition,
and host-acceptance behaviour Gfephalonomia tarsalis(Hymenoptera:
Bethylidae).- Annals Entomological Society of Anuexi91: 879-889.

Lord, J.C.: Response of the waSpphalonomia tarsalifHymenoptera: Bethylidae)
to Beauveria bassianéHyphomycetes: Moniliales) as free conidia or
infection in its host, the sawtothed grain be&ttgzaephilus surrinamensis
(Coleoptera: Silvanidae). Biological control. 300-304.

Lukas, J. 2002: Parasitoids occurring in food-pesing factories and grain stores.
Proceedings of the Cost action 842, Prague 2008683

Lukas, J. Stejskal, V. 200&ephalonomia tarsalis egg, larval and pupal
development in dependence on temperature.Rroceedings of COST 842
meeting "Biocontrol of arthropod pests in stroeddurcts”, Barcelona, 27-31
October 2004: 20-21.

Oaten, A., Murdoch, W.W. 1975: Functional resposseé stability in predator — prey
systems. American Naturalist. 109: 289-298.

Powel, D. 1938: The biology @ephalonomia tarsaliAsh.), a vespoid wasp
(Bethylidae: Hymenoptera) parasitic on the sawtedthrain beetle. -Annals
Entomological Society of America. 31: 44-48.

Royama, T. 1971: A comparative study of models reofie predation and

parasitism. -Researches on Population Ekology.piSuipl-91.

61



Fig. 1 Functional response @fephalonomia tarsaliparalyzingCephalonomia

tarsalislarvae at four different constant temperatures.
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Fig. 2 Temperature dependeinctional response @ephalonomia tarsalis

paralyzingCephalonomia tarsalitarvae.

Number of paralysed hosts

Tab. 1 Parameters estimates of Royama’s functional respemsation for

parasitoidsvherea is instantaneous search rate ahdlenotes handling time.

Temp. N a (day?) £ SE T, (day) £ SE r2 MNP
21<C 60 ** 0.976+0.351 **(0.167 +0.024 0.52 6

24<C 60 ns 3.089+1.945 **(0.084 +0.012 0.69 11.9
27C 60 ***1.805%£0.396 ***0.047 +0.005 0.90 21.3
30C 60 **0.723+0.176 ™ 0.024 +0.013 0.77 41.7

Tab. 2 Parameters estimates of temperature dependeniduakctesponse (equation

2) for parasitoidsvherea is instantaneous search rate and 1, .are coefficients.

Par. est. SE
a *+x 1.3281 +0.1977
*+x 2.0690 +0.2784
***.0.1465 +0.0207
*** (0,0026 + 0.0004
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The susceptibility of Venturia canescen$ravenhorst (Hymenoptera:
Ichneumonidae) to deltamethrin and bendiocarb

JAN LUKAS", VERONIKA SAMBERGEROVA
"Research Institute of Crop Production, Drnovska, Bd@gue 6, Czech Republic
SCzech University of Agriculture, Kamycka 129, Prady Czech Republic

Abstract

The contact insecticides deltamethrin and bendmeae used in stored product pest
management against pyralid moths in the Czech Repulm a dose response
experiment withvVenturia canescenan endoparasitoid of these pests, we have studied
its sensitivity to deltamethrin and bendiocarb. Wéee found tha¥enturia canescens
was about 20 times less sensitive to deltamethen to bendiocarb. The LC50 values
at 24h after exposure to deltamethrin were 0.41%dfdtamethrin and 0.018% for
bendiocarb.

Keywords
Venturia canescensleltamethrine, bendiocarb, susceptibility

Introduction

Contact insecticides are widely used in stored ypeogest management. Due
to resistance, toxicity and residue risks of thgpe of insecticides, there is a need for
alternative control means. Biological control woldé a possible complementary
solution.

Fumigants and contact insecticides are primarigdu® control pyralid moths
including Ephestia kuhniell&eller (Lepidoptera: Phycitidagd primary pest of flour
in mills and bakeries. Both larvae and adultshi$ pest cause significant damage.
Venturia canescensGravenhorst (Hymenoptera: Ichneumonidae) is ataspli
koinobiont, synovigenic endoparasitoid that is knowo attack and develop
successfully in the larvae of many lepidopteroustgeThis parasitoid is naturally
occurring in food processing and stored producilifi@s in the Czech Republic
(Lukas, 2002). A parthenogenetically reproducingist of V. canescensccurs in

anthropogenic conditions such as granaries and mHere it parasitisds. kuhniella
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or Plodia interpunctella(Ahmad 1936; Waage 1979). These species are coedide
key pests of stored flour. Commonly used contagtides (structural application) in
mill, bakeries and processing facilities againststh pests are deltamethrin and
bendiocarb in the Czech Republic.

Although interactions between beneficial insects pesticides are intensively
studied in field crops, orchards, vineyards andgjtauses (Croft, 1990) little is still
known about beneficial species in the stored prodogironment.

Therefore the aim of our study was to assess thesirce of deltamethrin (K-
Othrin 25W) and bendiocarb (Ficam 80W) dh canescensvith the purpose to
determine its susceptibility via lethal concentvas (LC10-LC99).

Material and methods
The parthenogenetic strain \@f canescenseriginated from several wasps collected in
a mill and pasta factory complex in South Bohemiaf Ceske Budejovice) in 2002.
Wasps were reared or"™&" instar larvae ofE. kuhniella Zeller (Lepidoptera:
Phycitidae) at 25°C, 70+5% RH and 12L:12D. The hgs¢cies was reared on
semolina in climatic chambers and maintained iom@stant environment of 25+1 °C,
70+5% RH and 16L:8D. Cultures were kept in cleaspt boxes (16x14x7cm)
containing 200-250 g of semolina in paper sentingtls 250—-300 host eggs. Newly
emerged wasps (18+6h after emergence) were uséuefexperiments.

