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ABSTRACT
Organic crop production does not allow synthetic chemical inputs, but relies instead on
cultural practices and biological processes to control insect pests. In addition to insect natural
enemies, insect pathogenic fungi in the genus Metarhizium can impact insect populations either
through application of a formulated product or as a naturally-occurring or conserved biological
control agent. The development of effective biological control, especially through conservation
of endemic strains, can contribute to environmental quality and reduced health risks in
agricultural systems. Plants influence belowground soil organisms through the release of diverse
carbon rich root exudates and Metarhizium has been shown to survive in the rhizosphere of
plants. In addition, soil is a major habitat of Metarhizium and soil characteristics such as organic
matter, pH and elements such as phosphorus, potassium, calcium etc. are known to affect the
habitable niches of Metarhizium.
Therefore, I focused my research on the impact of cover crops and soil characteristics on
Metarhizium with the long-term goal of improving conservation biocontrol. This thesis consists
of 3 chapters, focused on understanding the effect of a commonly used production practice –
cover cropping – and soil characteristics on the detection of Metarhizium robertsii in an organic
feed grain system. This thesis reports research conducted from 2013 through 2015 as a
component of a larger study to assess the benefits and tradeoffs associated with increasing the
diversity of cover crops in an organically-managed feed grain production system.
In Chapter 1, I reviewed the scientific literature aimed at understanding the role of
Metarhizium as an insect pathogen, its role in pest management in organic systems and the effects
of agricultural practices on entomopathogenic fungi. Further, I reviewed literature on cover crops,
effects of plant diversity and plant species on the soil microbial community and the impact of soil
characteristics on the occurrence of entomopathogenic fungi, and specifically, Metarhizium, in
soil.
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In Chapter 2, I investigate the effect of twelve cover crop treatments that vary in species
diversity in an organically-managed corn-soybean-wheat rotation on the occurrence of the
entomopathogenic fungus, M. robertsii. I consider the effects of the nominal treatments as well as
the expressed diversity of a subset of the cover crop mixtures. Cover crops influence
entomopathogenic fungi through the release of root exudates which are a source of nutrients for
M. robertsii. Because the effects of cover crops may manifest over time, I examine the effects of
cover crop biomass from the current year as well as previous fall on detection of M. robertsii.
Accordingly, in this chapter, I hypothesized that: 1) cover crops with increasing diversity will
result in greater detection and diversity of Metarhizium as compared to cover crop monocultures;
2) cover crop biomass in the fall will be correlated with Metarhizium detection in spring; 3) cash
crops will significantly affect Metarhizium detection; and 4) expressed diversity of cover crops
will significantly affect Metarhizium detection. Against my expectations, the results revealed no
effect of cover crop diversity on detection of Metarhizium. Only one species, M. robertsii, was
detected from the experimental site. In addition, the frequency of Metarhizium detection did not
vary between monocultures and mixtures comprised of diverse species of cover crops, i.e.
polycultures. I suggest that the unexpected results are due to low initial species diversity from the
previous long-term effects of conventional management at the research site. Further, I found that
plant species (i.e., corn vs soybean) significantly affect Metarhizium detection. I suggest that this
difference in detection between corn and soybean is due to plant identity effects. Furthermore,
my results reveal the existence of legacy effects of the expressed cover crop species biomass in
the previous fall on Metarhizium detection in spring. Taken together, my research suggests that
the effect of cover crop biomass on M. robertsii detection is not immediate but appears with a
time lag.
In Chapter 3, I examine the effects of 13 soil characteristics at the experimental site on M.
robertsii to determine if particular soil characteristics may be associated with the conservation of
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this beneficial fungus. Specifically, I hypothesized that labile carbon, gravimetric moisture and
electrical conductivity will be negatively related, whereas calcium, phosphorus, potassium,
magnesium will be positively related, and elements such as copper, zinc and sulfur and pH will be
positively or negatively associated to the detection of Metarhizium. I observed that gravimetric
soil moisture, pH and sulfur were positively related to the frequency of detection of Metarhizium.
The range of sulfur at our experimental site was within the normal agronomic range for crop
production in Pennsylvania soils. The remaining soil characteristics were not instrumental in M.
robertsii detection in soil. Thus, my research identifies soil characteristics which could be
manipulated by the farmers to conserve M. robertsii in the soil at site.
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Chapter 1
INTRODUCTION
1.1 Organic agriculture
Organic agriculture is a production system managed according to the Organic Food Production
Act of 1990. Organic production integrates cultural, biological and mechanical practices that
support cycling of on-farm resources, promote ecological balance and conserve biodiversity
(USDA, Agricultural Marketing Services, 2000). The use of synthetic herbicides, pesticides and
fertilizers is prohibited. Management mainly relies on cultural practices and natural cycles to
control pests and fertility, e.g., crop rotations are used for pest and weed control and green
manures, compost and animal manures are used to manage soil fertility (Tuck et al., 2015). In the
U.S., organic agriculture developed in the first half of 20th century as an alternative to
conventional production systems. Sir Albert Howard, known as the founder of organic farming,
developed a system of composting, which was widely adopted. Jerome Rodale, an American
publisher was influenced by Howard’s vision and popularized organic concepts in United States.
Rodale promoted organic farming in the United States and publication of a USDA report “ Report
and Recommendations on Organic Farming” in 1980, and started an era of recognition of organic
farming in United States (Heckmann, 2006). Further, the passing of the Federal Organic Food
Production Act 1990 strengthened organic farming. The organic industry has continued to grow
in the United States since the implementation of national standards for organic certification under
the National Organic Program (NOP) in 2002. The Agricultural Marketing Services of the United
States Department of Agriculture houses the NOP, which develops and implements production,
handing and labeling standards for organic products (https://www.ams.usda.gov/aboutams/programs-offices/national-organic-program).
In recent years, there has been a dramatic increase in organic production and acreage.
Between 2002 and 2011, organic acreage increased from 1.3 to 3.1 million acres in the U.S.
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(McBride and Green, 2015). There were 4.4 million certified acres in the U.S. in 2015, an
increase of 20% from 2014 (USDA NASS, 2015). Organic agriculture in the U.S. recorded sales
of US$ 43.3 billion in 2015, an increase of 11% from the previous year (OTA, 2016). Dairy
occupied the second spot for organic food with sales of US$ 6 billion in 2015, accounting for
15% of total organic food sales. Despite the increase in acreage of organic production, dairy and
feed grain are two areas where a secure supply chain is needed to meet the increasing demand for
these organic products (https://www.ota.com/news/press-releases/19031).
Organic livestock and poultry require organic pasture, feed, and bedding, and supply lags
far behind need (Greene and McBride, 2015). Organic feed grain shortages are a bottleneck to the
expansion of the organic market. These shortages have forced companies to import the majority
of their organic grains (Bjerga, 2015), and feed is the top organic production expense, increasing
from US$ 480 million (19% of total expenses in 2008) to US$ 927 million (23% of total
expenses) in 2014 (USDA NASS, 2015). Thus, the availability and price of organic feed are ongoing challenges for organic livestock producers, as evidenced by the initiation of regional grain
pools to help stabilize organic feed supply and prices (CROPP Cooperative, n.d.).
Organic feed grain and forage producers are especially reliant on cultural practices and
biological processes to manage pests because they cannot use synthetic chemical insecticides.
Although there are natural and biological insecticides available for use in organic systems, they
are not economical to use in feed grain and forage systems (USDA, NASS, 2015). Hence, there is
a critical need to facilitate organic grain production while maintaining environmental quality and
beneficial processes such as biological control of insect pests.
Integration of cover crops into annual feed grain systems provides an opportunity to
conserve beneficial processes such as weed suppression, regulation of nutrient supply, regulation
of pest cycles, and prevention of soil erosion. Although there are a number of benefits which
accrue from cover cropping practices, organic producers are challenged to fit cover crops into
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their feed grain rotations in the Northeast U.S. because of a short growing season and tight
establishment windows in the fall (White et al., 2015).
Winter cover crops have advantages such as preventing soil erosion and increasing soil
organic matter (Snapp et al., 2005). Grasses such as cereal rye (Secale cereale) and oats (Avena
sativa) help in weed suppression through rapid nitrogen uptake and fast growth rate (Brainard et
al., 2011; Finney et al., 2015). Mustard (Brassica napus) cover crops suppress weeds via release
of isothiocyanates from their residues during growth and post-termination (Bjorkman et al.,
2015). Red clover (Trifolium pratense) interseeded with winter cereals helps increase nitrogen
fixation more than do red clover monocultures (Schipanski and Drinkwater, 2010). Hairy vetch
(Vicia villosa)- cereal rye mixtures not only have higher biomass production (Hayden et al.,
2012) than their monocultures, but also contribute to inorganic nitrogen scavenging (Tosti et al.,
2014) and weed suppression (Hayden et al., 2012). Cover crops interseeded with cash crops
provide habitat complexity and resulted in biological control of cabbage pests in cabbage
(Brassica oleracea) (Bryant et al., 2014).
1.2 Pest management in organic systems
Organic systems depend on cultural practices such as crop rotations, tillage, and
biological processes, such as biological control, for pest management (Zehnder et al., 2006).
Biological control is an important ecosystem service and the economic value of pest control by
insect natural enemies is estimated at US$ 4.5 billion (Losey and Vaughan, 2006). Conservation
biocontrol based on modification of the environment or cultural practices also enhances the
effectiveness of natural enemies such as predators, parasitoids and pathogens in organic systems
(Landis et al., 2000). For example, provision of beetle banks which are raised vegetation strips in
wheat fields provide refugia for carabid beetles and spiders that enhance biological control
(Collins et al., 2002). These beetle banks can provide source of inoculum for entomopathogenic
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fungi (EPF) such as Metarhizium as Metarhizium populations build up on the biomass of the
insects in the refugia (Meyling and Eilenberg, 2007).
Agricultural intensification associated with increased pesticide usage can disrupt
biological control by direct killing of natural enemies especially in conventional farming systems,
resulting in reduced biodiversity (Crowder and Jabbour, 2014). But organic farming systems,
with a reduced pesticide load, have positive effects on species richness and abundance and hence,
biodiversity, as compared to conventional systems (Bengtsson et al., 2005; Hole et al., 2005).
Further, organic farming promotes diversity of natural enemies, e.g., predatory bugs and
entomopathogens, that can improve biological control (Crowder et al., 2010).
1.3 Cover crops and natural enemies of arthropods
Farmers across the US include cover crops in their rotations for environmental and yield benefits
(Watts, 2015). The inclusion of winter cover crops in crop rotations is promoted as a conservation
practice across the US, especially in the Chesapeake Bay watershed (USDA; NRCS nd). Cover
crops provide a suite of benefits such as preventing soil erosion, improving biological activity of
the soil, suppressing weeds, providing nitrogen and reducing pest pressure by attraction of natural
enemies and increasing soil organic matter (Snapp et al., 2005).
The effects of cover crops on beneficial arthropods have been well studied (Schmidt et
al., 2004; Bryant et al., 2014). For example, densities of potato leafhopper (Empoasca fabae),
bean leaf beetle (Ceratoma trifurcata) and soybean aphid (Aphis glycine) were lower in soybean
preceded by a cereal rye cover crop compared to soybean without a cover crop (Koch et al.,
2012). Overwintering cover crops that flower before they are terminated, e.g., canola (Brassica
napus), attract more beneficial insects, such as native bees, compared to those that do not flower
before termination (Ellis and Barbercheck, 2015). Thus, incorporation of flowering cover crops in
annual crop rotations can enhance the beneficial insect community. Cover crops have also been
used as mulches to maintain predator populations for the control of European corn borer (Ostrinia
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nubilalis) (Prasifiska et al., 2006). Cover crops can vary in their effects on natural enemies and
pest arthropods. Bryant et al. (2014) found significantly more imported cabbageworm (Pieris
rapae) and its parasitoid, Cotesia rubecala, in cabbage plots with a cereal rye cover crop mulch
compared to those with hairy vetch (Vicia villosa) mulch or bare soil. Further, the abundance of
predators such as spined soldier bug (Podisus maculiventris) and convergent lady beetle
(Hippodamia convergens) abundance was similar in cover crop mulch treatments, indicating
variable effects for different natural enemies (Bryant et al., 2014).
1.4 Metarhizium as an insect pathogen and endophyte
Among the natural enemies, entomopathogenic fungi (EPF) cause natural infections in epigeal
and subterranean insects resulting in regulation of the insect pests (Meyling and Eilenberg, 2007).
Beauveria and Metarhizium are well known EPF which cause mortality in insect pests.
Metarhizium, is an important entomopathogenic fungi that causes mortality in belowground insect
pests in agricultural soil as compared to Beauveria which commonly infects arthropods
aboveground (Meyling et al., 2011).
Metarhizium (Order: Hypocreales; Family Clavicipitaceae) is an insect pathogenic fungus
whose primary habitat is soil (Keller and Zimmermann, 1989; Meyling and Eilenberg, 2007). The
genus Metarhizium has a broad host range and has been reported to infect more than 200 species
of insects in more than 50 orders (Roberts & Humber, 1981). Metarhizium has been reported
from semi-arid, tropical and temperate regions of the world (Roberts and St. Leger, 2004).
Metarhizium can occur in undisturbed pasture soils up to a depth of 2-6 cm having density of 106
propagules/g of the soil (St. Leger, 2008). It is not known whether Metarhizium survives as
conidia or mycelial fragments in the soil, but it can persist for long periods of time in absence of a
suitable host (Meyling et al., 2011). In addition to providing natural control, Metarhizium has
been developed commercially as a microbial control product. For example, it has been used as a
microbial agent for control of spittlebugs (Deois flavopicta) in Brazil, as well as for ticks (Ixodes
