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Many entomopathogenic fungi that are used as microbial pest control agents 

(MPCAs) have the potential to infect non-target, beneficial insects, such as insect 

predators and parasitoids. The susceptibility of a predatory beetle, Hippodamia 

convergens (Coleoptera: Coccinellidae), to five entomopathogenic fungi was tested using 

laboratory bioassays. These fungi, Metarhizium anisopliae, Paecilomyces fumosoroseus, 

Nomuraea rileyi, and two strains of Beauveria bassiana, are all being developed as 

MPCAs. Laboratory bioassays are sometimes used to determine the potential for non-

target effects, but may not be good predictors of field effects. A case study was 

conducted here to compare laboratory and field evaluations of B. bassiana effects on H. 

convergens, and to assess the effects of various factors which may have caused the 

observed differences. 

In bioassays, the entomogenous fungi M. anisopliae and an aphid derived strain 

of B. bassiana caused up to 97 and 95 % mortality, respectively, in H. convergens. P. 

fumosoroseus and a beetle derived strain of B. bassiana were moderately pathogenic, 

causing 75 % and 56 % mortality, respectively. N. rileyi lacked pathogenicity. Field 

mortality of H. convergens after treatment with B. bassiana (the aphid derived strain) 
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varied greatly within a single season, mortality being 75 -95 % early in the season, when 

it was cool and wet, but negligible during the drier, late season. In greenhouse trials, 

differences in fungal exposures in laboratory vs. spray treatments had no effect on 

mycosis levels, but environmental conditions did. In general, the results of field tests 

were too variable to evaluate the potential for an MPCA to pose risks. 

In the laboratory, temperature and humidity influenced both fungal activity and 

insect susceptibility. Percent germination of conidia was not affected by temperatures 

between 15-30°C, yet mycosis levels were reduced at temperatures above 20°C. Also, 

infections occurred at humidities below that required for in vitro conidial germination, 

suggesting that the insect cuticle may provide some moisture, although increasing the 

period of exposure to 96% RH increased mycosis. Incorporating environmental 

variables into laboratory assays should prove useful for determining the kinds of 

environments in which a MPCA may be active, helping to improve predictions of field 

effects. 
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ASSESSING THE IMPACT OF MICROBIAL PESTICIDES ON
 
NONTARGET INSECTS: LABORATORY VERSUS FIELD TESTS
 

Chapter 1 

INTRODUCTION 

In 1834, Agostino Bassi found Beauveria bassiana (Deuteromycotina: 

Hyphomycetes) to be the causative agent of white muscardine disease in silkworm larvae 

(Steinhaus 1956). This was the first disease demonstrated to be caused by a 

microorganism, and although this discovery had a significant impact on the course of 

human medicine, insect pathogens were not well studied until after 1945, fueled by the 

successes of Bacillus thuringiensis in the 1960's (Burges and Hussey 1971). As the 

negative side-effects of chemical pesticides have become more prominent, microbial 

pesticides, including viruses, bacteria, protozoa, and fungi, are being considered to a 

greater extent for commercialization. 

More than 700 species of fungi are known to be pathogenic to insects (Hajek and 

Leger 1994), but B. bassiana and Metarhizium anisopliae (Deuteromycotina: 

Hyphomycetes) are the most widely studied for biological control. These two species 

are easily cultured, have broad host ranges, and several strains have been isolated with 

pathogenicity towards different groups of Arthropods (Tanada and Kaya 1993). The 

fungi are unique among entomopathogens in that they infect primarily through the 

cuticle, rather than the alimentary tract (although they may infect through gut cuticle as 

well). Entomopathogenic Hyphomycetes have similar modes of infection. Conidia 

attach to the epicuticle, germinate and produce an appressorium which grows along the 
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cuticle until an appropriate site for penetration is contacted. The appressorium 

penetrates the epicuticle and produces secondary hyphae which penetrate the epidermis. 

Depending on the species, toxins may be produced during this phase which kill the 

insect and allow for extensive hyphal growth within the insect, as with M. anisopliae. 

In the case of B. bassiana, there is extensive hyphal growth before the insect is killed, 

and this growth is probably the cause for mortality. After the insect has died from 

mycosis, hyphae penetrate the cuticle outwardly and produce external conidiophores. 

The extent of conidia production and the rate of their release can vary depending on the 

environmental conditions of temperature and light (Wilding 1971). Conidia are highly 

persistent in the environment and can withstand drying and freezing, and are dispersed 

by wind, rain, or contact with an insect. They are the main infective stage, but hyphae 

and blastospores can also cause infections. 

The fact that many entomopathogenic Hyphomycetes have broad host ranges, high 

reproductive rates, and a highly persistent infective stage, suggests that such fungi might 

have significant non-target effects when used for pest control. Different strains of 

entomopathogens are thought to have activity only towards specific hosts, even when the 

pathogen species has a broad host range in general. For this reason, little attention is 

given to the possibility that these pathogens may affect beneficial insects in the field 

(Bailey 1971), yet host range tests which include non-target species and specific strains 

of entomopathogenic fungi have not been widely conducted. 

The U.S. Environmental Protection Agency (EPA) requires microbial pest 

control agents (MPCAs) to be tested for possible side effects on beneficial insects. The 

requirements for such tests were legislated in the Federal Insecticide Fungicide and 
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Rodenticide Act, and a step-wise approach to testing is used by the EPA (Pesticide 

Testing Guidelines and Subdivision M 1989). Laboratory bioassays are used to assess 

any toxic or pathogenic effects of an MPCA towards certain representative "beneficial" 

insects. If such effects exist, then survival and growth rates of the MPCA in the field 

must be determined. Depending on the results of these two tests, the EPA may then 

require actual or simulated field tests before approving registration. The EPA has 

developed guidelines for selecting insect test species and for laboratory bioassay 

procedures (Pesticide Testing Guidelines and Subdivision M 1989, Sewall and Lighthart 

1989, 1990; Donegan and Lighthart 1991; James and Lighthart 1991, 1992), but no 

guidelines have yet been developed for field tests of non-target effects. 

Laboratory tests have limited usefulness for risk assessment if they do not predict 

field effects. Environmental conditions in the field, as well as population dynamics of 

the insect and the pathogen, can greatly impact the effect of an MPCA. Some of the 

field conditions which affect the impact of a pathogen on susceptible insect populations, 

but are not accounted for in standard pathogenicity tests are: 

1.	 environmental factors (e.g. humidity, temperature, precipitation, incident light, and 

wind) which may affect the initiation of infection, resistance in the insect, or 

pathogen growth rates (Tanada and Kaya 1993); 

2.	 application techniques, which may affect exposures, depending on the degree of 

contact the insect has to spray droplets or baits, persistence of residues, and insect 

movement and behavior patterns (Jepson 1989); 

3.	 the reproductive potential of the insect and the potential for vertical transmission 

(Wang and Knudsen 1993); 
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4. emigration and immigration of insects in and out of the treated populations; 

5.	 transmission modes and rates (Anderson and May 1981, Brown 1987); 

6.	 indirect effects such as the depletion of prey which ultimately causes a loss of the 

non-target (Croft 1990). 

Laboratory toxicity and pathogenicity tests should enable us to evaluate at least the 

short-term potential effects of MPCAs, that is, effects caused by the first generation of 

the fungal pathogen before transmission occurs. To determine the longer term effects, 

further information is needed on the rates and modes of transmission of the pathogen 

and its effects on the reproductive potential of the non-target. Indirect effects may 

become even more important if the non-target's prey is affected by the pathogen. Such 

an effect will depend on the ability of the non-target to switch to other prey species or 

emigrate to other locations. Long-term effects may be assessed most effectively with 

the use of models (e.g Kish and Allen 1978, Anderson and May 1981, Brown 1987), 

although specific parameters used in the models may need to be derived in laboratory 

assays. 

This research project was undertaken to compare how laboratory assays and field 

tests assess the impact of microbial pest control agents on non-target insects. First, 

laboratory bioassays were conducted to determine the pathogenicity of five 

entomopathogenic fungal strains (including four different species) towards the aphid 

predator Hippodamia convergens (Coleoptera: Coccinellidae). These tests were used to 

develop a standard bioassay for the EPA for testing other entomopathogenic fungi. 

Because extensive field and greenhouse studies with all five fungal strains would be 

prohibitive in terms of time and expense, a case study was conducted with the most 
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pathogenic of these, a strain of B. bassiana. The goals of this study were to determine 

whether or not the laboratory assays were adequate to predict field effects, and to 

compare the relative effects of different factors in determining any discrepancies between 

laboratory and field tests. 

Field tests were conducted to determine the effects of spray applications, at three 

rates, on H. convergens survival. Because field conditions are so highly unpredictable, 

greenhouse tests were used to further evaluate the cause of the discrepancies between 

field and laboratory test results. In the greenhouse, environmental conditions remained 

within the range of biological activity for both the fungus and H. convergens. These 

tests were used primarily to determine whether or not insect exposure to conidia differed 

significantly from laboratory tests and contributed to differences in laboratory and field 

mortalities. Further laboratory tests were conducted to determine the effects of 

temperature and humidity on B. bassiana mycosis in H. convergens. And fmally, 

recommendations were made concerning the value of laboratory and field tests for 

assessing non-target risks associated with MPCAs, and for how such tests may be 

improved. 
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Chapter 2 

SUSCEPTIBILITY OF THE CONVERGENT LADY BEETLE 
(COLEOPTERA: COCCINELLIDAE) TO FOUR 

ENTOMOPATHOGENIC FUNGI 

Rosalind R. James and Bruce Lighthart 

Published in Environmental Entomology, 
23(1) 190-192, 1994 
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ABSTRACT
 

Many entomogenous fungi used as biological control agents of insect pests have 

broad host ranges and may infect beneficial organisms, potentially causing unanticipated 

environmental effects. We tested the susceptibility of a predatory beetle, Hippodamia 

convergens Guerin-Meneville, to five entomogenous fungi, all of which are being 

considered or used for pest control; Metarhizium anisopliae, Paecilomyces 

fumosoroseus, Nomuraea rileyi, and two strains of Beauveria bassiana. First instar 

beetle larvae were exposed in laboratory bioassays to five concentrations of fungal 

preparations ranging from 104 to 108 conidia/ml. M. anisopliae caused up to 97% 

mortality, an aphid derived strain of B. bassiana caused up to 95% mortality, a beetle 

derived strain of B. bassiana caused up to 75 % mortality, and P. fumosoroseus caused 

up to 56% mortality. The rate of mortality was dependent on exposure concentration. 

No infection was detected with N. rileyi. We conclude that M. anisopliae, B. bassiana, 

and P. fumosoroseus have the potential to infect H. convergens if used in crops where 

this predator occurs, whereas N. rileyi does not. The original host species of the fungi 

did not indicate their degree of virulence toward the beetle, probably because most of 

the fungi tested have very broad host ranges in general. 

INTRODUCTION 

Many entomogenous fungi have wide host ranges and the possibility for nontarget 

effects should be carefully tested before their widespread use to avoid disruption of 

ecological systems that currently provide biological control of potential pests. Both the 

U. S. Environmental Protection Agency (EPA) and the International Organization for 
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Biocontrol have developed guidelines for registration of entomogenous fungi that include 

testing the susceptibility of non-target predacious and parasitic invertebrates (Hall et al. 

1982, Pesticides Testing Guidelines 1989). As part of a project to develop testing 

methods for the EPA, we tested the susceptibility of the coccinellid Hippodamia 

convergens Guerin-Meneville to the following five fungi: (1) a beetle derived strain of 

Beauveria bassiana (Balsamo) Vuillemin (ARSEF 252), (2) an aphid derived strain of 

B. bassiana (ARSEF 2883), (3) Metarhizium anisopliae (Metschnikoff) Sorokin (ARSEF 

683, origonally isolated from a Scarabaeidae larva), (4) Nomuraea rileyi (Far low) 

Samson (ARSEF 323, origonally isolated from Spodoptera), and (5) Paecilomyces 

fumosoroseus (Wize) Brown & Smith (ATCC 20874, patented to control whiteflies, 

mealybugs, thrips and mites). All these fungi were obtained from the U. S. Department 

of Agriculture's Collection of Entomopathogenic Fungal Cultures, Ithaca, NY, except 

for P. fumosoroseus which was obtained from Fred Genthner, EPA Environmental 

Research Laboratory, Gulf Breeze, FL. 

All of these fungi are being considered for use as pest control agents. Interest in 

fungi for this purpose is, in part, due to the hardiness of conidia, which are infective. 