The dipping technique was adopted for the bioasstyadults ofV. tarsalis.
The test solutions were prepared by dilution of apperopriate amount of insecticide
with distilled water containing 5% Tween 80 to malke desired concentrations of K-
Othrine 25WP (0.001%, 0.005%, 0.01%, 0.05%, 0.1%%) 1.0%, 1.5% and 2%)
and of Ficam 80W (0.0015, 0.003, 0.015, 0.03, 08, 0.6%). Prior to dipping,
tested insects were anesthetized for 15 seconts@@%. Then, insects were dipped
for 2-3s in an insecticide solution and left todiy at 25 °C. The treated insects were
individually introduced into a test tube (90x15mms)pplied with a 50% honey-water
solution and sealed with cotton wool. For contesits, insects were dipped in distilled
water containing only Tween 80. At each insecticddacentration, five replications
were made with 2-5 individuals per replicate foOthrine and two replications were
made with 4 or 5 individuals per replicate for FicaOverall, experiments were done
with 170 wasps (K-Othrine) and 72 wasps (Ficam) tpst data of L&. Mortality

was recorded 24 hours after treatment. The defmiof death was that the adults
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could not respond to a pince tip prodding. No aarnortality was observed during
experiments. All bioassay tests were conducted nneavironmental chamber at
25+ 1°C at a photoperiod of 16:8 (L:D). The asalyof the influence of

deltamethrin and bendiocarb on the mortalitfVafanescenswvas done by means of
PoloPlus software.

Results

V. canescenwas more sensitive to bendiocarb than to deltanmeffig. 1,2). Probit
results with logy(dose) transformation for deltamethrin were slop&.319 + 0.186,
intercept =  0.511 £ 0.155 (xSE), LC50 = 0.41®2%9-0.662, Cl 95%). Probit
results for bendiocarb with log(dose) transformatiwere slope = 5.875 + 1.531,
intercept = 10.212 + 2.788 (xSE), LC50 = 0.01816-0.026, Cl 95%). All lethal

concentrations of deltamethrin and bendiocarb/feanescenadults are summarized
in Tables 1 and 2.

Fig. 1 Observed mortality of. canescensfter 24 hours by exposure to different
concentration of deltamethrin.

Mortality %

Concentration %
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Fig. 2 Observed mortality of. canescensfter 24 hours by exposure to different

concentration of bendiocarb.

Mortality [%6]

Concentration [%)]

Table 1  Estimates of lethal doses concentrations (LC)deltamethrin forV.
canescensnales and females. The LC50 values were calculzdedd on the mortality
at 24h.

0,
Igg:]r::aelntration Concentration (%) Lower €185 %) Upper
LC 10 0.044 0.017 0.081
LC 20 0.094 0.046 0.156
LC 30 0.164 0.091 0.260
LC 40 0.263 0.159 0.413
LC 50 0.410 0.259 0.662
LC 60 0.638 0.406 1.099
LC 70 1.023 0.636 1.955
LC 80 1.780 1.042 3.956
LC 90 3.837 2.000 10.862
LC 99 23.765 8.835 127.350
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Table 2 Estimates of lethal doses concentrations (LQ)esfdiocarb fol. canescens

males and females. The LC50 values were calculzsdd on the mortality at 24h.

0,
Irzgglcaelntration Concentration [%] Lower T Upper
LC 10 0.011 0.007 0.014
LC 20 0.013 0.009 0.016
LC 30 0.015 0.011 0.019
LC 40 0.017 0.013 0.022
LC 50 0.018 0.015 0.026
LC 60 0.020 0.016 0.030
LC 70 0.022 0.018 0.037
LC 80 0.025 0.020 0.046
LC 90 0.030 0.023 0.065
LC 99 0.045 0.030 0.146
Discussion

Beneficial organisms are generally considered tanloee susceptible to insecticides
then their hosts (Croft, 1990Y.. canscenglisplayed high sensitivity to bendiocarb,
but was more then 20 times less sensitive to deliamm. This would indicate a
moderate level of physiological resistance of tiparasitoid to deltamethrin
(recommended deltametrhin dosage concentratiomsigstiored product pests is 1%).
The process of developing resistance in storedystqokests parasitoids is known. For
example Baker & Weaver (1993) found a strain Aofisopteromalus calandrae
resistant to malathion and Baker & Throne (1995)distd resistant strains of
Habrobracon hebetorElliot et al. (1983) reported that some pyrettisoare 2 t0145
times more toxic td&E. kuehniellathan toV. canescensZdarkova (1997) described
differences in resistance to phosphine betweeeréifit strains of the predatory mite
Cheyletus erudituslt was also shown that some strains of this predate more
tolerant to certain acaricides than its prey and ba released one week after an
insecticide treatment. Use of pesticide resistaneficials would be a promising
strategy in pest management systems integratingniché and biological control

technologies (Schoeller, 1998). This approach wddgde some advantages over
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traditional chemical control or biological contegbplied alone. Releasing beneficials
after application of lower dose of chemicals in ppiate time would increase time
between two successive chemical applications, deerethe contamination of
environment by chemical residues, decrease theapiiitly of resistance development

and considerably prolong efficacy of both measures.
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