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scapularis) and scarab beetles (Scarabaeus sacer) (Copping, 2004). A commercial formulation,
Met-52® (Novozyme) is available for use as a contact microbial insecticide in greenhouses,
ornamentals and vegetable start in the United States.
Metarhizium infects insects by attachment of the conidia to the surface of the cuticle.
Initial adherence is mediated by hydrophobic interactions with the hydrophobin layer of the
conidia (Holder and Keyhani, 2005). As the conidia swell in presence of adequate moisture and
temperature in the cuticular folds, the hydrophobin layer disintegrates. This layer is replaced by
adhesin-like protein, MAD-1, which results in tight interactions of Metarhizium with the insect
cuticle (Wang and St. Leger, 2007). Following attachment, the conidia germinate to form a germ
tube with or without a penetration peg to enter the hemocoel (Vega et al., 2012). The hyphae
breach cuticular layers using mechanical pressure and with the help of cuticle degrading enzymes
enter the hemocoel. Inside the hemocoel, the hyphae produce blastospores, which spread
throughout the hemocoel. Fungal growth invades organs, disrupting metabolic processes and
producing toxic metabolites that ultimately kill the insect (Schrank and Vainstein, 2010). Finally,
the hyphae produced inside the cadaver produce conidiophores that emerge through the cuticle of
the dead insect and produce new conidia. Thus, the infectious spores produced on the surface of
infected cadavers contribute to Metarhizium populations in the soil.
Endophytes are microorganisms that grow inside plants without producing overt
negative effects (Bacon and White, 2000). Fungal endophytes provide many benefits to plants,
such as improved growth, protection from pathogens, increased mineral uptake, improved stress
tolerance by production of anti-oxidant compounds (Torres et al., 2009), drought tolerance, and
improved root and shoot growth (Aly et al., 2011). Metarhizium, an insect pathogen, is capable of
colonizing plants as an endophyte (Sasanand Bidochka, 2012). Hu and Leger (2002) showed that
a green-fluorescent protein-expressing recombinant M. anisopliae occurred in the root zone of
cabbage after application in the field. The mean concentration of the applied recombinant M.
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anisopliae in the inner rhizosphere was found to be 105 propagules/gm soil at a depth of 2 cm,
demonstrating the rhizosphere competency of the fungus. Further, Sasan and Bidochka (2012)
reported that endophytic M. robertsii promotes greater root development in switchgrass (Panicum
virgatum) and haricot beans (Phaseolus vulgaris) than plants with uninfected roots. Metarhizium
has also been implicated in nitrogen provisioning to plants. Behie et al. (2012) demonstrated the
transfer of nitrogen from M. robertsii-killed Galleria mellonella to switchgrass, soybean, and
wheat through endophytic associations with the plant roots. In this scenario, the plant benefits
from the nitrogen obtained from the fungus. At the same time, M. robertsii builds up its biomass
in the rhizosphere by uptake of carbohydrates such as sucrose due to its unique oligosaccharide
transporter (MRT) (Fang and St. Leger, 2010).
1.5 Effects of organic agriculture on entomopathogenic fungi
Among entomopathogenic fungi (EPF), Beauveria and Metarhizium predominate in
agroecosystems. Klingen et al. (2002) found greater abundance of M. anisopliae in organic fields
(5%) than in conventional fields (2.5%). The greater abundance of M. anisopliae might be due to
lack of synthetic inputs and use of organic fertilizers in these systems. However, Meyling et al.
(2011) found that there was no difference in occurrence of M. anisopliae in conventional and
organic fields in a vegetable organic cropping system in Denmark. Clifton et al. (2015)
investigated the abundance of EPF in organic and conventional corn and soybean cropping
systems in Iowa. The results revealed greater occurrence of B. bassiana and M. anisopliae in
organic fields and their field margins than in conventional fields and their margins. In this study,
silt content and organic fertilizers were found to be positively correlated with abundance of M.
anisopliae in organic fields.
The use of cover crops in organic agriculture increases total soil microbial biomass,
shifting the soil microbial community toward a more fungal-dominated community and
enhancing the accumulation of microbial-derived organic matter (Six et al., 2006). The effect of
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cover crops for conservation biocontrol via entomopathogens at the field scale has been
examined. Shapiro-IIan et al. (2012) studied the effect of a white clover (Trifolium repens) cover
crop on the persistence of B. bassiana for controlling the pecan weevil (Curculio caryae), and
found increased efficacy or persistence of endemic B. bassiana in plots with clover as compared
to no cover crop in pecan orchards. Similarly, Jabbour and Barbercheck (2009) examined the
effect of an initial cover crop of a timothy (Phleum pratense)/red clover (Trifolium pratense)
mixture vs cereal rye (Secale cereale)/hairy vetch (Vicia villosa) on the occurrence M. anisopliae.
They found greater occurrence of M. anisopliae in treatments initiated with a timothy/red clover
cover crop compared to rotations initiated with cereal rye/hairy vetch cover crops. The
application of a granular formulation of M. anisopliae isolate ATCC 62176 in the cover crops,
cereal rye (Secale cereale) and oats (Avena sativa) prolonged the period of activity of M.
anisopliae in comparison to no cover crop plots (Majumdar et al., 2009). Both cereal rye and oats
were found to increase soil moisture, thus improving the microclimate for fungus survival and
persistence (Majumdar et al., 2009).
In comparison to arthropod natural enemies, relatively few studies have examined the
effects of cover crops on communities of soil fungi that can cause disease in insect pest
populations. Even though insect-pathogenic fungi in the genus Metarhizium are commonly
isolated from agricultural soils, the effect of cover crops on occurrence and diversity of
Metarhizium has largely been overlooked. Therefore, a study on Metarhizium, an insect
pathogenic fungus, in an organic system will shed light on its potential as a conservation
biocontrol agent.
1.6 Effect of plant species on the soil microbial community
Several studies have highlighted the role of plant species in determining the composition of
rhizosphere microbial community (Berg and Smalla, 2009). Plant species select a particular
microbial community through the release of root exudates that provide nutrients in the form of
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primary and secondary metabolites for the build-up of microbial populations (Uren, 2000). In
addition, root exudates are plant species specific. For example, isoflavones released in soybean
are involved in attraction of Bradyrhizobium japonicum (Shaw et al., 2006). Similarly, some
microbial species are plant-family specific, e.g., Rhizobium leguminosarum found in association
with legumes in the plant family Leguminosae. Wieland et al. (2002) studied bacterial
communities in association with different plant species such as clover (Trifolium pratense),
alfalfa (Medicago sativa) or bean (Phaseolus vulgaris). There was variation in pattern of banding
profiles of the bacterial community in all the three plant species, thus, indicating plant-specific
associations.
Further, Gomes et al. (2003) found that specific fungal populations predominated in the
rhizosphere of young maize plants, especially Ascomycetes fungi as revealed in the banding
patterns of denaturing gel gradient electrophoresis (DGGE). Wyrebeck et al. (2011) found plant
species specificity of Metarhizium robertsii as it predominated in the rhizosphere of grass species.
Therefore, I expect plant specificity of Metarhizium in association with different cash and cover
crops.
1.7 Effect of plant diversity on the soil microbial community
Plant diversity drives the diversity of belowground biota (Vukicevich et al., 2016) by providing
different resources to the belowground microbes in terms of root exudates and plant litter. Few
studies have highlighted the role of aboveground plant diversity on soil microbial community.
Loranger-Merciris et al. (2006) found that 2 species, 3 species, and 4 species polycultures support
greater bacterial diversity than monocultures. Specifically, the diversity of soil bacteria was
higher in the 4-species polycultures than in monocultures. Further, Zak et al. (2003) found that
total PLFA (phospholipid fatty acid), an indicator of microbial community biomass, was
significantly greater in 8-species and 16- species treatments than treatments with low species
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richness in a grassland experiment. Similarly, I expect that detection of Metarhizium, will be
greater in polycultures of cover crops than monocultures of cover crops.
1.8 Effect of soil characteristics on Metarhizium
Soil is a major factor influencing microbial communities as the combination of soil properties,
including soil texture, pH, organic matter and cation exchange capacity (CEC) in a habitat will
select particular microbial community directly (Garbeva et al., 2004). Different fungal and
bacterial communities can respond differently to various edaphic factors such as soil pH (Fiere
and Jackson, 2006), soil texture (Girvan et al., 2003), and nitrogen availability (Frey et al., 2004).
These characteristics will also influence the root exudates of the plants, thus, supporting a
microbial community indirectly (Garbeva et al., 2004). Therefore, the study of soil properties in
my present organic systems experiment will help us to understand which factors favor the
occurrence of Metarhizium in an annual cropping system.
Soil is the major reservoir for Metarhizium and its occurrence is influenced by soil
properties. In my organic system experiment, edaphic factors may be a major determinant
associated with the frequency of occurrence of Metarhizium. Presence of higher concentrations of
organic matter, e.g., permanganate oxidizable (“labile”) carbon, can decrease the occurrence of
Metarhizium due to interactions with opportunistic saprophytic organisms, that are better
competitors for organic resources than are Metarhizium (Meyling and Eilenberg, 2006). In
addition, high soil moisture is negatively associated with Metarhizium due to lack of oxygen and
presence of antagonistic microbes in wet soils (Li and Holdom, 1993; Jabbour and Barbercheck,
2009). Electrical conductivity (EC), a measure of salt concentration, can be detrimental for
Metarhizium growth at high levels (Yan et al., 2015). Metarhizium has a wide pH range
(Hallsworth and Megan, 1996) and I expect that pH, although it is managed at our site, will be
positively or negatively correlated with detection of Metarhizium. Similarly, minerals, including
potassium, magnesium and calcium, can be higher in soil due to addition of organic amendments
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in organic systems, thereby increasing populations of beneficial fungi such as Trichoderma spp.
(Bullock et al., 2002). I expect that potassium, magnesium and calcium will be enhanced in my
organic cover cropping systems experiment.
Heavy metals such as copper and zinc pose a problem to soil organisms (Belvaeya et al.,
2005). High concentrations of copper and zinc in soil can cause disruption of cell membranes and
denaturation of proteins of cellular organisms (Wyskowska.et al., 2015). Some studies have
reported negative effects of heavy metals on entomopathogenic fungi. For example, Jabbour and
Barbercheck (2009) found a negative correlation between Metarhizium detection and copper, zinc
and sulfur concentrations in the soil, while others have found minimal effects of zinc and copper
on entomopathogenic and other soil fungi. Pecuilyte et al. (2012) studied the impact of high
concentrations of zinc and copper when added to culture medium on entomopathogenic fungi in a
laboratory experiment. They found that low zinc concentrations of (0.01- 0.045 M) in Czapek
medium increased the populations of fungi such as Isaria, Metarhizium and Lecanicillium spp.
Further, they found that some entomopathogenic fungi such as Beauveria bassiana, Metarhizium
anisopliae and Isaria were tolerant of high concentrations of zinc and copper while other fungi
were completely eliminated. Rajapaksha et al. (2004) found that fungal activity measured by
acetate-in-ergosterol incorporation technique did not decrease in soil artificially contaminated
with copper and zinc in a laboratory experiment. Therefore, the findings on effects of zinc and
copper on soil fungi appear to be mixed.
In a laboratory study on the effect of commercial fungicides (Shah et al., 2009), sulfur
inhibited the germination of conidia of Beauveria bassiana and Lecanicillium longisporum at the
recommended application rate in nutrient media. The effect of sulfur was fungistatic rather than
fungicidal in this study. In addition, Mochi et al. (2005) found that CO2 production, an indicator
of metabolic activity, by M. anisopliae was suppressed for 4-6 days in the presence of fungicides
such as copper oxychloride and sulfur in autoclaved soil, but the inhibitory effects of sulfur and
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copper as diminished after 4-6 days. Therefore, I expect that copper, zinc and sulfur, as biocides,
may inhibit Metarhizium but their harmful effects may be diminished due to rainfall or irrigation
under field conditions (Shah et al., 2009)
The research presented in this thesis addresses agricultural sustainability by promoting
biological control of pests and enhancing and conserving biological soil quality, and facilitating
organic agriculture. The information generated from this research will create awareness among
organic growers regarding the soil characteristics that increase the occurrence of Metarhizium.
This, in turn, may lead to adoption of crop management practices that contribute to biological
control. To conserve and sustain Metarhizium and biological control on which organic growers
rely, we need to understand the effects of farming practices on these organisms and their
environment. In this thesis, I focus on the impact of cover crops and soil characteristics on the
detection of the entomopathogenic fungus, Metarhizium, in an organic cropping system.
Chapter 2 focuses on the occurrence of Metarhizium in cover crops grown in
monocultures and polycultures in a corn-soybean-wheat rotation. In Chapter 2, my objective was
to determine if cover crop diversity is related to frequency of detection of Metarhizium.
Therefore, I hypothesized that:
H1: Frequency of detection of Metarhizium will vary with increasing diversity of cover crops
H2: Frequency of detection of Metarhizium in corn and soybean treatments will vary due to plant
associated effects
H3: Frequency of detection of Metarhizium in cover crop treatments in mixtures varies, by
species composition due to plant species effects
H4a: Frequency of detection of Metarhizium in spring will be correlated to cover crop biomass
in fall (legacy effect)
H4b: Frequency of detection of Metarhizium in spring will be positively correlated to cover crop
biomass in spring (current season effect)
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The overall objective of Chapter 3 is to examine the effects of soil characteristics such as
gravimetric moisture, pH, permanganate oxidizable “labile” carbon, electrical conductivity (EC)
and minerals including calcium, magnesium, potassium, phosphorus, zinc, copper and sulfur on
the occurrence of Metarhizium in an organic feed grain system. I hypothesized that the:
H1: Frequency of detection of Metarhizium will be negatively associated with gravimetric soil
moisture, permanganate oxidizable (“labile”) carbon and electrical conductivity
H2: Frequency of detection of Metarhizium will be positively or negatively associated with pH
H3: Frequency of detection of Metarhizium will be positively associated with concentration of
calcium, magnesium, potassium and phosphorus in soil
H4: Frequency of detection of Metarhizium will be positively or negatively associated with
concentration of copper, sulfur and zinc in soil.
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Chapter 2
EFFECT OF COVER CROP DIVERSITY ON DETECTION OF METARHIZIUM
ROBERTSII