Paecilomyces and B. bassiana conidia have been shown to remain active in soil for 2-3 

yr and M. anisopliae for at least 40 d (McCoy et al. 1988). Survival above the soil 

varies greatly. For example, Daoust & Pereira (1986) found B. bassiana conidia 

survived for at least 16 wk when exposed to sunlight and rain. In an alfalfa field, we 

were able to recover 106 B. bassiana conidia/g of plant (dry biomass) 28 d after it was 

treated at a rate of 107 conidia per g of plant (James et al. 1995, see Chapt. 3). This 

constitutes a 90 % loss in viability; however, a large number of conidia were still 
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present. The long-term persistence of some conidia increases the risk of nontarget 

insects to these fungal pathogens. 

H. convergens was selected as a nontarget test insect because it is a widespread and 

abundant predator of aphids and other Homoptera in many agricultural settings and thus 

has the potential to be exposed to these fungi if they were used for pest control in field 

crops. 

MATERIALS AND METHODS 

To obtain conidia for the tests, B. bassiana, M. anisopliae, and N. rileyi were 

cultured on Sabouraud Maltose Agar with Yeast (SMAY) (Difco Laboratories, Detroit, 

Michigan)'; P. fumosoroseus was cultured on Potato Dextrose Agar (BBL 

Microbiological Systems, Cockeysville, MD). With the exception of B. bassiana 

ARSEF 252, conidia had been collected by scraping them off the top of four week old 

cultures the day before the experiment. B. bassiana ARSEF 252 conidia were 

previously collected and stored dry at -80 °C for 10 mo. Dry conidia were suspended 

in sterile deionized water with a tissue grinder. The conidial preparations were diluted 

to obtain the following exposure concentrations 104, 105, 106, 107 and 108 conidia/ml. 

Conidia viability was determined by plate count. 

Insects were obtained from laboratory cultures as indicated previously by James 

& Lighthart (1992)(see Appendix 1). To obtain large numbers of eggs and synchronize 

their hatch, eggs were collected daily and stored at 12°C until needed. Eggs hatched 

after 3 d incubation at 25°C; no eggs older than 1 wk were used. Neonate larvae were 

'Mention of trade names does not constitute endorsement or recommendation for use. 
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placed in 20-m1 glass scintillation vials with foam stopper tops and fed live pea aphids. 

i.nrvae were then placed at 25°C, 70% RH, and 14:10 (L:D) h for 24 h just before the 

experiment. Individual larvae were dipped for 10 s in one of the conidial suspensions 

or in sterile deionized water as a control. A vortex mixer was used to keep the conidia 

in suspension throughout the treatment period. Forty larvae were used per treatment 

for a total of 200 larvae per fungus. 

T arvae were incubated at 96% RH just after being exposed to the fungus to allow 

for proper conditions for germination of the conidia and after 72 hrs were transferred 

to 70% RH to minimize the detrimental effects of humidity on their viability. Mortality 

was recorded every 24-48 h for 10 d. The statistics package SAS was used to construct 

probit models for each fungus to determine the effect of conidia concentration on 

mortality. Abbot's adjustment (Abbot 1925) was used in the probit analysis because 

some mortality was caused by exposure to high humidity. 

RESULTS AND DISCUSSION 

M. anisopliae, P. fumosoroseus, and the two strains of B. bassiana, were found 

to be pathogenic towards H. convergens. However, N. rileyi had very little effect on 

larval mortality (Fig. 2.1). The LC50s for M. anisopliae and both strains of B. bassiana 

were similar, but the slope of the probit line for the aphid derived strain of B. bassiana 

(ARSEF 2883) was much greater (Table 2.1). Thus, a given increase in exposure rate 

led to a greater increase in mortality for this strain. However, it also means that this 

strain caused less mortality at low exposure rates, but greater mortality at high exposure 
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rates (Fig. 2.1). Mortality associated with P. fumosoroseus exposure was not as high as 

for M. anisopliae and B. bassiana. 

2 

1 

-2 

-3 
4 4.5 5 5.5 6 6.5 7 7.5 8 8. 

Log Dose (cfu /mI) 

Fig. 2.1. Fitted probit models for mortality of neonate Hippodamia convergens exposed
to different concentrations of conidia of B.b. (a), Beauveria bassiana ARSEF 2883; B.b. 
(b), B. bassiana ARSEF 252; M.a., Metarhizium anisopliae; P.f., Paecilomyces

fumosoroseus, and N.r., Nomuraea rileyi. 

The host species from which a fungus was isolated did not indicate its degree of 

virulence toward the nontarget organism. M. anisopliae, P. fumosoroseus, and B. 

bassiana are all known to have very broad host ranges (Goettel et al. 1990, Osborne et 

al. 1990), and it may be more difficult to predict the activity of such pathogens toward 

a particular nontarget organism on the basis of phylogenetic relationships between target 

and nontarget organisms. B. bassiana, M. anisopliae, and P. fumosoroseus all show 
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some degree of virulence toward H. convergens, and possibly other coccinellids as well. 

Maga lhaes et al. (1988) found Coleomegilla maculata and Eriopis connexa to also be 

highly susceptible to B. bassiana. However, further research is needed to determine 

how direct effects detected in the laboratory play out in the field where multiple species 

interact. 

Table 2.1. Probit model parameters for tests of fungal conidia concentration (CFU per 
ml) on the mortality rate of neonate Hippodamia convergens. 

Fungus Log LCso (limits)3 Slope ± SEM y-Intercept ± SEM Model X2 

Metarhizium 
anisopliae 6.62 (5.43-8.48) 0.68 ± 0.16 -4.47 ± 1.06 10.9' 

Beauveria 
bassiana 6.51 (5.93-6.86) 1.04 ± 0.21 -6.80 ± 1.49 3.9 
(ARSEF 2883) 

Beauveria 
bassiana 6.73 (6.33-7.23) 0.50 ± 0.08 -3.34 ± 0.47 0.7 
(ARSEF 252) 

Paecilomyces 
fumosoroseus 7.73 (7.18-8.66) 0.38 + 0.07 -2.90 + 0.48 2.4 

Nomuraea 
rileyi 18.60 ----` 0.10 ± 0.17 -1.88 ± 1.15 12.1d 

a 95 % fiducial limits 
b All variances and covariances were multiplied by a heterogeneity factor of 3.63 

because the X2 was large (P = 0.012). 
No fiducial limits could be calculated because of the poor fit of the probit model. 

d All the variances and covariances were multiplied by a heterogeneity factor of 4.02 
because the x2 was large (P = 0.007). 
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Chapter 3 

A FIELD EVALUATION OF BEAUVERIA BASSIANA: ITS
 
PERSISTENCE AND EFFECTS ON THE PEA APHID AND A
 

NON-TARGET COCCINELLID IN ALFALFA
 

Rosalind R. James, Brenda T. Shaffer
 
Brian A. Croft and Bruce Lighthart
 

Published in Biocontrol Science and Technology, 
in press, 1995. 
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ABSTRACT 

Several strains of the entomopathogenic fungus Beauveria bassiana have been 

considered for use as microbial insecticides. We conducted experimental sprays in an 

alfalfa field with an aphid-derived strain of B. bassiana to determine (1) its persistence, 

and (2) its effects on (a) pea aphids, Acyrthosiphon pisum (Homoptera: Aphididae) and 

(b) a non-target aphid predator, Hippodamia convergens (Coleoptera: Coccinellidae). 

B. bassiana conidia persisted in the field for at least 28 d, when approximately 10% of 

the original inoculum was still present. More conidia were present and persisted longer 

on the leaves in the lower canopy than on other plant parts, but conidia were still 

abundant in the upper canopy, where 97.9% of the aphids and 95.5 % of H. convergens 

larvae were found. Thus, both insect species were exposed to the fungus for at least a 

month. However, pea aphid populations were not affected by the fungus. The predator 

was reduced by 75-93 % (depending on application rate) early in the season, but was not 

affected later in the season. Insect life history patterns and weather conditions are likely 

causes for the differences seen in field effects. 

INTRODUCTION 

Many entomopathogenic fungi have broad host ranges (Goettel et al. , 1990), and the 

use of such microorganisms to control insect pests may present risks to predatory insects 

that are important biological control agents themselves. The U.S. Environmental 

Protection Agency requires that the potential effects of microbial pest control agents on 

non-target organisms be assessed before registration. In the past, assessing risks to non
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target arthropods usually involved laboratory bioassays, and only a few studies have 

been done in the field (i.e. see Flexner et al. 1986). 

In the field, the risk of an insect population to a particular microbial pesticide depends 

both on the innate susceptibility of the insect, the degree of its exposure, and 

environmental conditions. Laboratory bioassays can give some indication of innate 

susceptibilities and the effects of different environmental conditions, but the degree of 

exposure depends on the likelihood that the insect will come into contact with the 

microbe, which in turn is dependent on such factors as persistence of the microbial 

agent, its distribution in the canopy, and the behavior and morphology of the insect. 

Beauveria bassiana is an entomopathogenic fungus (Class Hyphomycetes) that has a 

very broad host range, infecting all the major insect orders (Goettel et al. , 1990). It has 

been considered as a pest control agent for a variety of pests, principally from, but not 

restricted to, the orders Coleoptera, Lepidoptera, and Hemiptera (Tanada & Kaya, 

1993). The suggestion that it be used for aphid control (Dorschner et al., 1991; Feng 

et al. , 1990; Pavliushin, 1983) raises concerns for coccinellids. In the laboratory, 

Magallides et al. (1988) found B. bassiana was pathogenic towards two non-target aphid 

predators (both coccinellids), and we found Hippodamia convergens (Coleoptera: 

Coccinellidae) was susceptible to two different strains of the fungus (James & Lighthart, 

1994). One of these strains, ARSEF 2883, was of particular interest for further study 

because it was originally isolated from an aphid, Schizaphis gramminum (Homoptera: 

Aphididae), and has shown pathogenicity towards several other Aphididae (Feng et al. , 

1990; Dorschner et al., 1991). 
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Using strain ARSEF 2883, we conducted field experiments in alfalfa to determine (1) 

the persistence and distribution of B. bassiana within the crop canopy after spray 

application and (2) its effects on populations of a pest insect, the pea aphid 

Acyrthosiphon pisum (Homoptera: Aphididae), and a predator of this pest, H. 

convergens. We also observed behavior of the insects in the greenhouse to determine 

their distribution in the alfalfa canopy, and used this information to assess the relative 

risks to exposure for the two insects. Alfalfa is an ideal crop for testing fungal agents 

because humidity levels within the canopy are very high due to the dense growth of the 

foliage, and activities of many entomopathogenic fungi are enhanced under conditions 

of high humidity. 

MATERIALS AND METHODS 

Field Experiments. 

Field site. 

The experimental site, a two-year old alfalfa field on the Oregon State University 

Entomology Farm, less than two miles east of Corvallis, OR, was maintained as a hay 

crop by a local farmer. We divided the 105 x 82 m field into a grid with 7.6 m spacing 

between intersects, and each intersect was a potential plot location, giving 108 possible 

plot locations. Each treatment and replicate was randomly assigned to one of these 

locations. The whole experiment was repeated twice during the season, but the same plot 

location was not used more than once. Each "plot" consisted of al x 1 x lm screen 

cage (mesh size 0.125 x 0.10 cm) with the screening buried approximately 25 cm into 
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the ground. The top of the cage opened to allow access for spraying plots and sampling 

plants and was fastened closed with velcro. 

Experimental design. 

For the first experiment, 0.5 g of live aphids were added to each cage at the end 

of March to allow them to become established before treatments were applied. On April 

25, 20 neonate H. convergens larvae were added to each cage. Two days later, B. 

bassiana treatments were applied. Three concentrations of B. bassiana ARSEF 2883 

were tested: 104 (low), 106 (medium), and 108 (high) conidia/ml, and a water control. 

The fungus was cultured on Sabaroud Maltose agar with yeast extract (SMAY, Difco 

Laboratories, Detroit, MI) at 25°C. Conidia were removed from the agar plates after 

one month and stored at -80°C until needed (25 d for the first experiment and 3 mo for 

the second one). The evening before a spray application, conidia were mixed in water 

using a tissue grinder. The conidia-water mixture was adjusted to the desired 

concentrations using a hemocytometer to enumerate the conidia. 

Conidia suspensions were applied to the plots with a gas (N2) pressure backpack 

sprayer at a rate of 137 ml per plot for a coverage of 0, 1.4x101°, 1.4x10'2, and 1.4x10'4 

conidia/ha. Plants were sprayed to just before run-off at this rate. There were eight 

cages per treatment, four of these cages were used for a single destructive sample for 

insects and four were used for sampling plants for B. bassiana persistence, thus there 

were four replicates for each spray treatment. 