ABSTRACT
Plant species diversity selects for a particular microbial community in the soil through the
release of root exudates and quality and quantity of plant litter which enter the soil. The microbial
community, including bacteria and fungi, responds differentially to the input of soil organic
matter and plant derived resources. Variation in plant species can influence the occurrence of
entomopathogenic fungi such as Metarhizium. I examined the effects of cash crop and cover crop
diversity and biomass on the soil-inhabiting entomopathogenic fungus, Metarhizium, in a cornsoybean-wheat rotation in transition to organic production. Using Galleria mellonella baiting
assays and molecular methods, I identified the effects of cover crop identity and species
composition of mixtures, and cash crop species on the detection of Metarhizium. Because effects
of plants on Metarhizium may be lagged in time, I examined the effect of cover crop biomass in
the current year and in the previous fall (legacy effects) on frequency of detection of
Metarhizium. My results indicate that Metarhizium robertsii is the predominant species at our
experimental site. Cover crop diversity per se did not have a significant effect on the detection of
M. robertsii, but species composition of mixtures predominated by cereal rye negatively affected
the detection of M. robertsii. Among the cash crops, detection of M. robertsii in soil from corn
treatment plots was significantly greater than detection in soil from soybean treatment plots. I
found legacy effects of cover crop biomass correlated to detection of M. robertsii and the current
season weed biomass was positively related to the detection of M. robertsii.
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2.1 Introduction
Biodiversity is defined as: “all species of plants, animals and micro-organisms existing and
interacting within an ecosystem” (Vandeermeer and Perfecto, 1995). In agroecosystems,
biodiversity provides a variety of ecosystem services, including provisioning, supporting, cultural
and regulating services (MEA, 2003). Biodiversity can influence biological control, an important
ecosystem service provided by natural enemies of arthropods. The mechanisms by which
diversity of natural enemies influences biological control include: complementarity (species of
natural enemies complement each other in prey capture) or facilitation (one species of natural
enemy enhances prey capture by another species of natural enemy) (Loreau et al., 2001).
Agricultural intensification, which entails the use of synthetic fertilizers and pesticides, increased
cropping density and reduced crop diversity threatens biodiversity in agroecosystems. Reduced
biodiversity, i.e., reduced number of natural enemy species (reduced richness) and skewed
abundance of natural enemy species (reduced evenness), can weaken biological control and
reduce pest suppression (Finke and Synder, 2008).
Additionally, the type of farming system influences biodiversity and hence, biological
control by natural enemies. Conventional farming relies on the use of broad-spectrum
insecticides, herbicides and fertilizers - unlike organic farming that relies on cultural and
mechanical practices, and biological processes for pest management. Conventional farming can
often lead to dominance by a few species (Crowder et al., 2010), while organic farming results in
greater richness and evenness of species, which can promote greater biodiversity of natural
enemies and invertebrates. Bengtsson et al. (2005) conducted a meta-analysis on the effects of
organic farming on species richness and found that organic farms had 30% higher species
richness compared to conventional farms. This analysis showed positive effects of organic
agriculture on carabid beetles (Coleoptera: Carabidae) and other predatory insects but not on soil
organisms and non-predatory arthropods. In a review of the literature, Hole et al. (2005) found
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that organic farming promotes increased abundance, richness, and/or evenness of predatory and
non-predatory arthropods but that the results for soil organisms were unpredictable.
Further, Crowder et al. (2010) investigated the effects of organic farming on richness and
evenness of natural enemies in an organic and conventional potato-production system on control
of the Colorado potato beetle (Leptinotarsa decemlineata). The study confirmed that both species
richness and species evenness are important factors for effective biological control. The results
further revealed that organic fields had greater evenness in the arthropod natural enemy
community, which included the lady beetle, Hippodamia convergens, the predatory bugs,
Geocoris bullatus and Nabis alternatus, and the entomopathogenic fungus (EPF), Beauveria
bassiana, than in conventionally- managed fields. This contributed to greater control of Colorado
potato beetle in the organic fields compared to that in conventional fields. In this study, the
authors hypothesized that the survival of complimentary arthropod natural enemies in an even
community resulted in improved survival due to lower levels of intraspecific competition
(Crowder and Jabbour, 2014). Although the abundance of predators in organic systems has been
found to be greater than in conventional farming systems, the effect of organic farming on
entomopathogenic fungi is unclear. EPF are important but often-overlooked natural enemies.
Metarhizium is a soil inhabiting EPF and known to infect around 200 species of insects (Pell et
al., 2010). Several biotic as well as abiotic factors are known to influence its occurrence.
Environmental factors and plant species can influence the detection of Metarhizium in
agroecosystems. Environmental factors, including UV radiation, temperature, pesticide use, and
soil organic matter can influence specific genetic groups of M. anisopliae (Meyling and
Eilenberg, 2007). For example, environmental factors in both forest and agricultural habitats have
been found to favor different Metarhizium species. Bidochka et al. (2001) found that Ontario
group 1 of M. anisopliae is dominant in agricultural habitats, while Ontario group 2 is dominant
in forested habitats. Ontario group 1 and Ontario group 2 are separate cryptic species, with
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Ontario group 1 having higher UV tolerance and ability to withstand high temperature than that
of Ontario group 2 (Bidochka et al., 2001, 2005).
Further, research on Metarhizium diversity on a regional scale in a single habitat in
Denmark revealed that M. anisopliae is rare in agricultural fields, while M. flavoviride is locally
abundant (Meyling and Eilenberg, 2006). Similarly, the provision of semi-natural habitat, e.g.,
field margins and hedgerows, in the agricultural landscape provide refuge, pollen and nectar to
the arthropod community, which in turn, serve as alternate hosts for entomopathogenic fungi
(Pywell et al., 2005). The presence of insect species in vegetation in semi-natural habitats provide
niches for entomopathogenic fungi to survive unfavorable conditions in the arable fields, and
allows a source of inoculum for recolonization of arable fields (Meyling and Eilenberg, 2007;
Pell et al., 2010). High densities of Metarhizium clade 1, consisting of M. majus, M.
guizhouense, M. pingshaense, M. anisopliae, M. roberstii and M. brunneum, were detected in
permanent grasslands and improved field margins in Switzerland (Schneider et al., 2012). These
habitats, comprised of legumes, grass and woody dicotyledonous plants, served as a reservoir of
Metarhizium species diversity.
In addition to the influence of habitat on detection of Metarhizium, plant species can
influence Metarhizium diversity. In general, each plant species harbors specific microbial
communities, the most notable example are rhizobia in legumes (Berg and Smalla, 2009). The
specific relationship between microbial communities and plant species is due to the production of
root exudates into the rhizosphere. These exudates are a rich source of water, ions, enzymes,
carbon, and primary and secondary metabolites that can be utilized in microbial metabolism
(Uren, 2000). Plant species can play an important role in shaping the diversity of communities of
Metarhizium. Metarhizium is rhizosphere competent (Hu and Leger, 2002) and plant rhizosphere
specificity of Metarhizium has been demonstrated in an agricultural habitat (Wyrebeck et al.,
2011). The authors investigated the plant rhizosphere associations of Metarhizium at a field site in
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Ontario, Canada and found that M. robertsii is associated with grass roots, whereas M.
guizhouense and M. brunneum were associated with the rhizosphere of trees only and shrubs and
trees, respectively. However, Steinwender et al. (2015) found no specific associations of
Metarhizium multilocus genotypes (MLG) among three plant species tested, i.e., oats, (Avena
sativa), cabbage (Brassica oleracea) and cereal rye (Secale cereale) in an organic field in
Denmark. They found only one MLG ‘H’ for M. brunneum predominating in the rhizosphere of
these plants, thereby, illustrating the fact that the disturbed nature of agricultural environment
may support only a reduced number of species. This habitat only supported MLG ‘H’ that was
adapted to this particular habitat. Further, recent studies have revealed that Metarhizium can form
mutualistic associations with plants as an endophyte (Sasan and Bidochka, 2012). Endophyte can
grow inside plants without producing negative effects on the plants. Fungal endophyte-plant
symbioses in which the fungus provides nutrients to the host plant enable the utilization of
limiting nutrients such as nitrogen by the plant in return for plant-derived carbohydrates for the
fungal endophyte (Barelli et al., 2016).
Recently, Kepler et al. (2015) identified Metarhizium species in conventional tilled,
organic tilled, and conventional no-till management regimes in soybean, corn and alfalfa in the
Mid-Atlantic US. Using multilocus genotyping, the authors found that M. robertsii and M.
brunneum predominated in soybean fields. Consequently, multiple species of Metarhizium can be
exploited as a conservation biocontrol agents in a given habitat to aid in persistence in the
fluctuating environmental conditions that characterize annual agroecosystems.
Most of the agroecosystems in temperate climates are dominated by monocultures with
limited focus on cover crops and their potential benefits. Research on cover crop monocultures
and bicultures suggests that cover-cropping accrues benefits to farmers that include improving
soil quality, nutrient regulation and pest regulation (Snapp et al., 2005). Farmers include cover
crops in their rotation for environmental and production benefits (Watts et al., 2015). A diverse
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cover crop through its root exudates and litter enhance soil microbial diversity, and important
ecosystem functions (Vukicevic et al., 2016). Increased microbial diversity promotes biological
control mediated by insect pathogens such as Metarhizhium. To date, the majority of research on
cover crop diversity has focused on grass-legume bicultures and its benefits on ecosystem
functions such as nitrogen retention, weed suppression and biological control by insect predators
(Lawson et al., 2013; Bryant et al., 2014; Poffenbarger et al., 2015).
I am not aware of any published studies that have investigated the role of cover crop
monocultures and polycultures on the frequency of detection of Metarhizium. Accordingly, I
studied the effect of plant species on the detection of Metarhizium using classical and molecular
techniques. This research was conducted within the framework of a larger experiment to
investigate the benefits and trade-offs of winter cover crops grown in mono- and polycultures in
an organic agronomic crop rotation of corn (Zea mays, Master's Choice 4050, organic), soybean
(Glycine max, HS 21C40, untreated), and wheat (Triticum aestivum, Malabar untreated) (Kaye et
al., 2011).
The rhizosphere of cover crops supports the microbial community by release of root
exudates which attract entomopathogenic nematodes (Rasmann et al., 2005) and nitrogen fixing
bacteria (Long, 2001). Plant litter in the form of winter-killed cover crops or residue incorporated
into soil via tillage also influence the microbial community (Vukicevic et al., 2016). The diversity
of resources from the rhizosphere of diverse plants in polycultures will support a more diverse
microbial community, which includes entomopathogenic fungi such as Metarhizium (Vukicevich
et al., 2016). Complementarity and/or facilitation among plant species in a polyculture will
complement a certain function, such as nitrogen provisioning, availability of organic matter, soil
biological activity (Hooper et al., 2005). This indicates that more diverse cover crops might result
in greater diversity and abundance of Metarhizium than in cover crop monocultures. Specifically,
I tested whether cover crop treatments were linked to detection of Metarhizium. I hypothesized
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that: H1: Frequency of detection of Metarhizium will vary with increasing diversity of cover
crops.
Plant species select for diverse microbial communities, and changes in plant community
structure, including the loss of plant diversity, may rapidly affect soil microbial communities
(Wieland et al., 2001; Loranger-Merciris et al., 2006). The cover crop treatments in my study
were included in a rotation of annual grain crops of corn, soybean, and wheat. Thus, during the
rotation, both species identity and diversity change through time. To test the effect of changing
plant species, in addition to measuring the effects of cover crops on Metarhizium, I determined if
the detection of Metarhizium was different in maize, a grass, and soybeans, a legume, that
followed cover crop treatments. I hypothesized that: H2: Frequency of detection of
Metarhizium in corn and soybean treatments will vary due to plant associated effects.
Smith et al. (2014) found that in cover crop mixtures, species expression was different
among the cover crops. For example, brassicas produce greater biomass compared to seeding
proportions in mixtures. Further, Creamer et al. (1997) found greater spring biomass of cereal rye
(Secale cereale) in mixtures as compared to monocultures. Similarly, I will evaluate mixtures and
therefore, I hypothesize that H3: Frequency of detection of Metarhizium in cover crop mixtures
will be affected by the expressed species composition of cover crop mixtures due to plant
associated effects.
Few studies have focused on the ability of cover crops to provide within season services
and the carry-over effects of over-wintering cover crop in the subsequent spring. A study by
Hodgon et al., (2016) evaluated the effects of cover crop biomass on weed suppression in fall and
subsequent spring. Fall cover crop biomass significantly affected weed suppression in fall
whereas fall cover crop biomass was not a reliable predictor of weed suppression in spring. In
another study on arbuscular mycorrhizae in pine woodlands, the contribution of root litter to
decomposition from senescent ectomycorrhizal fungi of pine roots was greater than non-
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mycorrhizal roots after a period of two years thus showing legacy effects on the fungus (Langley
et al., 2006). Therefore, I expect that the effects of cover crop species biomass may persist until
the following spring and affect the detection of Metarhizium. Specifically, I hypothesize H4a:
Frequency of detection of Metarhizium in spring will be related to cover crop biomass in fall
(legacy effect); and H4b: Frequency of detection of Metarhizium in spring will be related to
cover crop biomass in spring (current season effect).
2.2 MATERIAL AND METHODS
Field site and experiment
This experiment was conducted at a single site established on approximately 11 ha of
land at the Pennsylvania State University Russell E. Larson Research and Education Center
(RELREC) near Rock Springs, Pennsylvania (40° 43'N, 77° 55'W, 350 m elevation). The climate
of central PA is continental with 975 mm mean annual precipitation and mean monthly
temperatures ranging from 3°C (January) to 21.6°C (July). Soils at the site are shallow, well
drained lithic Hapludalfs formed from limestone residuum (Braker, 1981). The dominant soil
type at this location is a Hagerstown silt loam (fine, mixed, semiactive, mesic, Typic Hapludalf).
Soil texture in the experimental field was predominantly clay loam with spatial variability in silt
(range of 30.3 -54.1%) and sand (16.6 – 49.9%) content across the field. At the time of this
experiment, this land was in transition to organic certification and was managed in accordance
with the USDA National Organic Standards (USDA, 2013). No pest control or synthetic fertility
materials were applied at the site after the initiation of the transition.
To study the benefits and trade-offs of cover crop diversity on a suite of ecosystem
functions, a full-entry, stripped, randomized complete block design field experiment was
established at RELREC in 2013. The main cash crops are corn silage (Zea mays L.), soybean
(Glycine max (L.) Merr.), and wheat (Triticum aestivum L.). The main plot (24 m x 348 m) on
which each cash crop was planted was a strip and within each strip were subplots (24 m x 29 m)
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in which twelve cover crop treatments were planted in the randomized order. The twelve
treatments in the experiment are comprised of six fall-planted cover crop species grown in
monoculture, five cover crop mixture treatments, and a fallow treatment embedded in a rotation
of winter wheat, followed by corn, and ending with soybean. The cover crop monocultures
include Austrian winter pea (Pisum sativum var Arvika), cereal rye (Secale cereale var
Aroostook), winter canola (Brassica napus var Wichita), red clover (Trifolium pratense var
common), forage radish (Raphanus sativus var Tillage radish) and oats (Avena sativa var Jerry).
The five cover crop mixtures include: a three species mixture designed to balance nitrogen supply
and retention (3sppN; Austrian winter pea, red clover and cereal rye); a three species mixture
designed to suppress weeds (3sppW; red clover, oat and cereal rye), a four species mixture
designed to support beneficial insects (4spp; red clover, winter canola, cereal rye and Austrian
winter pea), a six species mixture comprised of all monoculture species tested (6spp); and a
commercially-available mixture of 7 species (annual ryegrass (Lolium multiflorum), crimson
clover, red clover (Melilotus officinalis), sweet clover, oat, forage radish and sunflower
(Helianthis annuus)) (Table 2-1). Treatments were each replicated four times (Appendix A
describes the field operations at the research site)
Table 2-1: Seeding rates for cover crop monoculture and polyculture treatments
Treatment
Red Clover
Winter Canola
Forage Radish
Cereal Rye
Austrian Winter Pea
Oat
3 sppN after corn
3 sppN after soybean
3 sppW
4 spp before corn
4 spp before soybean
6 spp
7 spp Commercial mix

Seeding Rate
13.5 kg/ha
12.5 kg/ha
11.25 kg/ha
140 kg/ha
105 kg/ha
87.5 kg/ha
6.75 kg/ha clover, 27.5 rye, 45 pea
9.0 kg/ha radish, 70 kg/ha rye, 52.5 kg/ha oat
9.0 kg/ha clover, 70 kg/ha rye, 52.5 kg/ha oat
6.75 kg/ha clover, 6.75 kg/ha canola, 27.5 rye, 45 kg/ha oat
6.75 kg/ha canola, 9.0 kg/ha radish, 27.5 rye, 45 kg/ha pea
3.5 kg/ha clover, 3.5 kg/ha canola, 3.5 kg/ac radish, 27.5 kg/ha rye, 25kg/ha oat, 8.6 kg/ha
pea
20.5 kg/ha (annual ryegrass, crimson clover, red clover, sweet clover, radish), 22.75 kg/ha
oat, and 1.125 kg/ha sunflower
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Table 2-2: Planting dates and termination dates of cover crops in 2012-2015
Year
Planting date
2012-2013
2013-2014
2014-2015

8/25/12
8/8/13
8/15/14

After Wheat
Termination date
before corn
5/13/13
5/5/14
5/4/15

Planting date
10/10/12
9/20/13
9/30/14

After Corn
Termination date before
soybean
5/21/13
5/13/14
5/13/15

Soil sampling
I collected soil samples two times, in May and July, in each year of the experiment:
preceding and in corn (mo/d/yr): 5/14/13; 7/17/13; 5/6/14; 7/17/14; 5/6/15; 7/14/15); and
preceding and in soybean: 5/21/13; 7/21/13; 5/8/14; 7/18/14; 5/13/15; 7/16/15) using aseptic
technique to avoid cross-contamination between the 12 treatment plots. The earlier sample (May)
was collected in cover crop treatments before they were terminated, the second date sample (July)
was taken after termination of the cover crop and after planting and emergence of the cash crop.
First, the soil sampler was cleaned using dry paper towel, followed by wiping the probe with
paper towels soaked in ethanol. The soil sample from each treatment plot was comprised of 11,
20 cm deep x 2.5 cm diameter soil cores collected from 4 randomly-selected rows, with 3 cores
per row and 2 cores in the last row. Cores were collected at least 3 m from the edge of the plot. I
removed any debris on the soil surface with a tip of the probe before collecting the sample. Soil
samples were placed into a labeled bag, and stored in a cooler until returned to the laboratory. In
the laboratory, the soil clods in soil samples were crumbled and the soil within each bag
homogenized. The soil was split into four sub-samples of approximately 250-ml each that were
used for chemical and biological analyses and one of the soil subsamples was used for sentinel
insect baiting.
Sentinel insect baiting
A baiting bioassay method using Galleria mellonella as a host insect was used to detect
entomopathogenic fungi (EPF) (Zimmermann, 1986). The subsample of soil used for analysis of
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soil-borne insect pathogens was homogenized by hand and 250 ml were placed in a 473-ml
plastic container along with 15, last-instar G. mellonella. Lids were placed on the containers,
which were then stored at 200 C for 10 days, when insect condition was assessed and categorized
as alive, dead from causes other than fungal infection, and potentially infected by EPF. Larvae
assessed to be potentially infected with EPF were removed and rinsed briefly in 80% ethanol then
in water. Cadavers exhibiting symptoms of fungal infection were held in humid chambers (59
mL Solo® cups) with a small piece of moistened Whatman No. 1 filter paper for 7 days.
Sporulating cadavers were classified as being infected with Metarhizium spp., Beauveria spp, or
Isaria spp. based on signs and symptoms (Goettel and Inglis, 1997).
Biomass data collection
Cover crop and weed biomass was sampled each fall and spring by clipping from three
0.5 m x 0.5 m quadrants randomly placed along planted rows within each plot (Murrell et al.,
2017). Biomass was measured in the fall before the first killing frost in November and in late
April to mid-May prior to cover crop termination. The biomass was dried at 600C for two weeks
before recording dry mass.
Establishment of Metarhizium isolates for identification
I used aseptic technique to collect isolates of Metarhizium from sporulating cadavers of
G. mellonella. From each sporulating cadaver, one inoculating loop full of conidia was suspended
in 1000 µl of a sterile 0.1% aqueous solution of Triton™ X-100 (Dow Chemical Co., Midland,
MI) and vortexed for 10 sec. I plated 100 μl of the suspension on dodine-free semi-selective CTC
medium (Fernandes et al., 2010) comprised of 15 gm/L potato dextrose agar supplemented with
0.5 gm/L chloramphenicol, 0.001 gm/L thiabendazole and 0.25 gm/L cycloheximide. The
prepared 100 mm petri plates were sealed with Parafilm® (BemisNA, Neenah, WI) and incubated
at 25 °C in the dark until fungal growth covered the surface of the plate (5-6 days). From these
plates, I prepared fungal suspensions by picking spores from the culture plate and placing them in
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900 ul of 0.1% Triton X-100 to make a 10-1 dilution. From this initial suspension, I prepared a 102

dilution and plated 10 ul of 10-2 dilution of the fungal suspension on Sabouraud dextrose agar

(SDA) (Lacey, 2012). I prepared three replicate plates for each isolate. After 2-3 days, single
spore isolations were prepared on SDA medium to obtain isolates with one plate per isolate.
Spores produced from these single spore isolates were harvested and stored at -800C on beads
(Pro-Lab Diagnostics Microbank™ Bacterial and Fungal Preservation System). The 91 isolates
obtained from the baiting assays represent a subset of infected cadavers.
DNA extraction
Fungal mycelium for DNA extraction was produced in 50 ml sterile potato dextrose broth
(PDB, 2.4%) (Cenis,1992). For each fungal isolate, a plug of mycelium about 5mm in size was
placed in a sealed 250 ml Erlenmeyer flask and kept on a shaker at 260C at 155 rpm for 10 days.
Approximately 1 ml of the resulting fungal mycelium was removed from each flask using sterile
forceps and placed in a 1.5 ml round-bottom Eppendorf tube and lyophilized. The lyophilized
material was pulverized using a sterile plastic mortar and pestle to which I added 350-500µl
extraction buffer (200 mM Tris- HCl, 25 mM EDTA, 250 mM NaCl, 0.5 % SDS and 12.5 ml
distilled water). After adding 150 µl of 3M sodium acetate, pH 5.2, the prepared tube was briefly
vortexed and then placed on ice for 15 minutes at -200C. The prepared tubes were centrifuged at
14,000 rpm for 10 minutes. If the supernatant was not clear after centrifugation, I added 50 µl of
5 M potassium acetate followed by brief vortexing, and placed the tubes on ice at -20 C for 10
minutes, followed by centrifugation for 10 minutes at 14000 rpm. I transferred the supernatant
into clean 1.5 ml narrow bottom Eppendorf tubes. If mycelium was present, the prepared tubes
were centrifuged for 5 minutes and the supernatant transferred to new tubes. I added an equal
volume (500-650 µl) of isopropanol into each tube, mixed by inversion three times, and then let
the tubes sit for 5 minutes at room temperature, followed by centrifugation for 2 minutes. I
removed the supernatant and washed the DNA with 50 µl of 70% ethanol. The tubes containing
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the DNA were centrifuged for 1 min at 12000 rpm and air-dried. Then 50 µl of sterile distilled
water was added to the pellet and DNA was allowed to elute into the water by placing the tubes in
a water bath at 400C for 15 minutes. The tubes containing fungal DNA were stored at 40C for
short-term storage or -200C for long-term storage.
PCR amplification and sequencing
PCR amplification was carried out using EF-1T and EF-2T primers that amplify the
intron-rich 5’ portion of translation elongation factor-1 alpha (5’-TEF) locus (Kepler et al., 2015).
PCR amplification was performed by initial denaturation at 950C for 3 minutes followed by 30
cycles of 3 steps including denaturation at 950C for 30 secs, annealing at 550C for 1 minute and
extension at 720C for 1 minute 30 seconds and final extension at 720C for 7 minutes. The PCR
reaction mixture of 25µl consisted of 12.5 µl of GoTaq® Green Master Mix (Promega Corp.,
Madison WI), 1 µl of 10µm of each of the forward (EF-1T) and reverse primers (EF-2T) and 9.5
µl of autoclaved Milli-Q® (Millipore Corp., Darmstadt, Germany) water. 1µl of DNA was added
to each of the reactions and autoclaved distilled water was used as a negative control. The PCR
products (12µl) were electrophoresed and visualized on 1.5% agarose run at 100 volts for 42
minutes. A 0.05-10kbp ladder was used to size the products. The samples were prepared for
sequencing by digestion with Exo-SapIT®. 2µl of Exo-SapIT® (Affymetrix, Santa Clara, CA)
were added to 5µl of PCR product. It was incubated at 370C for 15 minutes to remove primers
and nucleotides and 800C for 15 minutes to inactivate the Exo-SapIT®. The samples were
submitted to the Pennsylvania State University Genomics Core Facility
(https://www.huck.psu.edu/content/instrumentation-facilities/genomics-core-facility) for
sequencing using EF-1T primers.
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2.3 STATISTICAL ANALYSES
Does Metarhizium detection vary by nominal cover crop treatments and cash crop? (H1,
H2)
I performed mixed effects ANOVA using the “lme” function in “nlme” package in “R
3.2.1” to assess the impact of cover crop treatment, cash crop, cover crop termination and year on
Metarhizium detection. Specifically, in the mixed effects ANOVA, arcsine transformed
proportion of Metarhizium infected G. mellonella was the response variable, while cover crop
treatment, cash crop, pre-post cover crop termination and year and their interactions were fixed
factors and block was a random factor.
Next, I analyzed proportion of infected sentinel insects using the “lme” function in
“nlme” package in “R 3.2.1”, with arcsine transformed proportion of Metarhizium detection as
the response variable, while treatment (i.e., monocultures consisting of canola, pea, clover, rye,
oats, radish and polycultures consisting of 3sppW, 3sppN, 4spp, 6spp and 7spp cover crops), cash
crop, pre-post cover crop termination, year and their interactions were the fixed factors and block
was the random factor.
Is cover crop diversity related to Metarhizium identity or Metarhizium species diversity
(Molecular identity of Metarhizium isolates) (H1)
The sequence reads of the isolates were assembled and checked for quality of chromatograms in
MEGA 7.0 Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets (Kumar,
Stecher and Tamura 2015). These sequences were combined with reference sequences from
Kepler et al. (2015) and aligned using Clustal W in MEGA 7.0. Phylogenetic analysis was carried
out using maximum likelihood method and a phylogenetic tree was generated to determine the
effects of cover crop diversity on Metarhizium species identity and diversity.
Does expressed species composition of cover crops affect detection of Metarhizium? (H3)
Although cover crop mixture treatments were planted in specified ratios of the
component species, the actual mixture that germinated and grew, i.e., the species composition of
the mixture that was expressed, varied. To determine the effect of this expressed diversity of
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subset of mixtures of cover crops treatments (3 sppW, 3sppN, 4spp and 6spp) planted before corn
and soybean, as opposed to the nominal treatments, on detection of Metarhizium, I conducted
linear multiple regression analysis (STATA® Data Analysis and Statistical Software, Release No
13.1, StataCorp, http://www.stata.com/) using arcsine transformed proportion of Metarhizium
infected G. mellonella as the response variable and proportional biomass of individual cover
crops species, i.e., red clover, cereal rye, Austrian winter pea, winter canola, forage radish, within
mixtures as explanatory variables. The data for the response and explanatory variables were from
the soil samples and cover crop biomass samples collected in the spring (May), respectively.
Are there any legacy effects of cover crops on the detection of Metarhizium? (H4a)
To study potential legacy effects of cover crops, I regressed the frequency of detection of
Metarhizium in soil from all cover crop treatments from the spring sample on previous fall’s
cover crop biomass using linear multiple regression (STATA® Data Analysis and Statistical
Software, Release No 13.1, StataCorp, http://www.stata.com/). To determine if cover crop
biomass affected detection of Metarhizium, I analyzed biomass cover crop and biomass of weeds
as explanatory variables, with the arcsine transformed proportion of Metarhizium-killed G.
mellonella as the response variable.
Does current season cover crop biomass influence the pre-termination detection of
Metarhizium? (H4b)
To determine the effect of cover crop biomass on Metarhizium, I regressed cover crop
biomass collected in spring on the pre-termination detection of Metarhizium in soil samples
collected in the spring season before planting corn and soybean using (STATA® Data Analysis
and Statistical Software, Release No.13.1, StataCorp, http://www.stata.com/). The explanatory
variables included biomass of cover crops and biomass of weeds in the sample collected in the
spring, while the response variable was the arcsine-transformed proportion of Metarhizium-killed
G. mellonella in the sample.
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2.4 RESULTS
Does Metarhizium detection vary by nominal cover crop treatment and cash crop?
Cover crop treatment had no effect on Metarhizium detection (F=1.5; DF (11,265); p<0.13,
Table 2-3, Figure 2-1), while Metarhizium detection was significantly greater in corn compared to
soybean (F = 35.02; DF (1,3); p< 0.01) (Table 2-3, Figure 2-2). Similarly, year (F = 16.17, DF
(2,265);

p < 0.0001) significantly affected Metarhizium detection along with pre-post cover crop

termination (F = 33.13, DF (1,282); p < 0.0001) (Table 2-3, Figure 2-3 and Figure 2-4). Further,
analysis revealed significant interaction among cash crop, pre-post cover crop termination and
year (Table 2-3, Figure 2-5, Figure 2-6 and Figure 2-7). However, none of the interactions
between treatment and other fixed factors was found to be significant and therefore I only report
the interaction among cash crop, pre-post cover crop termination and year.