The experiment was repeated on July 1 after the first hay crop was taken off the 

field. The second experiment was set up like the first, except aphids were placed in the 
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cages 2 d before the spray treatment, and 2nd instar H. convergens (3 d old) were used. 

Slightly older larvae were used because H. convergens recovery rates were low in the 

first experiment. All insects released in the field experiments were laboratory reared 

as described by James & Lighthart (1992)(see Appendix 1). 

Sampling for B. bassiana persistence--stomacher samples. 

To estimate the persistence of fungal conidia in the alfalfa field, we sampled plots 

just after they were sprayed and on the following days after spray: 1, 2, 4, 10, 16, and 

28 for the first experiment, and 1, 2, 4, 7, 14, and 21 for the second experiment. To 

determine if the initial spray was distributed evenly in the canopy and to see if conidial 

persistence was dependent on the location of the sample in the canopy, we took four 

different types of samples. We randomly sampled four plants from each plot. Alfalfa 

grows as a clump of several stems from one plant. We refer to each of these stems as 

a "plant", even though it may only be a ramet. We reserve the use of the term "stem" 

for the structural stem of the plant, as opposed to the leaves. The plant samples were 

divided into stems and leaves, and the stems and leaves were divided into those that 

came from the top half of the plant and those that came from the bottom half of the 

plant. These plant parts were grouped by plot and put in sterile plastic bags. In the 

laboratory, we added 20 ml of sterile deionized water and processed the sample for 1 

min in a stomacher blender (Tekmar, Cincinnati, OH). This macerated the plants and 

dislodged the conidia. We then used standard plate count technique to determine the 

number of conidia per sample. We used a culture medium selective for B. bassiana that 

is described by Sneh (1991), except that we used SMAY as the nutrient base. Sneh 
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(1991) used a wheat germ extract, but we found we could get a more uniform medium 

using SMAY, and it was easier to prepare. 

After the liquid extract in the stomacher samples was plated, the plant material was 

filtered, dried at 60°C and weighed to determine dry biomass. We were then able to 

standardize the samples based on dry plant biomass. 

The stomacher samples for B. bassiana conidia were used to determine (1) the 

initial distribution and density of conidia after spray and (2) the persistence of conidia 

on different plant parts and canopy locations. To determine whether or not conidia were 

initially distributed evenly with respect to plant parts and height within the canopy, a 

multivariate analysis of variance was used to determine iftreatment concentration, plant 

part, and/or canopy location had an effect on conidial density on day 0. Each 

experiment was analyzed separately. If significant interactions were found between 

treatment concentrations and any other main effect, the analysis was conducted for each 

concentration separately. If there were interactions between the other main effects, then 

a Tukey's LSD (SAS 1990) was used to compare means of each sample type. 

We defined the persistence of conidia as the rate of decline in density over time, 

as determined by the slope of the linear regression of log conidial density (the number 

of conidia per g of plant sample (dry wt)) over time (days post-spray). A separate 

regression analysis was done for each replicate. We then compared the slopes using 

multivariate analysis with dose, plant part, and canopy sample height as main effects 

(SAS, 1990). 
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Sampling for B. bassiana persistence--leaf blot samples. 

To determine the number of conidia on the top and bottom surfaces of a leaf, we 

sandwiched the leaf between two contact surface plates filled with the selective medium. 

For each plot, five leaves were randomly sampled from the top halves of plants and five 

leaves from the bottom halves of plants. The sample days were the same as for the 

stomacher samples. 

Statistical analysis of these samples was the same as for stomacher samples, except 

we compared differences in conidia counts between leaf sides and between leaf locations 

within the canopy. The five samples from each cage were pooled, and each cage was 

considered a replicate. The mean number of conidia recovered per sample was the 

dependent variable used in the regressions for determining the rate of decline in conidia. 

Weather. 

We recorded daily weather conditions at the site for both field experiments using 

a Campbell Scientific (Logan, ITT) datalogger. We recorded hourly rainfall, mean 

hourly temperature, humidity, and incident solar radiation. Measures for temperature, 

humidity, and incident solar radiation were taken within the plant canopy inside a cage, 

and in the air above a cage. This was to give us some measure of the effects of the 

cages. 

Sampling for insect survival. 

Previous tests done in our laboratory (James & Lighthart, 1994) found that all H. 

convergens mortality due to B. bassiana occurs with in the first ten days after exposure, 

with the majority occurring within the first six days, at 25°C. To make laboratory and 
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field data comparable, we sampled for insects 11 days after treatment (rain on day 10 

precluded sampling). A Shuh shaker (Gray & Shuh, 1941) was used to sample for pea 

aphids and H. convergens larvae. Whole plants were cut and placed in the sampler with 

methylethyl ketone, which anesthetized the insects, allowing them to be shaken off the 

plants into a collection jar. We also inspected the plots after they were cut to collect 

any larvae that had fallen when the plants were cut. Total dry biomass was determined 

for each insect species, as well as the number of individuals for H. convergens larvae. 

An F-test (SAS, 1990) was used to test for a significant effect of treatment on insect 

survival. If a significant effect was seen, a Tukey's LSD (SAS, 1990) was used to 

compare treatments. 

Greenhouse Experiments. 

We conducted greenhouse experiments to determine where in the canopy and on 

which plant parts pea aphids and H. convergens larvae occurred, and the relative 

proportion of time spent in each area. Twenty-four 0.6x0.6 m alfalfa plots were 

established in a 6.6x4.2 m array in the ground in a greenhouse. Pea aphid populations 

were established in the plots but not H. convergens. 

To determine the pea aphid distribution, 25 plants were randomly sampled from 

three different plots and the number and location of all aphids on these plants were 

recorded. Plant parts were categorized as follows: the terminal bud, the upper and 

lower halves of the stem, and the upper and lower leaf surfaces in the upper and lower 

halves of the plant. A total of 1262 aphids were sampled, and the proportion of aphids 

found in each location was determined. 
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To sample H. convergens larvae, 20 neonate larvae were released into each plot. 

Larvae were then sampled 2, 5, 7, and 9 days after their release to allow for sampling 

over the time period of the field samples. On each day, three plots were randomly 

selected (although the same plot was never used twice). All plants in a plot were cut, 

inspected for larvae and the number and location of all larvae was noted. The plant part 

locations were categorized as above. A total of 84 larvae were recovered. 

RESULTS 

Field Experiments. 

Weather conditions during experiments. 

In the first experiment, the temperature fluctuated between 6 and 20°C during the 

first half of the experiment and there was considerable rainfall, 54.36 cm' (it rained in 

12 of the 28 days of the experiment). As a result, the foliage was constantly wet and 

the relative humidity was always high, with the daily means ranging from 82-96%, and 

the daily highs being >96% RH. Temperatures were fairly cold for H. convergens, 

which has a developmental threshold of 13°C (Miller, 1992), but were somewhat 

wanner in the second experiment, fluctuating between approximately 10 and 25°C. The 

total degree-days (above 0°C) for the first experiment was 410, but there were only 69 

degree-days above 13°C, whereas for the second experiment there were 372 total 

degree-days, with 93 degree-days above 13°C. Thus, there were more thermal units 

available to the insects in the second experiment, even though it was a week shorter in 

duration. Daily means in RH in the second experiment ranged between 72-96%, and 
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the daily highs were always > 96%. Thus, night time highs were similar to those in the 

first experiment, but RH dropped to lower levels during the day. This effect was in part 

due to the lower levels of rainfall (17.78 cm3). 

Cages reduced light levels by 32 %, somewhat dampened the fluctuations in relative 

humidity, and had little effect on temperature. Weather conditions reported above are 

for within the canopy in the cages. 

B. bassiana persistence stomacher samples. 

In both experiments, there was no significant effect of location within the canopy 

on the initial spray deposition (day 0) at any concentration (Fig. 3.1 & 3.2). In the first 

experiment, we saw a slight increase in the number of conidia sampled on the second 

day over the first day. This must have been due to a sampling error that under 

estimated the number of viable conidia just after spray. This effect occurred consistently 

over all sample treatments. 

In both experiments, conidia deposits in both the high and medium rate spray 

treatments persisted for longer than the sampling period (21-28 days). Conidial density 

declined to about 10% of initial densities after 21 d, although the rate of decline did 

depend on treatment and sample type. In the first experiment, a significant difference 

was seen between doses in the rate of decline (F=11.22, p <0.001), with the middle 

concentration treatment (mean regression slope =-0.23) showing the most rapid decline 

in conidia density (Fig. 3.1). There was also a significantly faster decline in the upper 

canopy (mean regression slope =-0.20) than in the lower canopy (mean regression 

slope =-0.12)(F =10.90, P < 0.003). 
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Figure 3.1. Beauveria bassiana persistence after spray application to alfalfa, as 
determined from stomacher samples in the first experiment. Conidial density is the 
number of conidia sampled per g of plant dry wt. Symbols correspond to the different 
spray concentrations, 0 controls, low, medium, and 0 high. Lines represent 
fitted regression models for each sample type, all of which had highly significant fits 
(P < 0.0003, except for the low dose on lower stems, where P <0.004). 

Figure 3.2. Beauveria bassiana persistence after spray application to alfalfa, as 
determined from stomacher samples in the second experiment. Conidial density is the 
number of conidia sampled per g of plant dry wt. Symbols correspond to the different 
spray concentrations, 0 controls, low, medium, and 0 high. Lines represent 
fitted regression models for each sample type, all of which had highly significant fits 
(P<0.0001). 
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There was no difference between leaves and stems in the persistence of the fungus, 

and there were no interactions between the main effects (dose, plant part, and location 

in the canopy). 

Persistence of conidia in the second experiment was similar to that seen in the first 

experiment (Fig. 3.2). The effect of dose on the rate of decline in conidia was 

significant (F =5.16 P< 0.01), but the lowest dose had the greatest rate of decline, and 

the highest dose had the slowest rate of decline. 

Conidia declined faster in the upper canopy (mean regression slope=-0.28) than 

in the lower canopy (mean regression slope= -0.17) (F =88.24, P < 0.0001) Unlike the. 

first experiment, there was also a difference between leaves and stems (F=7.15, 

P < 0.002). Conidia on the stems declined at a faster rate (mean regression slope= 

0.25) than leaves (mean regression slope=-0.20). The interaction between dose and 

location within the canopy was significant (F =7.15, P < 0.003). Visual inspection of 

Fig. 3.2 reveals the low dose as the probable cause of this statistical interaction. When 

the low dose was removed from the analysis, dose, location within the canopy and plant 

part were all significant effects, and these effects did have any statistical interactions. 

When the low dose was analyzed separately, similar responses were seen, except the 

differences in the rate of conidial decline between the upper and lower canopy were 

greater (Fig. 3.2), thus explaining the interaction seen. 

B. bassiana Persistence--Leaf Blot Samples. 

In the first experiment, the initial deposition of conidia was not affected by leaf 

side or by the location in the canopy of the sample (Fig. 3.3). This result is consistent 

with that from the stomacher samples, where the location in the canopy also had no 

http:slope=-0.20
http:slope=-0.28
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significant effect. In the second experiment, there were significantly fewer conidia in 

the lower than the upper canopy (F=10.80, P <0.007), but the effect was small (Fig. 

3.4). For the high concentration treatment, this effect was only seen on the leaf bottoms 

(F=6.53, P <0.007). 

For both experiments, conidia declined at a greater rate in the upper canopy than 

in the lower canopy (Experiment 1, F=8.92, P <0.007; Experiment 2, F=222, 

P < 0.0001) (Fig. 3.3 and 3.4). Although the difference in conidial persistence between 

leaf sides in the first experiment was not statistically significant, the rate of decline was 

always somewhat greater on the leaf top. This effect was significant in the second 

experiment (F=5.33, P < 0.03). 

Insect samples. 

In the first experiment, pea aphid populations were not affected by any of the B. 

bassiana treatments, but H. convergens populations were (Table 3.1). Control plots had 

significantly more H. convergens larvae than treated plots (F = 8.92, P < 0.006), but the 

difference between plots treated with different concentrations of B. bassiana was not 

significant. In the second experiment, B. bassiana did not affect either insect (Table 

3.1). 

Greenhouse Experiments. 

Insects were not distributed evenly over the entire plant. Nearly all aphids were 

found in the upper part of the canopy (98.5 %)(Fig. 3.5), with more than half occuring 
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Figure 3.3. The persistence of Beauveria bassiana on leaf surfaces after spray 
application to alfalfa for the first experiment, from leaf blot samples. The top and
bottom sides of the leaves were measured separately. Symbols correspond to the 
different spray concentrations, controls, low, medium, and 0 high. Lines 
represent fitted regression models for each sample type, all of which had highly 
significant fits (P < 0.0003, except for the low dose on lower stems, where P <0.004). 