Table 2-3: Mixed ANOVA for cover crop treatment effects
Factors
Cover Crop Treatment
Cash Crop
Year
Pre-Post Cover Crop Termination
Cash Crop * Year
Cash Crop * Pre-Post Cover Crop Termination
Year * Pre-Post Cover Crop Termination
Cash Crop * Pre-Post Cover Crop Termination*year

Numerator DF
11
1
2
1
2
1
2
2

Denominator DF
265
3
265
282
265
282
282
282

Mean Proportion of Infected
G. mellonella

Figure 2-1: Metarhizium detection by cover crops
0.20
0.15
0.10
0.05
0.00

F-Value
1.5
35.02
16.17
33.13
4.696
73.31
5.435
4.12

p-Value
0.1309
<0.0096
<0.0001
<0.0001
<0.0099
<0.0001
<0.0048
<0.017
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Mean Proportion of Infected
G. mellonella

Figure 2-2: Mean detection of Metarhizium by cash crop
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Figure 2-3: Mean detection of Metarhizium by year
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Figure 2-4: Mean detection of Metarhizium collected in May and July
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Note: May represents samples collected before cover crop termination while July represents samples collected after
cover crop -termination
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Figure 2-5: Metarhizium detection by cash crop and year
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Figure 2-6: Metarhizium detection by cash crop and pre-post cover crop termination
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Figure 2-7: Metarhizium detection by pre-post cover crop termination and year
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The level of diversity of the cover crop mixtures - monocultures vs polycultures - did not
significantly affect detection of Metarhizium (F=0.16; DF (11,274); p < 0.85; Table 2-4 and Figure
2-8). The effect of cash crop, pre-post cover crop termination and year on Metarhizium detection
was significant (Table 2-4, Figure 2-2, Figure 2-3 and Figure 2-4). There was also a significant
interaction among cash crop, pre-post cover crop termination and year (Table 2-4, Figure 2-5,
Figure 2-6 and Figure 2-7). However, none of the interactions between treatment and other fixed
factors was found to be significant and therefore I only report the interaction among cash crop,
pre-post cover crop termination and year.

Table 2-4: Mixed ANOVA for monoculture and polyculture treatment effects
Factors
Mono - Poly Cultures
Cash Crop
Year
Pre-Post Cover Crop Termination
Cash Crop * Year
Cash Crop * Pre-Post Cover Crop Termination
Year * Pre-Post Cover Crop Termination
Cash Crop * Pre-Post Cover Crop Termination*year

Numerator DF
11
1
2
1
2
1
2
2

Denominator DF
274
3
274
282
274
282
282
282

F-Value
0.16
34.13
15.76
33.13
4.58
73.33
5.44
4.12

Mean Proportion of Infected
G. mellonella

Figure 2-8: Metarhizium detection by polycultures and monocultures
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p-Value
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<0.010
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<0.08
0.0173
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Is cover crop diversity related to Metarhizium identity or Metarhizium species diversity?
Phylogenetic analysis revealed that Metarhizium robertsii was the only species from the
representative 91 isolates (Table B and Figure B of Appendix B).
Does expressed species composition of cover crops affect detection of M. robertsii?
The proportion of cereal rye (“rye”) in the mixture in the 3sppW, 3sppN, 4spp, 6spp treatments in
spring had significant effect on the detection of M. robertsii (partial regression coefficient = -1.258;
p < 0.05) such that an increase in the proportion of cereal rye in a mixture was negatively related
to the detection of M. robertsii (Table 2-5). Proportion of tillage radish was omitted from multiple
regression analysis due to multicollinearity.
Table 2-5: Partial regression coefficients (p value) for detection of M. robertsii regressed on proportion of cereal
rye, winter canola or Austrian winter pea in cover crop mixture treatments planted before corn and soybean
Variables
Proportion rye
Proportion canola
Proportion pea
Constant
Observations
Adjusted R-squared

Partial Regression Coefficients
-1.258
(0.017)*
-0.649
(0.40)
-0.554
(0.443)
1.476
(0.005)
96
0.096

Notes: (1) partial regression coefficients were obtained after correcting for heteroskedasticity; (2) p values are in
parentheses

Are there any legacy effects of cover crops on the detection of M. robertsii?
Cover crop biomass in all treatments in the previous fall was significantly positively related to the
pre-termination detection of M. robertsii in the following spring (partial regression coefficient =
0.0013; p =0.00), whereas weed biomass had no legacy effect (Table 2-6).
Does cover crop biomass influence the pre-termination detection of M. robertsii?
Weed biomass of the spring season in all cover crop treatments were positively related to
the pre-termination detection of M. robertsii in spring (weed biomass: partial regression
coefficient = 0.005; p=0.01; Table 2-6) whereas cover crop biomass had no effect on M. robertsii
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detection. The correlation between weed biomass and cover crop biomass is negative (Pearson
correlation coefficient = -0.27; p < 0.01)
Table 2-6: Legacy (previous fall biomass) and current season (current spring biomass) effects of cover crop
biomass in all cover crop treatments on detection of M. robertsii in the spring before cover crop termination
Variables
Cover Crop Biomass
Weed Biomass
Constant
Observations
R-squared

Current Season
0.0001
(0.46)
0.005
(0.01) **
0.35
(0.00) ***
288
0.05

Legacy
0.0013
(0.00) ***
-0.00004
(0.89)
0.26
(0.00) ***
288
0.21

Notes: (1) partial regression coefficients were obtained after correcting for heteroscedasticity; (2) p values are in
parentheses

2.5 DISCUSSION
Ecological theory suggests that plant diversity not only affects primary productivity but
also has bottom up effects on insect herbivores and indirect effects on above-ground natural
enemies, as plants provide alternate food and habitat resources for arthropods (Letourneau et al.,
2011; Root, 1973; Tilman et al., 2001). Additionally, increased plant diversity contributes to soil
microbial diversity including decomposers by providing plant resources in the form of litter
(Eisenhauer et al., 2012). Previous studies have reported that plant diversity led to increase in
microbial biomass, respiration and fungal abundance in a grassland experiment (Zak et al., 2003).
In a study on bacterial diversity in grassland ecosystem experiment comprising monocultures, 2,
3 and 4 species mixtures, plant diversity had a greater influence on microbial biomass and
diversity of bacteria (Loranger Merciris et al., 2006). The general lack of effects of cover crop
species and diversity on the detection of Metarhizium in my study is not consistent with
predictions of these earlier findings. Such contrasting results might be due to the legacy of a
relatively short duration of time of the experimental treatments. The experiment was
implemented in land previously used in a conventional tomato-breeding program, and transition
to organic management was initiated in 2012. The use of chemicals for pest and disease control
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as well as herbicides and fertilizers in the conventional cultivation might have created a unique
soil environment, which might have adversely affected soil arthropods that are potential hosts for
Metarhizium (Steenwerth et al., 2002; Sheng et al., 2013). Therefore, I suggest that cover crop
mixtures in the current study did not support greater diversity or detection of Metarhizium as the
use of management inputs in the previous conventional management system were not erased from
the “soil memory” before the effects of the cover crops under organic management could be
detected (Bartlett-Ryser et al., 2005; Habekost et al., 2008).
Although I did not find a cover crop treatment effect on detection of Metarhizium,
graphical evidence in Figure 2-1 suggests highest and lowest detection of Metarhizium in
Austrian winter pea (Pisum sativum) and winter canola (Brassica napus) cover crops,
respectively. This finding is consistent with existing literature on the role of legumes and
brassicas in influencing soil microorganisms (Vukicevich et al., 2016). For example, Metarhizium
detection could be higher in Austrian winter pea because it can provide carbon rich exudates to
Metarhizium to support growth in the rhizosphere and, therefore, result in its greater detection.
Similarly, low detection in canola could be due to the inhibitory effects of glucosinolates,
secondary metabolites of plants belonging to Brassicaceae. Steinwender et al. (2015) found lower
occurrence of Metarhizium in root isolations of cabbage (Brassica oleracea) in comparison to
that on cereals. Additionally, Klingen et al. (2002) reported that conidia of M. anisopliae did not
germinate when exposed to 100 ppm of glucosinolates in a laboratory experiment.
In my study, cash crop species had a significant effect on the detection of Metarhizium.
Specifically, I detected Metarhizium with greater frequency in corn than from soybean. Thus,
according to my study, plant species identity plays an important role in detection of Metarhizium.
Additionally, the presence of a particular group of arthropods hosts in corn compared to soybean
might be responsible for greater detection of Metarhizium in my experiment. The relationship of
particular group of arthropods with Metarhizium can be explored for future ecological studies.
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Further, previous research suggests a positive effect of plant diversity not only on net
primary productivity but also on microbial diversity (Tilman et al., 2001; Zak et al., 2003). A
study by Kowalchuk et al. (2002) examined the role of bacterial communities inhabiting the
rhizosphere of two plant species, Cynoglossum officinale (hound’s tongue) and Cirsium vulgare
(spear thistle). Bacterial community analysis in this study (Kowalchuk et al., 2002) showed that
the bacterial community was plant-specific with greater diversity in the rhizosphere of these nonagricultural plant species than the bulk soil. Greater plant diversity results in greater diversity of
soil microorganisms as reported by Eisenhauer et al. (2012) due to plant litter and root exudates
entering the soil via the aboveground plant species. Since polycultures comprise greater plant
diversity, I expected that diversity and detection of Metarhizium would be greater in polycultures
compared to monocultures (Loranger Merciris et al., 2006). However, in my experiment there
was no effect of level of plant diversity on detection of Metarhizium. Similar to my findings, a
field study conducted on low (4 spp) and high plant (15spp) species diversity mixtures effects on
soil microbial community including arbuscular mycorrhizal fungi in Europe also revealed no
increase in biomass of arbuscular mycorrhizal fungi due to plant diversity and hence no effects
(Hedlund et al., 2003).
In prior research, the number of Metarhizium species detected related to plant species
diversity did not vary. For example, Steinwender et al. (2015) found only M. brunneum
predominating in the rhizosphere of cabbage, oat and rye crop plants. Similarly, in my study I
detected one species, M. robertsii from the experimental site. The lack of species diversity in
Metarhizium detected in my study supports the hypothesis that belowground food webs are
redundant at the species level and mainly driven by the attributes of a dominant faunal species
(Mikola and Sitala,1998; Laakso and Sitala,1999; Wardle, 1999). In yet another instance, Cragg
and Bardgett (2011) found that litter decomposition, microbial activity and nutrient release was
higher in microcosms containing a single dominant collembolan species, Folsomia candida, as

44
compared to combinations of two or three species of Collembola. Similar to the collembolan
study, M. robertsii is the dominant species in my study at the experimental site, perhaps,
confirming the redundancy hypothesis.
Some studies reported that the effects of plant diversity are more pronounced on soil
microorganism after a time lag (Bartelt Ryser et al., 2005; Eisenhauer et al., 2010). This could
happen as diverse plant litter and root exudates take some time to accumulate before plant
diversity effects manifests on soil biota (Eisenhauer et al., 2010). For example, organic
management practices with diverse cover crop mixtures in my study might contribute, however
with a time lag, to greater variability of organic resources which provide diverse niches for
different species of Metarhizium. Therefore, in addition to plant species diversity, history of
agricultural practices at a given site can influence soil microbial communities (Buckley and
Schmidt, 2003). Thus, results of my study and those of earlier studies (Hedlund et al., 2003; Lirii
et al., 2002; Habekost et al., 2008; Bartelt-Ryser et al., 2005; Viketoft et al., 2009) corroborate
that plant species diversity may have idiosyncratic effects on Metarhizium diversity and there
may be time lags before the aboveground plant diversity affects belowground Metarhizium
diversity.
Considering that the actual species composition that grows from a cover crop seed
mixture is variable (Murrell et al., 2017), my study revealed that there was a significant effect of
expressed composition of the mixtures on the detection of M. robertsii even though there was no
significant effect of nominal cover crop treatment on the detection of M. robertsii. Specifically, I
found cereal rye to predominate the species composition of the mixtures (3sppN, 3sppW, 4spp
and 6 spp) as reported in previous studies (Murrell et al., 2017; Poffenbarger et al., 2015).
Further, cereal rye dominance in all the mixtures resulted in low detection of M. robertsii, which
requires further investigation of M. robertsii as an endophyte (Sasan and Bidochka, 2012) in
cereal rye. The chemical composition of root exudates in cereal rye might contain some
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allelochemical such as benzoxazinoids that contribute to reduced M. robertsii growth in the
rhizosphere (Schulz et al., 2013).
I found carry-over or legacy effects of fall cover crop biomass on detection of M.
robertsii in the following spring. The finding seems to be plausible as the effects of cover crops
may lag in time. The positive relationship between cover crop biomass and M. robertsii might be
due to cover crops whose rhizosphere provide suitable niche for M. robertsii to flourish.
Furthermore, weed biomass in spring were positively related to M. robertsii detection in spring.
Prior research has shown that arable weed communities might influence microbial community
through root exudates (Wortman et al., 2013). In my study, the positive correlation between weed
biomass and M. robertsii detection might be due to carbon provided by root exudates and fine
root turnover during the spring.
Based on my findings, cover crops to some extent provide a “legacy effect” by
supporting M. robertsii in the following spring since cover crop biomass in the previous fall was
significantly related to M. robertsii detection in spring. Among the cover crops, prevalence of M.
robertsii was greater in Austrian winter pea and lowest in canola. Further, corn recorded greater
detection of M. robertsii than soybean. The ability of M. robertsii to persist in corn warrant
further investigation of M. robertsii as an endophyte in corn to shed light on the role of plant
species effects on M. robertsii. In addition, the effect of endophytic M. robertsii on the growth
and survival of economically important pests of corn will reveal the role of M. robertsii in plantinsect interaction and help in devising strategies for conservation of M. robertsii. Although, M.
robertsii dominated at the field site, future experiments could be conducted using multiple
detection methods such as insect baiting, soil dilution plating and plant assays to validate
Metarhizium species diversity at the site. Further, use of molecular techniques such as single
nucleotide polymorphisms (SNP) markers will provide a better snapshot of M. robertsii strain
diversity at the site since it is an efficient method for genotyping isolates based on single
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nucleotide changes. Future investigations should focus on validating the low diversity at the site
and across organic farms and finding the optimal time lag for the effects of plant diversity or
management regimen to manifest in changes in Metarhizium diversity.
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Chapter 3
INFLUENCE OF SOIL CHARACTERISTICS ON DETECTION OF METARHIZIUM
ROBERTSII IN AN ORGANIC FEED GRAIN SYSTEM