Figure 3.4. The persistence of Beauveria bassiana on leaf surfaces after spray 
application to alfalfa for the second experiment, from leaf blot samples. The top and
bottom sides of the leaves were measured separately. Symbols correspond to the 
different spray concentrations, controls, low, medium, and 0 high. Lines 
represent fitted regression models for each sample type, all of which had highly
significant fits (P <0.0001). 
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on the terminal buds. Aphids on the terminal buds were 93.9% nymphs, a considerably 

higher proportion than found elsewhere. For example, only 66.6% of the aphids on the 

leaf undersides (the second most common location to fmd aphids) were nymphs. 

Likewise, 95.6% of H. convergens larvae were located in the upper canopy, with 

about half found on the stems (Fig. 3.5). Larvae were also abundant on the undersides 

of leaves in the upper canopy, with the proportion found there (26.5%) being similar to 

that for aphids. 

Table 3.1. Mean (+ SE) recovery of Hippodamia convergens larvae and 
Acyrthosiphon pisum (pea aphids) from alfalfa field plots 11 d after the plots were 
sprayed with Beauveria bassiana (ARSEF 2883) conidia at three different 
concentrations: 104 (low), 106 (medium) and 108 (high) conidia/ml. 

Mean no. 
Treatment H. convergens Mean Pea aphid 
Concentration per plot ( ±SE) biomass (g) per plot 

April-May (Experiment 1)
 
Control 7.00 (+2.83)a1 3.98 ( ±2.52)a
 
Low 1.75 (±0.05)b 2.31 ( ±1.57)a
 
Medium 1.00 (+1.73)b 3.15 ( ±2.30)a
 
High 0.04 (+1.15)b 1.44 ( ±0.45)a
 

July (Experiment 2) 
Control 7.00 (+1.63)a 0.16 ( ±0.07)a
 
Low 8.00 (+1.41)a 0.22 (+0.12)a
 
Medium 9.00 ( ±0.82)a 0.12 (+0.02)a
 
High 7.25 (+1.25)a 0.19 ( ±0.09)a
 

'Numbers in a column followed by different letters are significantly different (p <0.05), as 
determined by using Tukey's LSD. 
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Figure 3.5. Distribution of pea aphids Acyrthosiphon pisum and larvae of the 
convergent lady beetle Ht'ppodamia convergens (all instars) on alfalfa foliage in the
greenhouse. Distribution is represented by the percentage of individuals found on each
plant part for each species. 

DISCUSSION 

The initial distribution of conidia was similar throughout the crop canopy, but 

conidia persisted longer in the lower canopy. We expect survival of conidia in the field 

to be affected by UV light, moisture and temperature (McCoy et al. 1988). The lower 

canopy generally has temperatures that are lower during the day, and higher at night 

than the upper canopy, and direct sunlight is reduced due to shading. Lower persistence 

of conidia in the upper canopy may have been due to plant growth, rain washing the 

conidia into the lower canopy, poorer survival in the upper canopy due to UV exposure, 

or some combination of these factors. Patterns of persistence between the two sides of 
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leaves was consistent with either rainwater or UV effects. If plant growth were the only 

factor, patterns of persistence would be expected to be the same for both sides of leaves, 

whereas, rain may wash conidia from the upper surfaces, and solar exposure is generally 

greater on this surface. Moisture may also have had a differential impact on survival 

if conidia were wetted, dried, and rewetted. Conditions producing such an effect were 

more likely to occur in our experiments in the upper canopy on leaf surfaces exposed 

to sunlight. 

The total rate of decline we observed in B. bassiana was similar to that seen by 

Inglis et al. (1994) in alfalfa. However, we found measurable levels of viable conidia 

in the field as late as 28 d after application, and the levels of conidia found at this time 

in the high concentration treatment were sometimes greater than the initial levels found 

in the middle concentration treatment. This suggests a high persistence of B. bassiana 

conidia under fairly mild, wet field conditions. 

Despite its high persistence, B. bassiana had no effect on pea aphid populations 

in our field cages. These results are consistent with those of Dorschner et al. (1991), 

who saw up to 100% mortality in hop aphids (Phorodon humuli) exposed to B. bassiana 

in the laboratory, but the fungus did not control aphids in the field. This result may be 

due to either the aphids not receiving a sufficient dose in the field, or to weather 

conditions not being sufficient for infection to occur. Germination of B. bassiana is 

greatly reduced at relative humidities less than 95 % (Hart & MacLeod 1955; Walstad 

et al. 1970; Doberski 1981). In the field experiment, RH daily highs were always 

adequate for high germination, but occurred at night and in the early morning during the 

lowest daily temperatures. 
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Poor recovery of H. convergens larvae hampered measurements of effects of B. 

bassiana on its survival. However, it is clear that larvae were greatly affected early in 

the season, even by the low concentration treatment. The effect was greater at the low 

concentration treatment than would be expected from laboratory studies, because the low 

concentration in the field was 1/100th of the laboratory LC50 of 3.24x 106 cfu/ml of 

conidia (James & Lighthart 1994). Yet in the second experiment, later in the season, 

survival of larvae did not appear to be affected by B. bassiana at all, despite the fact 

that initial conidial densities in the field were somewhat higher than in the first 

experiment. This result suggests that H. convergens may be more susceptible to B. 

bassiana in the field than the pea aphid is, but that its susceptibility is greatly affected 

by weather conditions. Environmental stress has been shown to affect insect ability to 

resist infection (Donegan & Lighthart 1989). 

Both insect species occurred almost exclusively in the upper canopy. This 

behavior would lead to higher initial exposures, but less risk to residues. H. convergens 

larvae were found more frequently on stems and in the lower canopy than were aphids. 

This distribution may be a result of H. convergens having to traverse these areas to 

move from one leaf to the next and from one plant to the next. Conversely, H. 

convergens larvae were found at a much lower frequency on the terminal buds than were 

the pea aphids. This area may act as an aphid refuge, particularly for nymphs. 

The difference between predator and prey distributions on the plants does not 

explain differences in survival seen between the aphid and the beetle in the first 

experiment. Both insects spent a similar amount of time on the upper part of the plant, 

and there was no significant difference in conidia densities between leaves and stems in 
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the first experiment. Other aspects of behavior may be more important. For example, 

H. convergens larvae spend more time moving around on the foliage than aphids. This 

behavior may lead to greater rates of conidial pick-up, or H. convergens larvae may 

increase their risk to infection when they consume infected aphids, because B. bassiana 

can infect through the gut (Gabriel 1959). Aphids, on the other hand, have sucking 

mouthparts and internal ingestion of conidia would be low. Non-behavioral 

characteristic differences may also play a role. For example, coccinellid larvae have 

more hairs than aphids, which may facilitate conidial pick-up. 

An important difference between laboratory bioassays and many field experiments 

is that laboratory bioassays assess individuals and many field trials assess populations. 

Pea aphids have a very short generation time, approximately 6 d at 22°C (Hochberg et 

al. 1986), and a very high fecundity rate. It takes 3-6 d for the fungus to kill an adult 

aphid, and that same adult may continue to reproduce during the incubation period. 

This time delay in mycosis development may impede the short term efficacy of B. 

bassiana for aphids. 

To improve control with B. bassiana, more needs to be known about the 

environmental conditions necessary for the pathogen to be effective. We still do not 

know the optimum conditions for infection. Improving formulations to increase 

infection rates may help reduce dependence on favorable weather conditions. Several 

frequent applications may be required for pests such as aphids, that have a short 

generation time and a high fecundity, particularly if the pest is not highly mobile and 

has little contact with the substrate, thus reducing its exposure to residues. The duration 
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between sprays should be less than the generation time of the pest. Unfortunately, such 

a tactic may pose an even greater risk to non-target species such as H. convergens. 
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Chapter 4
 

NONTARGET EFFECTSECTS OF BEAUVERIA BASSIANA 
(DEUTERMYCOTINA: HYPHOMYCETES) ON HIPPODAMIA 

CONVERGENS (COLEOPTERA: COCCINELLIDAE): 
LABORATORY ASSAYS VERSUS SIMULATED FIELD 

EXPERIMENTS 

for submission to the Journal of Economic Entomology 
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ABSTRACT
 

Laboratory bioassays are often the first step in determining potential non-target 

effects of microbial pesticides, however, field trials often yield results different from 

laboratory bioassays. The differences between laboratory and field conditions which 

lead to these discrepancies can be divided into two categories: (1) insect exposure 

conditions, and (2) environmental conditions. Experiments were conducted to determine 

which category was more important in causing field and laboratory test results to differ. 

The effects of Beauveria bassiana, white muscardine disease, on Hippodamia 

convergens, the convergent lady beetle, were evaluated as a model for fungal 

entomopathogens. H. convergens is a non-target insect and an important aphid predator 

in many agricultural and non-agricultural settings. EPA laboratory bioassay methods 

were found to exposed beetles to three to five times as many fungal conidia as did initial 

field exposures. However, residues from field spray applications may persist for at least 

28 d, and in the laboratory, conidia on dry, sprayed foliage contaminated larvae at a rate 

that doubled insect exposure in the first 12 hrs after treatment. Correspondingly, 

observed differences in exposure methods between laboratory and field-simulated tests 

accounted for none of the differences in mortality found in the two settings. 

Environmental effects were the principle factors determining mortality levels. Due to 

the high variability that occurs in weather conditions, these results suggest that field tests 

may have limited use for predicting the potential environmental effects of fungal 

pesticides, but laboratory assays could be improved by testing effects at different levels 

of temperature and humidity. 
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INTRODUCTION 

The number of entomopathogens being registered as biological pest control agents 

has increased greatly in the last ten years. Interest in these pesticides is a result of their 

low toxicity towards mammals and birds and leads to the expectation that they will have 

much lower environmental impacts than traditional chemical pesticides. However, some 

insect pathogens, when formulated as pesticides, may show pathogenicity or toxicity 

towards non-target invertebrates and a potential to proliferate and spread in the 

environment. The entomopathogenic fungi, in particular, often have broad host ranges 

within the Arthropoda, and thus greater potential for non-target effects (Flexner et al. 

1986, Goettel et al. 1990). 

The U.S. Environmental Protection Agency (EPA) has developed several bioassays 

in an effort to screen for potential hazards of fungal pesticides to non-target arthropods 

(i.e. James & Lighthart 1992, Donegan & Lighthart 1991, Sewall & Lighthart 1989, 

1990). However, James et al. (1995) found significantly different effects in the field 

than would be expected from laboratory studies, and similar differences have been seen 

for target species as well (Inglis et al. 1994, Dorschner et al. 1991, Latge et al. 1983). 

Two main categories of factors important in determining what actually happens in 

field vs. laboratory tests were investigated here: (1) differences in exposures, and (2) 

differences in environmental conditions. A case study was conducted with an 

entomopathogenic fungus, Beauveria bassiana (Deuteromycotina: Hyphomycetes), also 

known as white muscardine disease, and a non-target insect, Hippodamia convergens 

Gue. (Coleoptera: Coccinellidae), the convergent lady beetle, which is an important 

aphid predator in many agricultural and non-agricultural settings. B. bassiana has been 
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shown to cause mycosis in H. convergens (James & Lighthart 1994) and other 

Coccinellidae (Magalhaes et al. 1988) when the beetles are exposed in the laboratory. 

These laboratory evaluations were conducted under uniform conditions, yet relative 

humidity and temperature can greatly affect conidial germination and sporulation rates 

(Tanada & Kaya, 1993), and thus are probably of great importance to the rates of 

mycosis that may occur in the field. 

MATERIALS AND METHODS 

Two main experiments were conducted. One which compared laboratory 

bioassays vs. greenhouse simulations of field conditions, and one to determine exposure 

levels, insect behavioral responses to fungal treatments, and persistence of the fungus 

in the field. A third experiment was conducted in the laboratory to determine whether 

insects could become contaminated from foliar residues of conidia. 

Laboratory vs. greenhouse exposures. 

Two exposure and two incubation methods were used to determine their effects on 

mycosis-induced insect mortality rates. The exposure methods were (1) those described 

in an EPA laboratory bioassay protocol for assessing the pathogenicity of fungal agents 

towards coccinellid larvae (James & Lighthart 1992), and (2) a simulated field spray 

conducted in greenhouse alfalfa plots. Sprays were applied in the greenhouse to limit 

extremes in temperatures and moisture usually seen under field conditions. Such 

extremes could prevent mycosis from occurring entirely, and thus prevent an evaluation 

of the role of exposure method. 
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We used twenty-four 0.6 x 0.6 m plots of two-year-old alfalfa which had been 

planted directly into the ground in a floor-less greenhouse. Plots were arranged in a 6 

x 4 array with 0.6 m between plots. After exposure, larvae were incubated either under 

the conditions of the EPA bioassay or in greenhouse plots. The number of conidia per 

beetle larva that was picked up from the two different exposure methods was also 

quantified, as described below. 

The experiment consisted of three main treatment groups. For the first, 36 neonate 

beetle larvae were exposed to B. bassiana by dipping larvae for 10 sec in a mixture of 

5x108 cfu/ml of conidia in water, and incubated at 25°C, 96% RH for 72 hrs, and then 

at 70% RH thereafter Larvae were fed live pea aphids every other day (James & 

Lighthart 1992). Control larvae were treated similarly except sterile water was used 

instead of the B. bassiana mixture. In the second group, 36 larvae were exposed to B. 

bassiana in the laboratory as just described, and then placed in cages in greenhouse 

alfalfa plots. Larvae were contained individually in tubular nylon-organza cages (14 cm 

wide x 56 cm long) placed over a single plant stem and sealed closed with clay. Six 

larvae were placed in each of six plots. Control and B. bassiana treated larvae were 

placed in separate plots. For the third treatment, six uncaged larvae were placed in each 

of 12 plots. Six plots were sprayed with water, and six with the B. bassiana mixture 

used to treat larvae in the laboratory bioassay. Plants were sprayed for 9 sec using a 

gas pressurized (20 psi) backpack sprayer, yielding an application rate of 8x1014 cfu/ha. 

After the application, larvae were recovered and individually caged on a single stem, as 

before. Each cage contained 0.6 g live pea aphids, Acyrthosiphon pisum (Homoptera: 

Aphididae), as prey. Beetle larval mortality was determined after 8 days. All dead 
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larvae were incubated and observed for production of B. bassiana hyphae. Only larvae 

which produced B. bassiana hyphae were considered to have died from fungal infection. 

To determine the number of conidia that beetles picked up, 36 larvae were dipped 

in the B. bassiana mixture, and 36 more larvae were sprayed in the plots (these 

treatments were done simultaneous to the corresponding treatments above). All larvae 

were allowed to dry for 2-4 hours. Larvae from each exposure treatment were 

randomly divided into 6 groups of 6 larvae, and each group was macerated in 0.5 ml 

0.1% Tween8OR in 1.5 ml ependorf tubes using a motorized plastic pellet pestle (Kimble 

Deltaware, Toledo, OH). The number of conidia in this mixture was determined using 

standard plate count technique on a selective medium which included Sabouraud 

Maltose Agar with yeast extract (SMAY) (Difco Laboratories, Detroit, MI) as the 

nutrient base, and chloramphenicol, benlate, dodine, and crystal violet as selection 

compounds (Sneh 1991, James et al. 1995). Plates were incubated at 25°C for 5-7 d. 

The entire experiment was repeated three times; however, in the second and third 

trials, only two plots were used per treatment, with ten cages per plot. Larval exposure 

levels were determined using a replicate of 8, with one insect per replicate. The 

concentration of viable conidia used was 2x108 and 5x108 cfu /ml (with spray rates of 

3x1014 and 7x1014 cfu/ha) in the second and third trials, respectively. Temperature and 

relative humidity within a cage were recorded hourly during each experiment using a 

21X Data logger (Cambell Scientific, Inc., Logan UT). 
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Field exposures. 

This experiment was conducted in a 3 yr old alfalfa field on the Oregon State 

University Entomology Farm, 2 mi east of Corvallis, Oregon. Experimental plots were 

lm x lm, and spaced 5 m apart. Plots were arranged in a 7 x 4 plot array and were 

defined with a lm x lm x lm plastic-pipe frame that was placed over the alfalfa. One 

insect cage was used per plot. Insect cages were clear acrylic tubes, 12.7 cm in 

diameter and 91.4 cm in height, with a 0.16 cm wall thickness. Tubes had three holes 

(1-cm diameter) along the length of the tube in a straight line, with another three holes 

on the opposite side of the tube and the top was open as well. The holes permitted air 

flow through the tube and warm air could move up and out the top, so that 

environmental conditions inside and outside the tube would not differ greatly. Cages 

were set-up by pouring plaster around the base of a single plant and placing the tube 

over the plant and into the plaster. The plaster functioned to prevent larvae from 

escaping and ground dwelling predators from entering the tube. The plaster also 

allowed us to see larvae when they were on the ground. All tube openings were covered 

with clear organza fabric. 

This experiment consisted of four treatments, with seven replicates per treatment. 

Each plot received one treatment, and treatments were assigned randomly. For the first 

treatment, 7 neonate beetle larvae were exposed to B. bassiana by dipping larvae for 10 

sec in a mixture of 9x107 cfu/ml of conidia in water and then placing them individually 

in field cages. The second treatment was a control, where larvae were treated similarly 

except sterile water was used instead of the B. bassiana mixture. The third and fourth 

treatments plots were sprayed: 5 larvae were placed in each of 14 plots, seven plots 
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were sprayed with water, and seven with the B. bassiana mixture used in the first 

treatment. Plants were sprayed for 20 sec using a gas pressurized backpack sprayer (20 

psi), yielding an application rate of 1x1014 cfu/ha. After spraying plots (which included 

spraying plants within cages), one larva was recovered from each plot and placed in a 

cage. Live pea aphids (0.5 g) were added to each cage on the day treatments were 

applied, and 0.6 g more were added 8 d later. 

To determine the number of conidia that beetles were exposed to, seven larvae 

were dipped in the B. bassiana mixture, and another larva was collected from each of 

the seven fungus sprayed plots. All larvae were allowed to dry for 2-4 hrs, and the 

number of conidia attached to each was determined as described for the greenhouse 

experiment. 

The clear acrylic tubes allowed us to observe and monitor larvae over the course 

of the experiment without disturbing them. The frequency of occurrence of larvae on 

different plant parts was recorded, with the possible insect locations designated as: on 

the upper or lower halves of the plant, on leaves or stems, or not on the plant. Insects 

were monitored at 10:00 AM on the following days after treatments were applied: 1, 4, 

6, 8, 11, 13, 15, and 18 d. By 18 d, all larvae had either died or pupated. 

B. bassiana persistence was measured by sampling one plant from each sprayed plot 

on days 0, 7, 14, 21, and 28 days after spray application. The number of conidia per 

plant was determined by placing each plant in a sterile plastic bag with 20 ml of sterile 

0.1 % Tween 80, and processing it in a stomacher blender (Tekmar, Cincinnati, Ohio) 

for 1 min to macerated the plants and dislodge any conidia. The solution in the bag was 

plated on selective media (as used for insect conidial samples), and standard plate count 
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technique was used to enumerate conidia. The remaining mixture was then filtered in 

a Buchner funnel to recover the plant material, which was then dried (at 60°C for 3 

days) and weighed, and the total number of conidia per unit of plant biomass was 

calculated. This calculation was done to standardize the samples because plant size 

varied. Twenty-one days after treatments were applied (and after all insects had pupated 

or died), plants within cages were sampled, processed, and compared with uncaged 

plants. 

To verify that the fungal preparation used was still actively pathogenic to the 

beetle, a dose response test was conducted in the laboratory. The following series of 

conidia-water concentrations was made from the same batch as was used in the field 

experiment: 6.17x108, 6.17x107, 6.17x106, 6.17x105, 6.17x104, and 0 cfu/ml. For each 

concentration, 30 larvae were dipped for 10 sec each, and incubated in the laboratory 

as described above. All dead larvae were held at room temperature on sterile agar-water 

and observed for the production of B. bassiana hyphae. Only larvae that produced 

hyphae were considered to have died due to B. bassiana infection. 

Residue exposures. 

Insects in the field were potentially exposed to direct spray deposits and to residues 

on the foliage. The relative degree of exposure insects might receive from treated 

foliage was tested using field peas which were grown for 1 wk in clear plastic 

germination boxes with sand and complete fertilizer (three peas per box). To treat 

aphids with direct spray applications, 10 adult aphids were added to each of 12 boxes, 

and after 1 hr, plants in the boxes were sprayed to the point of drip with a hand held 

mister. Six controls were sprayed with sterile water, and the other six boxes were 
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sprayed with a mixture of 1.8x108 cfu/ml. To determine aphid exposure to residues, six 

boxes were similarly sprayed with the conidial mixture and allowed to dry for 1 hr. 

After this time, ten adult aphids were added to each box. After 12 hrs, two aphids were 

sampled from each box, placed in 0.5 ml of sterile 0.1% Tween 80, macerated, and the 

conidia were enumerated as described above. Each box consisted of a separate 

replicate. 

H. convergens were tested in a similar manner, except two neonate larvae and 10 

adult aphids were placed in each box, and 12 boxes were used per treatment. Because 

beetles are cannibalistic, only one beetle was recovered from each box, but beetles from 

two boxes were processed together to give a replicate of six. 

Sources of organisms. 

Neonate larvae of H. convergens were used in all experiments, and were obtained 

from in-house laboratory colonies which had been in culture for six years, however, new 

wild adult beetles had been added to the colony approximately every six months. 

Rearing methods for H. convergens and pea aphids are described by James & Lighthart 

(1992). 

B. bassiana (ARSEF 2883) was originally obtained from the U. S. Department of 

Agriculture's Collection of Entomopathogenic Fungal Cultures (Ithica, NY). The fungus 

was cultured on SMAY agar. Conidia were scraped off the surface of 3-4 week old 

cultures using a sterile metal spatula. For the first set of experiments, conidia were 

harvested the evening prior to the experiment and suspended in sterile deionized water 

using a tissue grinder, and stored overnight at 7°C. For the field experiment, harvested 
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conidia were stored dry at -80°C for 3 mo and suspended in water the evening prior to 

the experiment. 

Statistical analysis. 

Laboratory vs. greenhouse exposures. 

Multivariate analysis of variance (SAS 1990) was used to determine if any of the 

following factors had a significant effect on insect mortality: incubation method 

(laboratory vs. greenhouse), exposure method (laboratory treatment vs. spray 

application), and treating insects with B. bassiana. If a significant effect was seen, a 

Tukey's Studentized HSD test was used to compare means from the three treatment 

groups. An F-test was used to determine if there was a significant difference between 

exposure methods on the log-number of conidia picked up by insects. 

Laboratory vs. field exposures. 

To evaluate beetle behavior, G-tests (Sokal and Rolf 1981) were used to determine 

whether either exposing insects to B. bassiana or spraying plants had any effect on their 

distributions on plants. G-tests were also used to determined whether or not larval 

distributions among plant parts were significantly different than a uniform distribution. 

The frequency of occurrence at each location category was pooled between replicates 

within a treatment. 
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RESULTS 

Laboratory vs. greenhouse exposures. 

H. convergens larvae picked up 5-fold more B. bassiana conidia in the laboratory 

exposures than in greenhouse spray applications (F=31.75, df=6, P <0.005). 

Although larvae had higher initial exposure levels in the laboratory than in spray 

treatments, the two application methods did not lead to significantly different levels of 

mortality in the greenhouse (Table 4,1). Laboratory bioassay conditions, on the other 

hand, led to a 2.25 increase in mortality as compared to H. convergens larvae incubated 

in the greenhouse. 

Table 4.1. Mortality and exposure levels of Hippodamia convergens larvae under 
different testing conditions for determining the effects of a fungal microbial pesticide, 
Beauveria bassiana. 

% Mortality Mean 
Exposure Incubation Time Time Time Exposure Level 
Method Method 1 2 3 (#conidia/insect) 

Laboratory laboratory 97.2 92.0 95.0 a' 2.04x104 
bioassay bioassay 

Laboratory greenhouse 41.4 60.0 30.0 b 2.04x104 a 
bioassay alfalfa plots 

Greenhouse greenhouse 35.7 50.0 35.0 b 4.07x103 b 
spray alfalfa plots 

Numbers in a column with different letters are significantly different (P<0.001). 1 
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A comparison of mortalities in the three replicate greenhouse treatments revealed 

that the date of the experiment had a greater effect on mycosis than exposure method. 

Exposure rates varied little between replicates, but both mortality and environmental 

conditions varied greatly between replicates in the greenhouse. The mean daily high 

temperatures for the first, second and third replicates were 28°, 21°, and 23° C, 

respectively, and the mean daily lows were 16°, 13°, and 13°C. This corresponds with 

a total of 167, 134, and 141 degree days for the three replicates, respectively. The 

mean daily highs in humidity were 96%, 98 %, and 89 % RH for the three experiments, 

and the mean daily lows were 73 %, 85 %, and 68 %, respectively. The greatest 

differences in humidity were seen in the first two days of the experiments. During this 

time, RH levels were between 95-75 %, 100-95 %, and 75-50% for the first, second and 

third replicates, respectively. The second replicate (Time 2; Table 4.1) had the greatest 

mortality, lowest temperatures, and highest humidity. It also had the lowest mortality 

in the laboratory. 