ABSTRACT
Soil characteristics play a major role in the distribution of the occurrence of soil –
dwelling entomopathogenic fungi, including Metarhizium, an entomopathogenic fungus whose
major habitat is soil. Understanding soil characteristics at a site and how they affect the
occurrence of endemic beneficial fungi, such as Metarhizium, can improve our ability to conserve
them as natural insect control agents. This is especially important in organic production systems,
where the use of synthetic insecticides is not allowed. I examined the impact of 13 soil
characteristics on the detection of M. robertsii, the predominant entomopathogenic fungus in soil
in a site undergoing transition to organic production. Of the 13 characteristics that we measured,
gravimetric soil moisture, pH and sulfur concentrations in the soil were positively related to the
detection of M. robertsii. The relationship between sulfur, which ranged from 4.43 ppm to 12.39
ppm, and M. robertsii was quadratic with a maximum detection at 12.55ppm. pH (5.7-7.57) and
gravimetric moisture (9.66 -30.76%) were positively and linearly related with detection of M.
robertsii. Therefore, management of the soil characteristics such as pH, gravimetric moisture and
sulfur at the site may result in greater occurrence of M. robertsii.
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3.1 INTRODUCTION
Soil is the natural reservoir of many organisms that contribute to productivity in agricultural
systems. Soil is a heterogenous environment that provides microhabitats for the survival of
organisms which include microflora (e.g., bacteria, fungi), microfauna (e.g., protozoa,
nematodes) and macrofauna (e.g., earthworms and termites) (Barrios, 2007). Soil organisms
contribute to cycling of nutrients such as nitrogen and phosphorus in agroecosystems and
promote plant growth and increases crop productivity (Barrios, 2007). For example, symbiotic
bacteria such as Rhizobium are involved in biological nitrogen-fixation with legumes, which
provides nitrogen for plant growth (Giller, 2001). Similarly, arbuscular mycorrhizal fungi help in
the acquisition of phosphorus by the plant through symbiosis of the fungi with roots of higher
plants (Jacobsen, 1992). In addition to phosphorus, greater acquisition of soil mineral nitrogen
such as ammonium along with calcium, potassium and magnesium occurs with mycorrhizal fungi
(George et al., 1992). Decomposition of organic material is an important ecosystem service
facilitated by bacteria, fungi, microfauna and soil macrofauna (Brussard et al., 1997). Soil
organisms are involved in physical fragmentation and chemical degradation of organic material
through production of enzymes. Fungi comprise more than 90% of soil microbial biomass and
influence soil organic matter decomposition (Six et al., 2006).
Entomopathogenic fungi comprise one group of soil-borne organisms that can benefit
agricultural systems. Several entomopathogenic fungi such as Metarhizium, Beauveria, and Isaria
(Paecilomyces) can survive as saprophytes or as conidia in the soil. Conidia are the main
infectious propagule for soil insects, and these fungi utilize the insect as a host to build their
biomass. In addition, conidia can be dispersed through wind and rain splash to cause infection in
aboveground insects (Meyling et al., 2011). Entomopathogenic fungi release nutrients from
infected cadavers and may play an important role in nutrient cycling (Yan et al., 2015).
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Soil management and characteristics influence populations of entomopathogenic fungi
(EPF), such as Metarhizium and Beauveria, that spend at least part of their life cycle in soil. Soil
characteristics, for example, texture, cation exchange capacity, pH, and organic matter content
influence the efficacy of entomopathogenic fungi (Inglis et al., 2001). Further, soil management
regimes such as tillage, crop rotation, and fertilizer application are important determinants of
entomopathogenic fungal community (Garbeva et al., 2004).
Several surveys and studies have been conducted that report on the effect of soil
characteristics on the occurrence of Metarhizium. Quesada Moraga et al. (2007) studied the
relationship of geographical location, altitude, and soil properties, including soil texture, pH, and
percentage soil organic matter on the distribution of EPF in Spain. In their study, Metarhizium
occurred in soils with a pH from 4 to 7.8, and was most prevalent in soils with low to moderate
clay content. Similarly, Medo and Cagan (2011) conducted a survey in Slovakia and found that
M. anisopliae, in comparison to Beauveria bassiana, was less common in fine textured soils and
soils with high organic matter. High organic matter content in the soil can have antagonistic
effects on Metarhizium since it is a poor competitor for organic resources when compared to
opportunistic saprophytic fungi in the soil (Meyling and Eilenberg, 2006; Meyling and Eilenberg,
2007). In a single field site, Jabbour and Barbercheck (2009) studied the effect of soil moisture,
electrical conductivity, pH, organic matter and concentrations of potassium, magnesium and
calcium on detection of Metarhizium, and showed that Metarhizium detection was negatively
associated with increasing soil moisture, organic matter, zinc, copper and sulfur concentrations in
soil.
In addition to soil characteristics, occurrence of Metarhizium can be influenced by habitat
type, such as arable fields, semi-natural, or natural habitat. Soil-borne EPF are prevalent in
temperate ecosystems and many species can be found in cultivated and natural habitats. Several
surveys reveal that Metarhizium is more frequently detected in agricultural fields than in natural
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habitats. Quesada Moraga et al. (2007) frequently isolated M. anisopliae from cultivated soils,
especially from agronomic crop fields. The frequency of occurrence of Metarhizium was 2.4
times higher in cultivated than natural habitat in Spain. Similarly, M. anisopliae was more
common in agricultural field soils than forest soils in Slovakia (Medo and Cagan, 2011). In a twoyear survey on the distribution of EPF in Switzerland (Keller et al., 2003), M. anisopliae occurred
in both arable fields and meadows, with higher densities occurring in meadows than in adjacent
arable lands. The authors suggested that this might be due to scarcity of hosts, and to fungicide
application in arable fields. Whereas Sun and Liu (2008) reported the occurrence of M. anisopliae
(10. 6% of samples) in natural forest habitats in different regions of China, Bidochka et al. (1998)
reported that M. anisopliae was isolated more frequently from agricultural habitat compared with
forest habitat in Canada. The majority of the studies mentioned above corroborate that M.
anisopliae is tolerant of agricultural disturbances and significantly more prevalent in cultivated
areas than in natural habitat (Hummel et al., 2002, Quesada-Moraga et al., 2007). This might be
due to environmental factors that select for those genotypes resilient to the conditions of UV
radiation and high temperatures (Bidochka et al., 2001).
The effects of management system on the occurrence of soil microbial communities,
especially those of Metarhizium, appear to be mixed. Meyling et al. (2011) studied the abundance
and distribution of fungal entomopathogens in conventional and organic cropping systems and
found that M. anisopliae dominates belowground in agricultural soil whereas Beauveria bassiana
dominates above ground. However, detection of M. anisopliae did not differ between the
conventional and organic fields. Klingen et al. (2002) compared the abundance of EPF in organic
and conventional fields and semi-natural field margins, and found more frequent occurrence of
M. anisopliae (5%) in organic fields compared to conventional fields (2.9%). There was no
difference in the occurrence of Metarhizium in the field margins of organic versus
conventionally- managed farms. In a survey by Goble et al. (2010), M. anisopliae was more
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frequently detected in soil samples collected from orchard margins compared to within
conventional and organic fruit orchards. In addition, populations of M. anisopliae were higher in
reduced tillage than conventional tillage regimes in a study carried out by Hummel et al. (2002)
on vegetable production practices in North Carolina.
Some soil characteristics promote the occurrence of Metarhizium in the soil (Quesada
Moraga et al., 2007; Medo and Cagan, 2011), while others inhibit the occurrence of Metarhizium.
For example, high soil moisture content can be detrimental to Metarhizium if those conditions
promote antagonistic microbes or decrease oxygen levels for survival of conidia of Metarhizium
(Li and Holdom, 1993; Jabbour and Barbercheck, 2009). High levels of organic matter can also
be detrimental to Metarhizium survival as Metarhizium is a poor competitor for organic sources
as compared to opportunistic saprophytic fungi (Meyling and Eilernberg, 2007). In addition, high
electrical conductivity (a measure of the presence of salts in the soil) can decrease Metarhizium
due to osmolysis, resulting in the death of the fungus from desiccation (Oren, 1999; Yan et al.,
2015).
Practices frequently used in organic systems, such as cover cropping and incorporation of
animal and green manures, can also result in increased concentrations of calcium, phosphorus,
magnesium and potassium in the soil (Clark et al., 1998), which results in pH stabilization
(Bullock et al., 2002; Stamatiadias et al., 1999). However, application of animal manures can
add minerals such as zinc, copper, and sulfur to the soil, and these can be biocidal (Mochi, 2005).
Jabbour and Barbercheck, (2009) reported, a negative correlation between occurrence of
Metarhizium and copper, zinc and sulfur concentrations in the soil in an organic cropping system.
In that study, phosphorus, potassium, magnesium, calcium, cation exchange capacity were not
related to the occurrence of Metarhizium (Jabbour and Barbercheck, 2009).
Active carbon refers to the labile form of organic matter that is an indicator of biological
activity as compared to recalcitrant form of carbon (Weil et al., 2003). Labile carbon is essential
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in nutrient cycling and contributes to biological properties of the soil. Cation exchange capacity
(CEC) refers to the positively charged cations such as calcium, magnesium, potassium and
sodium held by the soil particles. Clay and organic matter present in the soil are negatively
charged and tend to hold the positively charged cations in the soil (Liang et al., 2006). Soil with
higher organic matter content will have greater cation exchange capacity than soils with low
organic matter content, which leads to greater adsorption of conidia of Metarhizium (QuesadaMoraga et al. (2007).
The present experiment is part of a larger project (Kaye et al., 2011) to determine the
benefits and trade-offs of cover crop species grown in monoculture and in mixtures on several
ecosystem services, including soil nutrient management, weed suppression, and insect pest
regulation in an organic feed grain system. As a component of the larger project, my study
investigates the effect of soil characteristics such as gravimetric moisture (GV), pH, labile carbon,
electrical conductivity (EC), and elements such as phosphorus, calcium, magnesium, potassium,
phosphorus and trace elements such as zinc, copper and sulfur on the occurrence of Metarhizium
in an organic feed grain system.
Given the effects of GV, labile carbon, pH, EC, elements such as phosphorus, calcium,
magnesium, potassium, zinc, copper and sulfur from previous studies, I hypothesize that the:
H1: Frequency of detection of Metarhizium will be negatively associated with gravimetric soil
moisture, permanganate oxidizable (“labile”) carbon and electrical conductivity
H2: Frequency of detection of Metarhizium will be positively or negatively associated with pH
H3: Frequency of detection of Metarhizium will be positively associated with concentration of
calcium, magnesium, potassium and phosphorus in soil
H4: Frequency of detection of Metarhizium will be positively or negatively associated with
concentration of copper, sulfur and zinc in soil
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3.2 MATERIAL AND METHODS
Field site and experiment
This experiment was conducted at a single site established on approximately 11 ha of land at the
Pennsylvania State University Russell E. Larson Research and Education Center (RELREC) near
Rock Springs, Pennsylvania (40° 43'N, 77° 55'W, 350 m elevation). The climate of central PA is
continental with 975 mm mean annual precipitation and mean monthly temperatures ranging from
3°C (January) to 21.6°C (July). Soils at my site are shallow, well drained lithic Hapludalfs
formed from limestone residuum (Braker, 1981). The dominant soil type at this location is a
Hagerstown silt loam (fine, mixed, semiactive, mesic, Typic Hapludalf). Soil texture in my
experimental field was predominantly clay loam with spatial variability in silt (range of 30.3 54.1%) and sand (16.6 – 49.9%) content across the field. At the time of this experiment, this
land was in transition to organic certification and was managed in accordance with the USDA
National Organic Standards (USDA, 2013). No pest control materials were applied at the site
after the initiation of the transition.
To study the benefits and trade-offs of cover crop diversity on a suite of ecosystem
functions, a full-entry, stripped, randomized complete block design field experiment was
established at RELREC. The main cash crops are corn silage, soybean and wheat. The twelve
treatments in the experiment were comprised of six fall-planted cover crop species grown in
monoculture, five cover crop mixture treatments, and a fallow treatment embedded in a rotation
of wheat (Triticum aestivum L.) followed by corn (Zea mays L.), and ending in soybean (Glycine
max (L.) Merr.) rotation. The cover crop monocultures include Austrian winter pea (Pisum
sativum var Arvika), cereal rye (Secale cereale var Aroostook), winter canola (Brassica napus
var Wichita), red clover (Trifolium pratense var common), forage radish (Raphanus sativus var
Tillage radish) and oats (Avena sativa var Jerry). The five cover crop mixtures include: a three
species mixture designed to balance nitrogen supply and retention (3sppN; Austrian winter pea,
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red clover and cereal rye); a three species mixture designed to suppress weeds (3sppW; red
clover, oat and cereal rye), a four species mixture designed to support beneficial insects (4spp;
red clover, winter canola, cereal rye and Austrian winter pea), a six species mixture comprised of
all monoculture species tested (6spp); and a commercially-available mixture of 7 species (7spp,
annual ryegrass (Lolium multiflorum), crimson clover, red clover (Melilotus officinalis), sweet
clover, oat, forage radish and sunflower (Helianthis annuus)). Treatments were each replicated
four times.
Soil sampling
I collected soil samples two times, in May and July, in each year of the experiment (preceding
and in corn (mo/d/yr): 5/14/13; 7/17/13; 5/6/14; 7/17/14; 5/6/15; 7/14/15) (preceding and in
soybean: 5/21/13; 7/21/13; 5/8/14; 7/18/14; 5/13/15; 7/16/15) using aseptic technique to avoid
cross-contamination between the 12 treatment plots. The earlier sample (May) in each crop was
collected in cover crop treatments before they were terminated, the second date sample (July) was
taken after termination of the cover crop and after planting and emergence of cash crop. First the
soil sampler was cleaned using dry paper towel, followed by wiping the probe with paper towels
soaked in ethanol. The soil sample from each treatment plot was comprised of 11, 20 cm deep x
2.5 cm diameter soil cores collected from 4 randomly-selected rows, with 3 cores per row and 4
cores in the last row. Cores were collected at least 3 m from the edge of the plot. I removed any
debris on the soil surface with a tip of the probe before collecting the sample. Soil samples were
placed into a labeled bag, and stored in a cooler until returned to the laboratory. In the laboratory,
the soil clods in soil samples were crumbled and the soil within each bag homogenized. The soil
was split into four sub-samples of approximately 250-ml each that were used for chemical and
biological analyses. Two sub-samples were used for characterizing soil chemical and physical
properties: permanganate oxidizable carbon (Weil et al 2003), particulate organic matter (Schulte
1995), pH, electrical conductivity, gravimetric soil water content and soil matric potential. Soil
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sub-samples from sampling dates preceding corn: 5/14/13, 5/6/14, 5/6/15 and preceding soybean:
5/21/13, 5/8/14, 5/13/15 were also submitted for analysis to the Agricultural Analytical Services
Laboratory (AASL) of The Pennsylvania State University for the following characteristics:
phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), cation exchange capacity (CEC),
soil organic matter by loss-on-ignition (LOI), and trace elements zinc (Zn), copper (Cu), and
sulfur (S).
Sentinel insect assays
A baiting bioassay method using Galleria mellonella as a host insect was used to detect
entomopathogenic fungi (EPF) (Zimmermann, 1986). The sub-sample of soil used for soilborne
insect pathogen analysis was homogenized by hand and 250 ml were placed in a 473-ml plastic
container along with 15, last-instar G. mellonella larvae. Lids were placed on the containers,
which were then stored at 200 C for 10 days, when insect condition was assessed and categorized
as alive, dead from causes other than fungal infection, and potentially infected by EPF. Larvae
that were assessed to be potentially infected with EPF were removed and rinsed briefly in 80%
ethanol then in water. Cadavers exhibiting symptoms of fungal infection were held in humid
chambers (59 mL Solo® cups) with a small piece of moistened Whatman No. 1 filter paper for 7
days. Sporulating cadavers were classified as being infected with Metarhizium spp., B. bassiana,
or Isaria spp. (Goettel and Inglis, 1997) based on signs and symptoms.
Soil analysis methods
Permanganate oxidizable carbon levels (POC) were determined as an indicator of biologically
active soil carbon (Weil et al., 2003). Briefly, soil samples were air-dried and ground to pass
through a 2-mm sieve. Soil (5-g) was reacted with 20.0-ml of 0.02 M permanganate solution in
47.5-ml screw top polycarbonate centrifuge tubes. The permanganate reagent contained 0.2 M
KMnO4, 1 M CaCl2 and was adjusted to a pH of 7.2 or higher using NaOH. The CaCl2 was
included to promote rapid flocculation of soil colloids. Tubes were prepared in batches of 10
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tubes, with each batch including 8 experimental samples, one tube containing a soil standard, and
one tube containing a permanganate solution standard. Tubes were capped and shaken end-toend (240 oscillations per min) for 2 min and then allowed to settle an additional 10 min. Then
200-µl was collected from the supernatant and added to 9.8-ml of DI water and shaken to mix
thoroughly. A mechanical pipette was used to transfer one 3.8-ml aliquot of supernatant to a
clean cuvette (4-ml) and the absorbance was measured at 550-nm using a spectrophotometer
(Spectronic 21 D, Milton Roy).
The following equation was used to calculate POC as a function of the quantity of
permanganate reduced (Mn+7 -> Mn+4) in each tube according the batch solution standard
absorbance:
POC (g/kg) = (0.02 - (a + (0.02 / SS) x S)) x 9000 x (0.02 /sm)
where 0.02 is the initial MnO4- concentration (mol/liter) in each tube, a is the intercept of a
standard curve, SS is the solution standard absorbance, S is the soil sample’s absorbance, 9000 is
the mass (g) of C oxidized by 1 mol of MnO4- , 0.02 is the volume (µl) of solution in each tube
and sm is the mass (kg) of soil added to each tube (Weil et al., 2003).
Gravimetric soil moisture was quantified as mass loss on drying at 450C for 72 h divided
by dry soil mass. To determine concentrations of P, K, Mg, Ca, Zn and Cu, soil was extracted
with a Mehlich 3 solution (Mehlich, 1984; Wolf and Beegle, 1995) and the extracted filtrate was
subsequently analyzed with inductively coupled plasma spectrometry at the Agricultural
Analytical Services Laboratory (AASL) of The Pennsylvania State University (University Park,
PA, USA). CEC was determined by summation of K, Mg, Ca and exchangeable acidity (Ross
1995).
Estimation of soil organic matter (SOM) followed the AASL protocol: Mass loss on
ignition (LOI) was first determined by igniting soil at 360 0C for 2 h, and a regression equation
was then used to convert LOI to SOM. The regression equation relates LOI to independent
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estimates of SOM, which are determined by a Walkley – Black procedure that oxidizes organic C
with potassium dichromate (K2Cr2O7) in an acidic solution (Schulte 1995, Schumacher, 2002).
Conductivity and pH were determined with appropriate probes inserted into the supernatant of
slurries (1 soil: 2 deionized water for conductivity, 1:1 for pH) that had been shaken and
centrifuged.
3.3 STATISTICAL ANALYSIS
What is the effect of soil variables on the detection of Metarhizium? (H1, H2, H3 and H4)
To determine the effect of soil characteristics on the detection of Metarhizium, I first
reduced the number of variables to include only those that were significant in explaining variation
in detection of Metarhizium. The proportion of G. mellonella infected by Metarhizium in the
sentinel assays was arcsine transformed and served as the response variable, while soil
characteristics were used as the explanatory variables in stepwise multiple regression. To assess
the robustness of my results I also conducted: (1) stepwise negative binomial regression with
number of Galleria (count data) as the response variable and (2) stepwise logistic regression, in
which presence or absence of Metarhizium was the response variable.
Type of relationship between significant soil properties and detection of Metarhizium
After reducing the number of soil variables through stepwise regression to include only those that
contributed significantly to variation in detection of Metarhizium, I performed separate linear
regression analysis with transformed (linear, log and square root) soil characteristics as the
explanatory variable and arcsine transformed proportion of G. mellonella infected by
Metarhizium as the response variable. I identified the type of relationship by looking at the
significance of the partial regression coefficient and R2 values. I supplemented my analysis by
providing graphical evidence of the relationship in the form of scatter plots of the untransformed
data. All analyses were conducted using STATA 13.1 software (STATA® Data Analysis and
Statistical Software, Release No.13.1, StataCorp, http://www.stata.com/)
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3.4 RESULTS
What is the effect of soil variables on detection of M. robertsii?
Stepwise multiple linear regression revealed that gravimetric moisture, pH and sulfur were
positive and significant predictors of M. robertsii detection (gravimetric moisture: partial
regression coefficient = 0.0259; p< 0.01; pH: partial regression coefficient = 0.163; p< 0.01;
sulfur: partial regression coefficient = 0.0858; p< 0.01; Table 3-1). The results were similar when
I performed stepwise logistic regression and stepwise negative binomial regression, except that
pH was not a significant predictor in stepwise logistics regression analyses and zinc was a
significant predictor of M. robertsii infection in the case of negative binomial regression (Tables
2 and 3). Electrical conductivity, labile carbon, minerals such as potassium, calcium, magnesium
and phosphorus and copper were not related to the detection of M. robertsii.
After identifying the soil characteristics that contributed significantly to the variation in
detection of M. robertsii, I investigated the type of relationship between these characteristics and
M. robertsii infection (Figures 3-1, 3-2 and 3-3). The effects of sulfur concentration on detection
were quadratic (Figure 3-1), while the effects of gravimetric soil moisture and soil pH were linear
(Figure 3-2 and 3-3) with detection of M. robertsii.