Field Experiments. 

Larvae were not uniformly distributed in the canopy (G=31.39, df=1 P< 0.001), 

being twice as likely to be found in the upper canopy than the lower, but were uniformly 

distributed between leaves and stems. Spray treatments and exposure to B. bassiana did 

not affect distributions of larvae on the plants (Table 4.2). 
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Table 4.2. Distribution of Hippodamia convergens larvae within the canopy in the field 
experiment, as represented by the percentage of observations seen in each location. 

% Occurrence No. of 
Exposure Upper Lower Upper Lower Off Obser-
Method Treatment Leaves Leaves Stems Stems Plant vations 

Lab. Bioassay Control 31.7 7.3 46.3 4.9 9.8 41 
Field Spray Control 31.7 12.2 17.1 9.8 29.3 41 
Lab. Bioassay Beauveria 28.9 4.4 26.7 22.2 17.8 45
 
Field Spray Beauveria 29.2 4.2 25.0 12.5 29.2 24
 
All methods & treatments 30.5 7.3 29.1 12.6 20.5 151
 

None of the beetles exposed to B. bassiana in the laboratory died in the field, and 

none of the control insects died. Of the larvae sprayed with B. bassiana, 2 (29%) died 

from mycosis in the field. Mortality in the field was much lower than expected from 

the laboratory response tests (Table 4.3). 

Laboratory treated insects picked up 1.14x104 (SEM =1.16) conidia per insect, 

whereas field sprayed larvae picked-up 3.43x103 (SEM=1.26) conidia per insect. 

However, B. bassiana persisted in the field for at least 28 d. The number of conidia 

per g of plant dry biomass declined to 0.30% of initial levels, leaving 1.6x106 

(SEM=1.1) cfu/g plant dry biomass after 28 d (Fig. 4.1). The mean concentration of 

conidia on caged plants after 21 d was 8.7x106 cfu/g plant dry biomass, which was 

significantly higher than for uncaged plants, at 2.4x106 cfu/g plant dry biomass 

(t=2.261, df=--- 6, P<0.05). 

http:SEM=1.26
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The daily averages in field temperature were similar to those observed in the 

greenhouse, but were associated with more variability. Within the cages, the highest 

temperature ever observed was 45°C, but the mean daily high and low was 36 and 9°C, 

respectively. These means were very similar to those found in foliage outside cages, 

where they were 32 and 9°C, respectively. Relative humidity levels were generally 

lower than in the greenhouse, with the mean daily high and lows being 90 and 38%, 

respectively. Humidity in the foliage outside the cages was higher and less variable, 

with the mean daily high and lows being 95 and 69% RH, respectively. 

Table 4.3. Mortality of Hippodamia convergens larvae in the laboratory after exposure 
to different concentrations of Beauveria bassiana using the same conidial preparation as 
for the field test. 

Exposure Total % % Mortality 
Rate' Mortality2 Due to Mycosis 

0 (Control) 23.3 0 
6.2x104 10.0 0 
6.2x105 36.7 23.3 
6.2x106 70.0 50.0 
6.2x107 100.0 83.3 
6.2x108 86.7 86.7 

1Concentration (conidia/ml) of the treatment mixture. 
2Sample size of 30 

Laboratory residue exposures. 

The mean number of conidia picked up by aphids was 8322.9 (SEM=3098.8) 

conidia/insect in the spray treatment, and 4277.8 (SEM =1134.1) conidia/insect from 

treated foliage; and beetles picked up 7931.6 (SEM =2387) and 3825 (SEM =1219.4) 
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Figure 4.1. Persistence of Beauveria bassiana after spray applications to alfalfa plots in
the field. 

conidia/insect from the direct spray and treated foliage treatments, respectively. The 

residue exposure treatments accounted for approximately 50% of directly sprayed 

treatments (which included direct sprays and 12 hr exposure to residues) for both 

insects. There was little difference in exposures between the two insects. 

DISCUSSION 

The number of conidia that beetles were exposed to in the laboratory was 3-5 times 

higher than the initial exposure level from spray applications. The latter measurements 

only took into account the initial exposure after a spray, whereas insects continue to be 

exposed to conidia from foliar residues. Mortality caused by B. bassiana in the 

laboratory was over twice that in the greenhouse, regardless of exposure method. These 

30 
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results indicate that (1) laboratory exposure methods adequately simulated field 

exposures, and (2) environmental conditions greatly affected levels of mycosis, and were 

probably the main factors contributing to differences in laboratory versus field results. 

In the greenhouse, the highest mortalities occurred in the second replicate, despite it 

receiving the lowest conidia levels and having the lowest laboratory mortality. This 

higher mortality occurred in a replicate that had cooler temperatures and higher humidity 

levels (especially in the first three days). This correlation is consistent with the low 

levels of mycosis seen in the field trials, where temperatures were higher and humidity 

was lower than in the greenhouse trials. Low mycosis in the field was not due to the 

quality of the fungal preparation, as indicated by the high levels of mycosis found in the 

laboratory. However, field cages may have affected mycosis by allowing for higher 

temperatures and lower humidities. The lower humidity was probably due to the caged 

plants being somewhat isolated from the canopy, which was very dense. 

The number of conidia that beetles contact in the field comes from both direct 

deposition of spray droplets, and from pick-up of residues (Jepson 1989). Observations 

of beetle behavior indicated that beetles did not alter their distribution in the foliage in 

response to treatments, and suggests that neither spray treatments, nor B. bassiana 

affected behavior. Beetles occurred in the upper canopy approximately 60% of the time, 

and in the lower canopy about 20% of the time. Otherwise, they were off the plants, 

and presumably would be moving from one plant to another if not caged. James et al. 

(1995) found the initial deposition of B. bassiana conidia from spray applications to 

alfalfa to be uniform throughout the canopy, however, persistence of conidia was greater 

in the lower canopy. Thus, foraging may have little affect on beetle exposure to spray 
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droplets, but could affect exposure to plant residues. The beetle's increased occurrence 

in the upper canopy could lower its exposure to residues. 

Field activities of B. bassiana can be highly variable and do not always correspond 

with levels of mycosis seen in laboratory assays. However, we do not advocate the 

demise of laboratory bioassays, as they are usually very sensitive, and thus important 

for determining the potential host range of microbial pesticides. Our work does indicate 

that differences in exposure method, a concern borrowed from testing toxicity of 

chemicals towards humans and wildlife, may not be as important for testing the effects 

of entomopathogens on insects as are environmental conditions, particularly for 

entomopathogenic fungi. Laboratory exposure methods that expose the entire insect, 

such as by dipping them in a liquid mixture, may be adequate to simulate a spray 

application. We recognize that some pathogens infect through the gut (i.e. most viruses 

and bacteria), and for such cases, more research is needed to determine appropriate 

methods for simulating field exposures. These tests also do not take into account the 

compounding affects of commercial formulations which are used to improve the efficacy 

of the fungus. For example, oil formulations make B. bassiana less sensitive to ambient 

humidity conditions (Inglis et al. 1994). 

For fungal pathogens, such as B. bassiana, the effects of weather play an 

important role in field results. To more adequately predict field outcomes, laboratory 

conditions need to better simulate weather conditions. However, for the purposes of 

standard protocols to be used by regulatory agencies, the results from such experiments 

would be too variable for relative comparisons between microbial agents. Studies could 

be conducted to determine the effects of a select number of environmental conditions on 
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insect-pathogen interactions--the selection of such conditions should be within the range 

of viability of the non-target organism and expected field conditions. Our results also 

suggest that field tests yield results that are too variable for predicting the potential 

environmental effects of entomopathogenic fungi. However, this does not preclude the 

usefulness of field monitoring for detecting early effects of microbials on non-target 

organisms. 
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Chapter 5 

THE EFFECTS OF TEMPERATURE AND HUMIDITY ON 
BEAUVERIA BASSIANA (DEUTERMYCOTINA: 

HYPHOMYCETES) MYCOSIS IN HIPPODAMIA CONVERGENS 
(COLEOPTERA: COCCINELLIDAE) 

for submission to the Journal of Invertebrate Pathology 
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ABSTRACT
 

Entomopathogenic fungi are greatly affected by environmental conditions in both 

the laboratory and the field. Previous studies have often assumed that environmental 

field conditions primarily affect fungal viability and pathogenicity, when such conditions 

may actually affect both a fungus's ability to infect and an insect's ability to resist 

infection. Understanding this interaction may help to more accurately predict field 

effects. In this study, the effects of temperature and humidity on Beauveria bassiana 

mycosis were tested in a predatory beetle susceptible to this fungus, Hippodamia 

convergens. Percent germination of conidia was not affected by temperatures between 

15-30°C (the growth range of the insect), whereas, insect mortality due to mycosis was 

reduced as temperature increased above 20°C. Temperature also had a curvilinear effect 

on the rate of mycosis (insect survival time). The shortest survival time occurred at 

28°C. 

High levels of humidity are required for B. bassiana conidia to germinate in vitro, 

but such conditions were found not to be required for infection to occur. Insect cuticle 

may provide microclimates suitable for germination of some conidia, although the 

prevalence of mycosis does increase with increases in the period of exposure to high 

humidity (96% RH). These results suggest that the highest field mortalities should occur 

under cool, wet conditions. 

INTRODUCTION 

Environmental conditions, especially temperature and humidity, have long been 

recognized to play a significant role in the incidence of epizootics of insect pathogens 
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(Benz 1987). In previous studies, the non-target effects of Beauveria bassiana on the 

convergent lady beetle, Hippodamia convergens, varied greatly in terms of infection 

rates in both the greenhouse and field after spray applications (Chapters 3 and 4). This 

variability was due primarily to environmental conditions, with the highest infection 

rates occurring when temperatures remained below 25°C and humidity above 95 % RH 

(particularly during the first three days after spray applications)(Chapter 4). To facilitate 

our ability to predict the effect of B. bassiana applications on both non-target and target 

insects, a better understanding of the role of temperature and humidity on B. bassiana 

infections was needed. 

Clerk and Made lin (1965) and Daoust and Pereira (1986) demonstrated that 

temperature and humidity affect both survival and germination rates in B. bassiana. If 

temperature affects percent germination in conidia, it will affect the infectious dose 

insects receive in the field, for example temperatures above 35°C inhibit germination 

entirely (Walstad et al. 1970). B. bassiana conidia also require humidity levels > 92 % 

RH for germination (Walstad et al. 1970), however, infections have occurred at ambient 

humidities as low as 50 % , probably due to micro-environmental conditions on the insect 

cuticle (Doberski 1981, Ramoska 1984). The effect of humidity should be greatest 

during the initiation of infection since it is primarily a requirement for conidial 

germination. Two hypotheses were tested here: (1) that increases in temperatures 

(within the range of growth for both the pathogen and the insect) will increase levels of 

conidial germination and mycosis, and (2) that a critical period of exposure to high 

ambient humidity (>96%) is required for infection to occur in H. convergens. 
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METHODS 

Culture of organisms. 

Neonate larvae of H. convergens were used in all experiments. Eggs were 

collected daily from adult females maintained on live pea aphids (Acyrthrosiphon pisum), 

washed with 0.2% hyperclorite solution, and stored at 12°C for up to one week. Prior 

to an experiment, eggs were placed at 25°C for 3 d and allowed to hatch. Neonate 

larvae 0-24 hrs post-eclosion were placed individually in sterile 20 ml glass scintillation 

vials and fed live pea aphids 24 hrs prior to experimental treatments. Larvae were fed 

fresh aphids every two days during an experiment. Scintillation vials were closed with 

foam test-tube stoppers to allow for air flow into the vial. For more detailed insect 

rearing instructions for H. convergens and A. pisum, see James and Lighthart (1992) or 

the Appendix. 

B. bassiana (ARSEF 2883) was obtained from the U.S. Department of 

Agriculture's Collection of Entomopathogenic Fungal Cultures, Ithaca, NY, and cultured 

on Sabouraud Maltose Agar (Difco Laboratories, Detroit, MI) with yeast extract 

(SMAY) at 25°C. Conidia were scraped off the surface of 14-21 d old agar plates and 

suspended in sterile deionized water using a hand operated tissue grinder and stored in 

suspension overnight at 7°C. This mixture was diluted to the desired concentration 

using a hemocytometer to estimate the concentration. Final viability was determined 

using standard plate count technique. 



61 

Assessing the effects of temperature on conidia germination. 