Table 3-1: Soil characteristics that contribute significantly to variation in detection of M. robertsii according to
stepwise multiple regression.
VARIABLES
sulfur
Gravimetric moisture
pH
Constant
Observations
Adjusted R-squared

Partial regression
Coefficients
0.0858**
(0.000)
0.0259**
(1.15e-06)
0.162**
(0.00223)
-1.877**
(3.27e-06)
288
0.280

Note: partial regression coefficients were obtained after correcting for heteroskedasticity; p values are in parentheses
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Table 3-2: Soil characteristics that contribute significantly to variation in detection of M. robertsii according to
stepwise logistic regression
VARIABLES
Gravimetric moisture

Coefficients
0.200**
(2.56e-06)
0.590**
(8.66e-06)
-7.303**
(1.81e-10)
288

Sulfur
Constant
Observations

Note: partial regression coefficients were obtained after correcting for heteroskedasticity; p values are in parentheses

Table 3-3: Soil characteristics that contribute significantly to variation in detection of M. robertsii according to
stepwise negative binomial regression
VARIABLES
Sulfur

Coefficients
0.325**
(1.17e-07)
0.0997**
(6.03e-05)
0.625**
(0.00965)
0.382*
(0.0420)
-8.352**
(1.42e-05)
288

Gravimetric moisture
pH
Zinc
Constant
Observations

Note: partial regression coefficients were obtained after correcting for heteroscedasticity; p values are in parentheses

Figure 3-1: Relationship between sulfur (ppm) and mean proportion of G. mellonella infected by
M. robertsii (n=288)
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Figure 3-2: Relationship between gravimetric moisture (%) and mean proportion of G. mellonella infected
by M. robertsii (n=288)
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Figure 3-3: Relationship between pH and mean proportion of G. mellonella infected by M. robertsii
(n=288)
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3.5 DISCUSSION
Metarhizium is a soil inhabiting entomopathogen and several authors have studied the
effect of soil properties on the occurrence and distribution of Metarhizium (Keller et al., 2003;
Meyling and Eilenberg, 2006; Quesada Moraga et al., 2007). In my study on the effect of soil
characteristics on the detection of M. robertsii, I found gravimetric moisture, sulfur and pH to
significantly affect the detection of M. robertsii. Further, minerals such as phosphorus, potassium,
magnesium and calcium were not related to the detection of M. robertsii. Gravimetric moisture,
which varied from 9.66% to 30.76 %, was positively related to detection of M. robertsii.
Although greater moisture can negatively affect conidia survival (Lingg and Donaldson, 1981),
the positive effect of soil moisture on detection of M. robertsii in my study may be related to
germination of conidia. Greater moisture content is essential not only for germination of conidia
but also for mycelial growth and sporulation (Goettel and Inglis, 2012).
Previous research on the effects of sulfur on Metarhizium have found variable effects of
sulfur on Metarhizium detection. Tedders (1981) found that sulfur is least toxic to M. anisopliae
when compared to other fungicides such as dinocap. Further Jabbour and Barbercheck (2009)
found that sulfur, which ranged between 10-25 ppm, was negatively correlated with detection of
Metarhizium anisopliae in a 3-year organic feed grain rotation. Moreover, Mochi et al. (2005) did
not find any adverse effects of sulfur on respiratory activity of M. anisopliae in a bioassay study
using autoclaved soil in a laboratory. In my field study, sulfur, which ranged from 4.43 to 12.39
ppm, was generally positively related to the detection of M. robertsii. However, the relationship
between sulfur and detection of M. robertsii was quadratic, indicating that concentrations higher
than those in this field site may have a neutral or negative effect on M. robertsii.
In this study, soil pH was positively related to the detection of M. robertsii (pH range 5.7
-7.57), which is in agreement with the findings of Quesada Moraga et al. (2007) who reported
higher detection of Metarhizium at higher pH. My results are also consistent with earlier
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laboratory research that has shown Metarhizium tolerance range of pH to be 2.2 to 10.5 and its
optimal growth range to be between pH of 5 to 8 in culture media (Hallsworth and Megan, 1996).
Rath (1992) found one isolate of Metarhizium with growth in the pH range from 4 to 7.8.
In summary, my study demonstrates the soil characteristics that affected the detection of
M. robertsii at the experimental field site. Accordingly, my study is important as it reveals the
abiotic factors affecting the persistence of Metarhizium at the experimental site. Understanding
the effects of soil characteristics will enable us to promote agricultural practices that influence
habitable niches of Metarhizium (Garbeva et al., 2004). Organic growers can be encouraged to
keep moisture levels in the field above wilting point in their crop fields so that relative humidity
is high enough for the M. robertsii spores to cause infections in soil pests. Further, use of cover
crops in organic farms can conserve soil moisture for M. robertsii germination and growth as well
as buffer against fluctuations in the moisture levels in the soil. Tillage is another practice in
organic systems that can disperse entomopathogenic fungi (Hummel et al., 2002). Tillage enables
mixing of the soil so that there is greater spread of spores of Metarhizium (Jabbour and
Barbercheck, 2009). Thus, information generated from this study can strengthen my efforts to
conserve Metarhizium at this site as well as organic farms across Pennsylvania where similar soil
conditions occur by promoting use of cover crops a future conservation biocontrol strategy. In
addition to the 13 characteristics which I measured, other soil properties such as presence of
nitrogen in soil can affect M. robertsii detection. Future experiments should focus on studying the
effect of nitrogen availability in soil on M. robertsii detection at site. The effect of soil type might
vary across different organic farming systems and Metarhizium species. Therefore, studying of
soil characteristics in different organic farming systems on frequency of detection of different
Metarhizium species will enable us to take measures to conserve those specific Metarhizium
species across organic farming systems.
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Chapter 4
CONCLUSION
The goal of my study was to examine the effect of agronomic farming practice – cover
cropping - and soil characteristics on the detection of Metarhizium in a corn-soybean-wheat
rotation in an organic transition system. In this regard, the first chapter of my thesis surveys the
literature relevant to my research objectives on effects of cover crops and soil characteristics on
the occurrence of Metarhizium.
In my second chapter, I studied the effect of cover crop diversity on frequency of
detection of Metarhizium. Using the survey of literature, I hypothesized that 1) the frequency of
detection of Metarhizium will increase with increasing diversity of cover crops with greater
detection in polycultures than monocultures, 2) cash crop species will significantly affect the
detection of Metarhizium, 3) the frequency of detection of Metarhizium will be affected by
expressed species composition of cover crop mixtures, and 4) the expressed cover crop biomass
in fall will affect the frequency of detection of Metarhizium in the following spring. My first
hypothesis was not supported. Cover crop diversity was not related to detection of Metarhizium.
In fact, only one species, Metarhizium robertsii, was detected at experimental site. Secondly, I
found that corn as a cash crop significantly positively affected the detection of M. robertsii. The
species composition of cover crop mixtures dominated by cereal rye was negatively related to the
detection of M.robertsti. In addition, my research brings to light the potential legacy effects that
could exist in cropping systems that incorporate cover crops in the rotation. For example, I found
cover crop biomass in the previous fall significantly affected the detection of M. robertsii in the
following spring.
In the third chapter of my thesis, I studied the effect of soil characteristics on the
detection of Metarhizium and I hypothesized that soil characteristics would vary in their
relationship to the occurrence of Metarhizium. I found that pH, gravimetric moisture and sulfur
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were positively related to the detection of M.robertsii with sulfur sharing a nonlinear, quadratic
relationship, while pH and gravimetric moisture shared a positive linear relationship with
detection of M. robertsii.
I also examined the relative importance of cover crop and soil characteristics in affecting
M. robertsii detection. I performed stepwise multiple regression with arcsine transformed
proportion of Metarhizium infected Galleria mellonella as the response variable and soil and
characteristics and cover crop factors as the explanatory variables. The results indicate that
greater variability in M. robertsii detection was explained by soil characteristics than by cover
crop factors both for corn and soybean cash crops. In fact, soil characteristics continue to
dominate plant factors in the year wise analysis as well (Table 4-1). Therefore, soil has a stronger
effect than plant, i.e. cover crop, in the determination of M. robertsii occurrence.
Table 4-1: Multiple stepwise regression for cover crop and soil characteristics
Corn
Year
All

2013

2014
2015
Soybean
All

2013
2014
2015

Variable
Sulfur
% Sand
Spring Weed Biomass
Gravimetric Soil Moisture

Estimate
0.0395
-0.0062
0.000124
0.019

R2(adj)
0.1848

F Ratio
9.0101
7.144
6.19
5.28

Prob > F
0.0032
0.0084
0.014
0.023

Spring Weed Biomass
% Silt
Electrical Conductivity
% Clay
Gravimetric Soil Moisture

0.0057
0.0086
0.0025
0.0384
0.0451

0.25

6.7439
5.5689
4.6533
26.5734
9.1783

0.0128
0.0229
0.0366
<0.0001
0.0040

Sulfur
Spring Weed Biomass
Zinc
% Silt

0.055
0.00010
0.122
0.00638

0.1807

9.0215
6.2695
5.649
5.0181

0.0032
0.0134
0.0188
0.00267

Calcium
Electrical Conductivity
% Clay
Spring Weed Biomass
Zinc
Sulfur
Electrical conductivity
% Silt

0.0007
0.0026
0.0261
0.0198
0.4205
0.1151
-0.0063
0.0147

0.26
0.29

17.2711
14.3069
10.4856
17.8434
15.5795
12.1668
8.8297
5.3558

0.0011
0.0005
0.0023
0.0001
0.0003
0.0012
0.0049
0.0256

0.35
0.15

0.55
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Overall, the results that I report not only contribute to the understanding of the effects of
plant and soil characteristics on M. robertsii in an organically-managed annual feed grain rotation
but also raise important questions which could inform future research. Despite my expectations,
my study suggests that diversity of Metarhizium at this transitioning site is low. Thus, future
research could validate and identify the reasons for low Metarhizium diversity. For example,
experiments using multiple detection methods based on insect baiting, soil dilution plating and
plant assays can be conducted to validate the low species diversity of Metarhizium at site.
Further, future research could focus on validating and generalizing the time lag effects of cover
crop diversity at the research site and across farms transitioning to organic agriculture. Long-term
experiments on plant diversity effects at farms transitioning to or already transitioned to organic
farming could identify the time required for plant diversity to manifest in Metarhizium diversity.
Last but not the least, experiments should be conducted on studying the ability of M. robertsii to
persist as an endophyte in cover crops and agronomic field crops.
Further, soil invertebrates such as macroarthropods and microarthropods respond to plant
diversity. These organisms cause soil disturbance and create environmental heterogeneity and in
this context tripartite interaction of plant diversity, arthropods and Metarhizium can also be
examined. Developing a better understanding of the effects of Metarhizium-plant-insect
interactions, such as the effect of endophytic M. robertsii on plant resistance or tolerance to plantfeeding insects, and on insect performance on inoculated plants, would be useful in both devising
conservation strategies for naturally-occurring M. robertsii and for determining the potential for
seed treatment with M. robertsii to establish endophytic growth in plants of agronomic
importance.
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The role of soil characteristics and soil fertility in influencing Metarhizium detection is a
potential avenue of future studies. Future research could examine how other soil nutrients, such as
nitrogen, could influence Metarhizium occurrence.
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Appendix A
Field activity table
Day of
Year

Date

Field Activity

113
116
119
119
123
126
127
134
135
136
141
141
142
142
150
150
151
151
155
156
156
161
166
166
166
168
169
170
172
175
176
176

4/23/2013
4/26/2013
4/29/2013
4/29/2013
5/3/2013
5/6/2013
5/7/2013
5/14/2013
5/15/2013
5/16/2013
5/21/2013
5/21/2013
5/22/2013
5/22/2013
5/30/2013
5/30/2013
5/31/2013
5/31/2013
6/4/2013
6/5/2013
6/5/2013
6/10/2013
6/15/2013
6/15/2013
6/15/2013
6/17/2013
6/18/2013
6/19/2013
6/21/2013
6/24/2013
6/25/2013
6/25/2013

Roterra
Sentinel Assay
Pitfall Trap Collection
Sentinel Assay
Sentinel Assay
Pitfall Trap Collection
Sentinel Assay
Soil Sample
Spread manure, 20 tons per acre
Moldboard Plow
Soil Sample
Moldboard Plow
Disc
Disc
S-tine
S-tine
Cultimulch
Plant corn, 33000 plants/acre MC 4050
Cultimulch
Plant soybean, 180,000 seeds/acre
Tine weed
Emergence traps
Rotary hoe
Rotary hoe
Tine weed
Emergence traps
Tine weed
Soil Sample
Sentinel Assay
Pitfall Trap Collection
Tine weed
Sentinel Assay

Corn
Fallow
Treatment
x
x
x
x

x
x
x

Corn Cover
Crop
Treatments

Soy Fallow
Treatment

Soy Cover
Crop
Treatments

x
x
x

X
X
X

x
x
x
x

X
X
X
X

x

X

x
x

X
X

x

X

x
x
x

X
X
X

x

X

x
x
x

x
x
x

x
x

x
x

x
x

x
x

x
x
x

x
x
x

x

x

x
x

x
x

x

x

Wheat
Fallow
Treatment

Wheat
Cover Crop
Treatment
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176
186
187
190
191
195
196
198
200
211
214
219
220
248
259
260
260
260
261
261
261
263
275
276
277
282
283
289
289

6/25/2013
7/5/2013
7/6/2013
7/9/2013
7/10/2013
7/14/2013
7/15/2013
7/17/2013
7/19/2013
7/30/2013
8/2/2013
8/7/2013
8/8/2013
9/5/2013
9/16/2013
9/17/2013
9/17/2013
9/17/2013
9/18/2013
9/18/2013
9/18/2013
9/20/2013
10/2/2013
10/3/2013
10/4/2013
10/9/2013
10/10/2013
10/16/2013
10/16/2013

Cultivate
Cultivate
Sentinel Assay
Pitfall Trap Collection
Sentinel Assay
High residue cultivation
Harvest wheat
Soil Sample
Chisel plow
Disk
Field cultivate
Cultimulch
Plant cover crops
Rotovate Fallow
Mow
Mow
Chisel plow
Roterra
Disk
S-tine
Cultimulch
Plant cover crops
Harvest wheat
Spread manure, 15 tons/acre
Chisel Plow
Disc and S-tine
Cultimulch
Plant wheat 150 lb/acre, Malabar wheat @ 12,200 seeds/lb.
Rotary Hoe

x
x

x
x
x
x
x
x

x

X
X
X
X
x

x

x
x
x
x

x
x
x
x
x

x

x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x

X
X
X
X
X
X
X
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Appendix B
Table B: Metarhizium isolates
S.no
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

Isolates
101
102
1104
1107
1109
710
205 II b
209 II a
209 II b
406 a
406 b
410 a
410b
412 I a
412 I b
401 I b
901 I b
902 I a
902 I b
904 I a
904 I b
907 a
907 b
911 a
911 b
912 I a
912 I b
1202 a
1202 b
1205 I a
1205 I b
204 a
204 b
212 a
212 b
202 a
208 III a
208 III b
211 III a
405 I a
405 I b
908 I a
1207 a
102 a
102 b
107 II a
107 II b
109 a
112 I a
601 I a
601 I b
604 II a

Treatments
Fallow
Clover
4 spp
Clover
Rye
Rye
6 spp
3 sppW
3 sppW
Rye
Rye
3 sppW
3 sppW
Clover
Clover
3 sppN
3 sppW
Oat
Oat
7 spp
7 spp
3 sppN
3 sppN
Canola
Canola
4 spp
4 spp
6 spp
6 spp
Rye
Rye
4 spp
4 spp
Clover
Clover
Rye
Fallow
Fallow
Oat
Fallow
Fallow
Pea
4 spp
clover
clover
7 spp
7 spp
Rye
Canola
7 spp
7 spp
Radish

Sample date
7/17/2014
7/17/2014
7/17/2014
7/17/2014
7/17/2014
7/17/2014
5/6/2015
5/6/2015
5/6/2015
5/6/2015
8/25/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
8/25/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/6/2015
5/13/2015
5/13/2015
5/13/2015
5/13/2015
5/13/2015
5/13/2015
5/13/2015
5/13/2015
5/13/2015

Crop
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Corn
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean

Source
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Soil
Soil
Soil
Soil
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect
Insect

80
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

612 a
612 b
706 II a
706 II b
1102 I a
1102 I b
1107 a
1107 b
101
102
103a
103b
104
107
108
109
111
605
609
610
612a
612b
708
1105
1109
1110
203
205
902
910
711
410
1108
1103
410
905
707
412
1112

4 spp
4 spp
7 spp
7 spp
3 sppW
3 sppW
Clover
Clover
Fallow
Clover
3 sppW
3 sppW
6 spp
7 spp
Oat
Rye
4 spp
3 sppN
6 spp
Oat
4 spp
4 spp
Pea
7 spp
Rye
Oat
7 spp
6 spp
Oat
Rye
Radish
3sppW
Pea
Canola
3 sppW
6 spp
Canola
Clover
Fallow

5/13/2015
5/13/2015
5/13/2015
5/13/2015
5/13/2015
5/13/2015
5/13/2015
5/13/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
10/7/2015
8/25/2015
8/25/2015
8/25/2015
8/25/2015
10/7/15
7/16/15
10/7/15
10/7/15
8/25/15
5/16/15
10/7/15
10/7/15
10/7/15
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Figure B: Maximum likelihood tree
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Appendix C
How to calculate degrees of freedom in mixed, multi-level or split-plot ANOVA designs?
The numerator degree of freedom is calculated as number of groups minus one,
while the denominator degree of freedom is calculated using the below formula (Pinheiro and
Bates 2000, page 105):
𝑫𝒆𝒏𝒐𝒎𝒊𝒏𝒂𝒕𝒐𝒓 𝑫𝒆𝒈𝒓𝒆𝒆 𝒐𝒇 𝑭𝒓𝒆𝒆𝒅𝒐𝒎 = 𝒎𝒊 − 𝒎𝒊−𝟏 − 𝒑𝒊
Where:
𝒎𝒊 : is the number of groups at level ‘i’
𝒎𝒊−𝟏 : is the number of groups at level ‘i-1’
𝒑𝒊 : “is the sum of the degrees of freedom corresponding to the terms estimated at level ‘i’”
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Appendix D
How many samples are required to detect difference in the proportion Metarhizium
infection between two cover crops?
Using the formula to test difference in proportion (Zar 2006), we calculated the sample
size required to conclude that the difference in detection of the proportion of G. mellonella
infected by Metarhizium between two cover crops is significant.
We assumed that the proportion of Metarhizium detected in the Fallow treatment is ̅̅̅
𝑝0 ,
while it is ̅̅̅
𝑝1 in the red clover treatment. Per the test of proportions the Z statistic can be
expressed as:
𝑧𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 =

̅𝑝̅̅1̅−𝑝
̅̅̅0̅
1 1
𝑛 𝑛

where n is the sample size and 𝑝̅ (1 − 𝑝̅ ) is the variance. For the test

√𝑝̅ (1−𝑝̅ )( + )

to be significant 𝑧𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 > 𝑧𝑡𝑎𝑏𝑙𝑒 . Assuming 𝑧𝑡𝑎𝑏𝑙𝑒 = 2.36, we need 𝑧𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 > 2.36 to
result into significant detection of Metarhizium at p- value less than 0.01. In other words:
̅𝑝̅̅1̅−𝑝
̅̅̅0̅
2
𝑛

> 2.36

(C1)

√𝑝̅ (1−𝑝̅ )( )

From our data, we know:
𝑝1 =
̅̅̅

89
711

= 0.12, ̅̅̅
𝑝0 =

98
705

= 0.14 and 𝑝̅ =

89+98
711+705

= 0.132

Thus, (B1) can be written as:
1.542 2

0.02
2
𝑛

√0.132( )

> 2.36 or n > ( 0.02 ) = 3676

In the above calculation, we did not take into account the power of the test. Using the GPower
software, which is publicly available, we found that the power of the test is approximately 0.10 as
the ratio of type-2 and type-1 error is 99, which results into the critical value of 2.36 or level of
significance = 0.01. Thus, the above analysis shows that the power of the test is low. Thus, we did
additional analysis in which we fixed alpha and beta (i.e., type-1 and type-2 errors), while
keeping everything else as same from the from previous situation and recalculated the sample
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size. The GPower software reveals that in order to detect the effect size to the tune of 0.02, with
alpha = 0.01 and power = 0.8 (power is 1- beta), we need a sample size of 50,182 per treatment
group.