To determine the effect of temperature on the proportion of conidia which will 

germinate, conidia were plated on SMAY agar and incubated at different constant 

temperatures between 10-35°C. This range defines the upper and lower thresholds of 

viability for H. convergens (Miller 1992). Conidia were prepared as described above, 

and 0.1 ml allotments were spread on plates at four different serial dilutions such that 

10-10000 conidia were spread per plate. The concentration of the original mixture was 

determined microscopically using a hemocytometer. Three replicate plates of each 

dilution were incubated at different temperatures until colonies were visible and could 

be counted. Percent germination was defined as the ratio of the concentration estimates 

from plate counts to those from hemocytometer counts. The detection limit for 

germination was 0.01 %. The entire experiment was replicated eight different times, 

using 5-6 different temperature treatments in each experimental run. Five replicates 

were from freshly collected conidia as described above, and three used a batch of 

conidia which had been stored dry at -80°C for 15 wks. 

An F-test was used to determine if there was a significant effect of temperature on 

percent germination of B. bassiana conidia. A nested block designed was used where 

each experimental run was a block, and each replicate plate within an experimental run 

was a subsample (Peterson 1985). 

Effect of temperature on the infection rate and incubation period. 

To assess the effects of temperature on disease development, beetle larvae exposed 

to B. bassiana were incubated over a range of temperatures. Neonate larvae were 
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exposed to the fungus by dipping them in either water (as a control) or a mixture of 

conidia in water at one of three concentrations, 5x106, 1x107, 5x108 cfu/ml. Larvae were 

dipped by holding them by the middle and hind legs with a pair of fine pointed, flexible 

forceps, and immersing them entirely in the mixture for ten seconds Larvae were then 

placed individually in 20 ml glass vials with foam stoppers and incubated at one of the 

following temperatures: 15°, 20°, 25°, 28°, or 32° C. Forty larvae were used per 

treatment. Vials were placed in 2 L plastic boxes containing either water (for the 5x106 

and 5x108 cfu/ml treatments) or a saturated solution of KH2PO4 (for the 1 x107 cfu/ml 

treatment) to provid conditions of high humidity (>96% RH). After 24 hrs, larvae 

were removed from the boxes and incubated at 70% RH, with 14 hrs light/10 hrs dark, 

but remained at the same treatment temperature. 

Mortality was read every 12 hrs for the lowest and highest conidia concentration 

treatments, and every 24 hrs for the middle concentration treatment, until all insects had 

either died or pupated, except at 15°C, which is near the developmental threshold of the 

convergent lady beetle (Miller 1992). At this temperature, mortality was read every 12

24 hrs until no further mortality was seen for three or more consecutive days in any of 

the treatments. 

Regression analysis was used to determine the effect of temperature on percent 

mortality. Data from all three exposure levels were pooled, because the effects of 

temperature were similar for all three. The dependent variable used was the arcsin

square root of the proportion of beetles killed from B. bassiana. For the lowest and 

highest exposure levels, larvae that had died had not been saved to determine the cause 

of mortality. For these treatments, Abbott's mortality adjustment (Abbott 1925) was 
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used to compensate for the differential control mortality seen at the different 

temperatures. For the middle exposure level, B. bassiana caused mortality was 

determined as described below for the next experiment. 

To test for temperature effects on the rate of disease development, the Kaplan-

Meier method was used to determine the distribution of insect survival time in each 

treatment, and these distribution functions were then compared using the Wilcoxon test 

(Lawless 1982, SAS 1990). This analysis was selected over an analysis of variance of 

the mean time-to-death because it allowed for a better utilization of the data. Unlike an 

analysis of variance, this method does not assume a normal distribution of survival time. 

Only those insects which had died from B. bassiana mycosis should be included in this 

analysis, but the actual cause of death for insects in the highest and lowest exposure 

rates had not been determined, thus only individual insects which died from mycosis in 

the middle concentration treatment, and all of the insects which died in the highest 

concentration treatment were used. Previous experience of the author has indicated that 

nearly 100% of insects which die after exposure to such a high dose are infected (and 

this held true also for the middle concentration treatment). 

Effect of humidity on mycosis. 

To determine the length of time insects must be exposed to high ambient humidity 

for B. bassiana infection to occur, four replicates of 20 neonate larvae were exposed to 

a conidial mixture of 2x107 cfu/ml (as described above), and placed at 96% RH for each 

of the following time periods: 0, 3, 4, 8, 16, and 24 hrs. Conditions of high humidity 

(96% RH) were maintained by placing the larvae in sealed plastic boxes containing 
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saturated solutions of KH2PO4 and water. After the initial period of high humidity 

exposure, beetles were maintained at 70% RH, 25°C in a growth chamber. Control 

insects were untreated and maintained at 70% RH, 25°C. Dead larvae were incubated 

at 25°C on sterile water-agar and observed for hyphal penetration of the cuticle. Only 

larvae which showed hyphal penetration were considered to be killed by B. bassiana. 

Linear regression was used to determine the effect of exposure period to high 

humidity on percent mortality (SAS 1990). An arcsine-square root transformation of the 

proportion of larvae dead due to B. bassiana was used as the dependent variable. 

RESULTS 

Temperature had no effect on percent germination of B. bassiana conidia (F=2.58, 

di. =7, P<0.102), except at 35°C, where there was no germination (Fig. 5.1). Percent 

germination of conidia that had been stored at -80°C was lower than for fresh conidia, 

resulting in a significant block effect (F=4.16, d.f. =7, P <0.001). Temperature was 

observed to affect the rate of germination in that visible colonies formed more quickly 

at higher temperatures; however, this effect was not measured. 

Temperature did have a significant effect on mortality levels of larvae exposed to 

B. bassiana (F=17.18, PG0.001, 7-2=0.57). The effects of B. bassiana decreased as 

temperatures increased. Control insects showed a very different response; mortalitywas 

lowest at 25°C and increased as temperatures both increased and decreased (Fig. 5.2). 

Temperature also had a significant effect on the survival function of infected 

insects (P< 0.0001, df=4, for each dose). To visualize the effects of temperature, mean. 

insect survival time (in days) was plotted against temperature (Fig. 5.3). From this 

http:7-2=0.57
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figure, it can be seen that mycosis occurred more rapidly at moderate temperatures 

(25°C) than at high or low temperature extremes. The effect of temperature for the two 

exposure treatments was nearly identical, except that the magnitude of the effect was 

different, that is, larvae died more rapidly when exposed to the higher concentration of 

conidia. 
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Fig. 5.1. Percent germination of Beauveria bassiana conidia at different temperatures.
Solid circles represent fresh conidia, squares represent conidia stored at -80°C for 15
wks. 

The effect of exposure period to high humidity (>96% RH) on B. bassiana 

mycosis was highly significant (F=14.3, P < 0.0009, r2 =0.36) (Fig. 5.4), although the 

variability in response was large. The treatment with no exposure to high levels of 
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Fig. 5.2. The effect of temperature on Beauveria bassiana mycosis in Hippodamia 
convergens larvae. Larvae were exposed to conidia at 5x108 (), 1x10' (0), or 5x106
cfu/ml ( ), or to sterile water (III). 
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Fig. 5.3. The effect of temperature on the rate of Beauveria bassiana infection in 
Hippodamia convergens larvae. Lines are quadratic equations derived from regression 
analysis, and were used solely for representation of effects (see text for statistical
analysis), bars represent ±SEM. Insects were exposed to conidia at 1x107 () or 5x108
cfu/ml (II). 
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Fig. 5.4. The effect of exposure period to high humidity (<96% RH) on the prevelence 
of Beauveria bassiana mycosis in Hippodamia convergens larvae. 

humidity resulted in a mean mycosis induced mortality of 37.9% (SE=2.1 %), and 

mortality increased in a nearly linear fashion as exposure time increased. No threshold 

time was necessary for infection to occur. 

DISCUSSION 

If the effects of temperature on infection and mycosis were entirely pathogen 

driven, mortality should have increased as temperature increased, as long as the 

temperatures being tested were within the growth range of the pathogen. However, a 

decrease in mortality occurred as temperatures increased. Similar effects have been seen 

with other entomopathogenic fungi (Mohamed and Sikorowski 1977, Gardner 1985, 

Nnakumusana 1987); however, the effect is not universal (eg. Ferron 1967, Tillotson 
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et al. 1990). For other entomopathogenic fungi, there appears to be a threshold 

temperature above which infection levels suddenly decline to very low levels. This 

threshold has been found to be at or near 30°C for several cases (Getzin 1961, Sweeney 

1978, McInnis and Zattau 1982, Boucias et al. 1984). The effects of higher 

temperatures, whether they are gradual or sudden, may be due to either decreased fungal 

activity, increased immune reactions in the insects, or a combination of both. The fact 

that temperature had no effect on B. bassiana germination at temperatures between 10 

and 32°C, and that mycosis was greatest at low temperatures, where the fungus grows 

more slowly, suggests that temperature may play a significant role in insect immunity. 

This hypothesis is further substantiated by the effects of temperature seen on the survival 

function curves (or the rate of mycosis). At temperatures of 15-28°C, the results were 

as would be expected assuming the system was driven mainly by microbial activity. 

That is, as temperatures increased, the survival time decreased. However, at 32°C, the 

rate of mycosis declined- -even though it is well within the range of temperatures for B. 

bassiana growth. 

Insects may be able to resist infection at higher temperatures due to increased 

metabolism rates or decreased stadium periods leading to more rapid shedding of the 

cuticle where the fungus is attached and attempts to invade. Another possibility is that 

metabolic compounds induced by heat stress also play a role in defense against pathogen 

invasion. For example, prophenoloxidases are known to be induced by heat stress in 

arthropods (Ashida and Soderhall 1984, Leonard et al. 1985), and also to play a role 

in recognition of foreign proteins in the body (Soderhall et al. 1994). 
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The results of the humidity experiment further substantiate the hypothesis that 

micro-site conditions on the insect cuticle may provide adequate moisture for conidial 

germination. However, increasing the period of high ambient humidity increases 

infection rates in a near linear manner, probably providing for a higher rate of conidial 

germination. 

The results of these experiments suggest that the highest field mortalities following 

B. bassiana applications should be expected to occur at low temperatures (20°C or less) 

when humidity levels are above 96% for at least 24 hr, or when rainfall provides 

moisture levels of this magnitude in crop foliage. 
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Chapter 6 

GENERAL CONCLUSIONS AND DISCUSSION 

MPCAs are often heralded as safe replacements for chemical insecticides, and 

it is true that MPCAs directed toward insect pests often lack, or have limited toxicity 

toward mammals and birds (Heimpel 1971, Kallapur et al. 1992). However, MPCAs 

may affect invertebrate species, some of which are important biological control agents 

themselves, or may be important as food for wildlife (Flexner et al. 1986). 

Furthermore, MPCAs differ from chemical pesticides in that they have the ability to 

replicate, a characteristic which could magnify the impact of any undesirable trait. 

I conducted laboratory bioassays to screen the pathogenicity of four fungal 

microbial pesticides towards H. convergens; such laboratory tests are usually the first 

step in determining potential non-target effects of an MPCA. M. anisopliae, P. 

fumosoroseus, and two strains of B. bassiana were found to be pathogenic towards H. 

convergens larvae. The strain of B. bassiana that was isolated from a coleopteran 

(ARSEF 252) had lower virulence than the strain which was isolated from a homopteran 

(ARSEF 2883), suggesting that the phylogenetic relationship between the origonal host 

and the non-target species may not always indicate the potential activity of this fungus. 

Field and greenhouse tests were conducted with the fungus B. bassiana #2883 

to determine if factors other than direct pathogenicity may be important in determining 

an MPCA' s impact on a particular insect. Differences between laboratory and field tests 

can be divided into two main categories, those due to insect exposure conditions and 
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those due to environmental conditions (Fig 6.1). Temperature, moisture, and pathogen 

availability were all uncontrolled in the field tests, but controlled in laboratory tests. 

The availability of the pathogen was dependent on the initial exposure that H. 

convergens were exposed to in the spray applications, the persistence of conidia 

residues, and the ability of the insect to pick-up these residues. Environmental 

conditions also are important in that they could affect host susceptibility, conidial 

persistence, and the ability of the fungus to infect. 

In the field, B. bassiana did not affect pea aphid populations, although pea aphids 

are susceptible (Pavliushin 1983) and infections did occur in the laboratory (RRJ, 

unreported data). These results could be the result of the pea aphid's high fecundity, 

in combination with the lack of vertical transmission of the fungus (Wang & Knudsen 

1993). Also, pea aphids have a generation time that is shorter than the incubation 

period of the fungus. These characteristics may have allowed aphid populations to 

recover from the initial spray application. 

In the laboratory, the probit dose response of B. bassiana 2883 on H. convergens 

had the steepest probit slope and the lowest LC90 value, of the pathogens tested. The 

response of H. convergens in the first field experiment, relative to the controls, was a 

much flatter dose response, in fact, there was no statistically significant difference in 

mortality between the doses, although mortality increased as dose increased. The dose 

causing 50% mortality was approximately 100-fold lower in the field than the 

laboratory. 
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Fig. 6.1. Schematic representation of the differences between laboratory and field
experiments. 



73 

The second and third field experiments showed no effects of B. bassiana on H. 

convergens larvae, yet persistence of viable conidia on the foliage was similar for all 

three experiments. The great variability in field mortality suggests that weather 

conditions had an impact on fungal infections, but not on fungal survival. The 

temperatures were lowest and rainfall highest in the first field experiment. 

The results of the greenhouse experiments indicated that the differences in 

mortality in laboratory vs. field tests were not due to differences in insect exposure to 

the fungus. Laboratory bioassay methods exposed H. convergens larvae to 

approximately five times as many fungal conidia as greenhouse spray applications. The 

greenhouse estimate did not include the continual exposure that insects will have in the 

field from foliar residues. There was no difference in mortality between laboratory and 

greenhouse spray applications, suggesting that conidial pick-up rates in the spray-

treatments made up for any differences in initial exposures. Mortality did differ 

between the laboratory and the greenhouse, and between experimental runs in the 

greenhouse. Again, the highest mortality corresponded with cool, humid conditions. 

Further laboratory experiments demonstrated that temperature and humidity do 

directly affect mycosis levels: mortality increased with decreasing temperature and 

longer periods of high humidity. The effects of temperature were counter to what would 

be expected if infection were driven only by microbial activity, suggesting that 

temperature may affect the insect's ability to resist or recover from infections, perhaps 

due to increased rates of molting or the induction of those heat stress compounds which 

also are important in defense against microbial invasions, such a prophenoloxidases. 

Increasing periods of high humidity (96%) led to increasing mortality levels, possibly 
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due to a larger number of conidia being able to germinate. Ambient humidity of 70%, 

with no period of high humidity (i.e. > 95 %) resulted in approximately 40% mortality, 

indicating that the insect's cuticle, or micro-habitats on the insect, may provide some 

of the moisture necessary for conidial germination. The effects of temperature and 

humidity in the laboratory correlated well with the results of field and greenhouse 

experiments. 

Conditions in the field which may affect the impact of a pathogen on susceptible 

insect populations, but are not accounted for in standard pathogenicity tests are 

summarized in Chapter 1 and Fig. 6.1. Of these factors, mainly weather conditions and 

field exposure rates were considered in this study, and some of the other factors were 

controlled, such as migration and prey abundance. The effects of an insect's 

reproductive potential or the transmission capabilities of the pathogen have not fully 

been considered. These factors are expected to play a greater role after multiple 

generation of the fungus and its hosts, affecting the population dynamics of the predator, 

prey, and pathogen. 

If a pest is being preyed on by an arthropod, and a pathogen of the pest is then 

introduced, the pest now has two natural enemies. This system is similar to systems in 

which two or more natural enemies are introduced for biological control of an exotic 

pest. The effectiveness and stability of such tactics has been the subject of much debate 

for nearly a century (e.g. Pemberton & Willard 1918, Turnbull & Chant 1961, Turnbull 

1967, May & Hassell 1981, James et al. 1992). Population stability may occur in such 

competitive interactions if: 
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1. The degree of niche over-lap between predators or pathogens is small. For example, 

when a predator and pathogen are both dependent on the same prey/host, but may 

not actually share the same resource, or do not directly compete for the same 

resource (e.g. by attacking during different seasons or in different 

habitats)(ICakehashi et al., 1984), or 

2. The predator and pathogen directly interact in such	 a way that one negatively 

impacts the other, and the other positively impacts the one. For example, the 

pathogen may infect the predator and reproduce within it. Another example is a 

system investigated by Croft and McRae (1992) in which three predatory mites (two 

phytoseiids and a stigmatid) fed on a common complex of phytophagous mites. The 

stigmatid also preyed on the predatory phytoseiids. During periods of high 

abundance of the phytophagous prey, the effect of one predator feeding on another 

reduced biological control of the prey. However, the same interaction had a 

stabilizing effect on prey population levels because it reduced the number of 

predators during periods of low prey abundance. 

Hassell and Anderson (1989) present a predator-prey-pathogen population model 

in which the pathogen infects only the predator. This case is somewhat different than 

presented thus far, but may be analogous to a microbial pesticide which infects the 

predator of an untargeted pest. They suggest that such a system could remain stable if 

the predator populations remain above a threshold level, otherwise the pathogen will go 

extinct. 

The whole concept of population stability may be of little significance in 

agricultural systems, which are continually being disturbed, and where the MPCA can 
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be added repeatedly when needed. How such repeated applications are likely to impact 

non-target organisms directly may be more clearly answered in pathogenicity tests. 

However, such models may give an indication of the likelihood for the microbe to 

persist after a land-use change, or applications stop for some other reason. 

Pathogens can only persist if the population of susceptible hosts remains above 

a threshold value; this threshold population is dependent on the transmission efficiency 

of the disease and its virulence (Anderson & May 1981, Brown 1987). Pathogens with 

low transmission efficiencies or which are highly virulent will only persist in high 

populations of uninfected hosts. If a highly virulent pathogen with low transmission 

efficiencies was selected, then the likelihood of it persisting in the environment would 

be low, which would be a positive attribute in regard to concerns about non-target 

effects. It would also be a positive attribute for a commercial product. The problem 

for regulation comes in determining what is "high" and "low" virulence and 

transmission. Virulence may be fairly simple to define based on laboratory 

pathogenicity tests, but transmission is more difficult to measure. However, a pathogen 

such as B. bassiana, which has a low transmission efficiency, but produces a million or 

more conidia per cadaver, which persist for long periods, could persist in the 

environment during periods of low host abundance, despite having a low transmission 

efficiency. 

In summary, sensitive laboratory bioassays are important in determining the 

potential host range of MPCAs, and should not be discontinued. The research presented 

here indicated that the importance of exposure method, a concern borrowed from testing 

toxicity of chemicals towards humans and wildlife, may not be as important for testing 
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the effects of MPCAs on insects as are environmental conditions, particularly for 

entomopathogenic fungi. Laboratory exposure methods that expose the entire insect, 

such as by dipping them in a liquid mixture, may be adequate to simulate a spray 

application. Some MPCAs infect only through the gut (e.g. most viruses), and for such 

cases, more research is needed to determine appropriate methods for simulating field 

exposures. Exposures may also differ for methods other than spray applications, such 

as the use of baits. For fungal MPCAs such as B. bassiana, environmental conditions 

play a crucial role in both the microbe's ability to infect and in the insect's ability to 

resist infection, and thus one can expect weather conditions to affect levels of mycosis 

in the field. The degree and direction in which environmental conditions have an effect 

will vary not only between different MPCAs, but also between insect species. In 

addition, commercial formulations may moderate the effects of environmental 

conditions. 

The primary foci of studies such as this one are the pathogenicity and virulence 

of MPCAs towards the organism of interest. Rates and modes of disease transmission, 

as well as virulence, play important roles in epidemiology and may determine the 

population dynamics of diseased organisms, thus determining the extent and persistence 

of an MPCA's effects. This is an important aspect of field effects that needs further 

research. 
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APPENDIX: INSECT REARING 

REARING AND KEEPING THE CONVERGENT LADY BEETLE 

Initial stocks of adult beetles were both field collected and purchased from 

commercial suppliers. For a current list of commercial sources, see Suppliers of 

Beneficial Organisms in North America, by L. G. Bezark, available from Biological 

Control Services Program, 3288 Meadowview Road, Sacramento, CA 95832. 

Most purchased or field collected adults were already mated, and laboratory 

reared adults readily mated in 30 x 30 x 30 cm metal screen cages. Mated females were 

kept individually in one ounce clear plastic cups with cardboard lids (BioSery Inc., 

Frenchtown, N.J.) for oviposition, and stored on 30-cup Styrofoam trays (BioSery Inc., 

Frenchtown, N.J.). Four to six trays were maintained continuously by setting up a tray 

of newly mated or freshly field-collected females every 7-10 d, or as often as needed. 

Summer and spring field collected females commenced oviposition immediately, but it 

took laboratory reared and purchased females 5-10 d. 

H. convergens can be sexed based on abdominal characteristics. Males, in 

general, are slightly smaller and the abdomen is more pointed posteriorly than in the 

female, and the sternal suture between the fifth and sixth abdominal segment is sharply 

curved (Figure Al). This suture is relatively straight in the female, and the sixth 

abdominal segment is small, often giving the appearance of only five abdominal 

segments. 

Mated females were kept supplied with water on a small silicone sponge cubes 

(approximately 1cm3) cut from a larger sponge, and fed approximately 0.04 g (one 
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standardized "pinch" taken with larval forceps) of live pea aphids daily. Female beetles 

must be fed 6-7 d per week to maintain egg production. Females were given new clean 

cups approximately twice a week to prevent mold build-up. 

a 
Figure A.1. Ventral abdominal view of male and female Hippodamia 
convergens 

Coccinellid eggs are very delicate and adhere to the surface they are laid on, thus 

care needs to be taken when collecting them. A wetted soft #0 or a flat #4 paint brush 

was used to pick up the eggs; water dissolves the adhesive that binds the egg to the cup 

surface. All eggs collected each day were placed on a 7.0-7.5 cm filter paper and 

washed with 0.2% NaC1O (4% bleach in water) for two minutes and then rinsed with 

sterile water three times in a Buchner funnel. The eggs on the paper are then placed in 

a sterile petri dish and placed at 12°C until needed (they may be stored up to seven 

days). It took approximately 5-10 days for newly emerged or purchased beetles to begin 

laying eggs. Nondormant field collected beetles will lay eggs right after collection. 

Eggs require approximately 60 hours to hatch at 25°C. Larvae were collected 

the day they hatched and placed individually in sterile 20 ml glass scintillation vials that 

were plugged with a foam stopper. These lids were made by cutting a foam test tube 
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plug in half lengthwise (use size B plugs for openings 14-20mm) Larvae were fed a 

"pinch" of aphids 3-4 times per week (with never more than 48 hrs between feedings). 

Only 5-10 aphids are needed for first instar larvae, but larvae were fed more as they 

grew, receiving approximately 0.08 g in the last stadium. Four to five hundred larvae 

can be fed in an hour this way. Larvae pupated in two weeks, and pupation lasted about 

four days. Newly emerged adults were placed together in the metal screen cages and 

fed water and fresh aphids as needed. Their diet was occasionally supplemented with 

Wheast' placed dry on a filter paper. 

Purchased adult beetles usually came in much larger quantities than were needed 

(i.e. >2000). The unused beetles were maintained for four to five months at 20°C, 70% 

RH and fed 5 % sucrose-water. Sugar water feeders were made by inverting a one 

ounce cup filled with the sucrose solution onto a 9.0 cm filter paper in a petri dish. 

Sugar water was available at all times and dead beetles were removed from the cages 

once a week. Purchased beetles were always in reproductive diapause on receipt. To 

break diapause, they had to be maintained at 25°C with only water (no prey) for 5-10 

d, and egg-laying would not begin for another 5-10 d after food was made available. 
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REARING ACYRTHOSIPHON PISUM FOR PREY 

A. pisum was initially collected from alfalfa, and maintained on fava beans. 

Because field collected aphids often carry diseases and parasitoids, and due to the ease 

of maintaining the colony, no wild aphids were added once the colony was initiated. 

Small seeded varieties of fava beans (e.g. Fredrick's or Banner) were planted in 

greenhouse potting soil using 50 seeds per eight-inch diameter pot. Seeds were sprouted 

at 21-25°C, and the sprouts obtained a sufficient size in one week to be infested with 

approximately 0.22 g of freshly collected aphids. Each infested pot was covered with 

a bag 35 cm in circumference and 44 cm in height, made of clear organza fabric. Bags 

were inverted over the plants and fixed to the bases of the pots with large rubber bands. 

Bags contained the aphids and facilitated in their collection. Infested plants were kept 

at 21°C in a walk-in growth chamber with 40 W cool white florescent lights. Plants 

were watered twice a week with 20-20-20 fertilizer (Peter'sR). 

Aphids were collected seven to nine days after the pots were infested by tipping 

the pot over and gently knocking aphids off the plants onto the side of the bag. Aphids 

were then dumped from the bag into a plastic dish pan without removing the bag from 

the pot. The insects were brushed with a soft fan brush into 9 dram vials. Fifteen pots 

were planted twice a week to maintain the beetles needed to keep the stock colony and 

run experiments. Aphids were stored at 5-7°C for up to three days and still remained 

viable. 




