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Abstract 

When kudzu bug, Megacopta cribraria, was identified in the United States in 2009 as an 

invasive species, populations began to establish, increase, and spread throughout the southeastern 

region at intense rates. Kudzu bug invades urban structures, causing unpleasant scenes for 

homeowners, and reduces crop yield, such as soybean. Kudzu bug caused about $2.8 million in 

soybean yield loss and treatment in Tennessee in 2020. Although initial spread was rapid 

throughout the southeastern U.S., spatial modeling has shown populations of kudzu bug are 

declining and reducing risk of crop damage to growers. These local and regional declines in 

populations appear to be influenced by at least two natural enemies, a naturally-occurring 

entomopathogenic fungus, Beauveria bassiana, and an accidentally introduced egg parasitoid, 

Ooencyrtus nezarae. In Tennessee, O. nezarae causes 52% mortality in kudzu bug eggs and B. 

bassiana causes about 90% and 33% mortality in second-generation immature kudzu bugs and 

adult kudzu bugs, respectively.  

A two-year study designed to evaluate the presence of B. bassiana was initiated in east 

Tennessee. The primary research goals of this project were to: 1) identify the temporal and 

seasonal presence of B. bassiana in kudzu bugs on kudzu in east Tennessee, and 2) identify the 

temporal and seasonal presence of B. bassiana in kudzu in east Tennessee. The results of this 

study have indicated that over time, B. bassiana increases in entomopathogenic presence in 

kudzu bugs and endophytic presence in kudzu in late summer to fall. Significant differences (p < 

0.05) among sites were identified among entomopathogenic presence in kudzu bugs, but not in 

endophytic presence in kudzu (p ≥ 0.05). No differences among sampling locations within a site 

were identified between kudzu bug or kudzu vines (p ≥ 0.05). Differences were found among 

kudzu bug sex and developmental stage, with males being more likely to become infected with 
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B. bassiana than immatures, and among immatures stages, with late instars being more likely to 

be infected than early instars (p < 0.05). Further research on mechanisms of dissemination and 

the interactions among these organisms, as well as in soybean, are essential to improve the use of 

B. bassiana to manage kudzu bug populations. 
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CHAPTER I 

Literature Review 

Introduction 

 Invasive species are constantly being introduced in new geographical locations 

throughout the world at alarming and devastating rates. An invasive species is defined as a non-

native species to an ecosystem that is likely to negatively impact the economy, environment, or 

human health (USDI/ISAC 2006). Global economic growth in recent centuries has increased 

worldwide commodity trading, resulting in increased biological invasion of invasive species 

throughout the globe (Hulme 2009). The intentional and unintentional distribution of invasive 

species by humans throughout the world has been an ongoing ecological and economic matter 

for millennia (Hulme 2009). This ongoing concern has devastatingly impacted the agricultural 

industry and can cause billions of dollars in economic losses annually (Pimentel et al. 2001, 

2005). Effectively monitoring and managing invasive pests is extremely difficult in new 

geographical locations due to climatic differences and native species presence in the invasive 

ranges of these introduced pests. 

 Intentional and unintentional introductions of invasive species pose many difficulties 

when it comes to effective management to mitigate economic loss, expansion of distribution, and 

public perception of invasive species. The intentional introduction of exotic species, like oranges 

to Florida or potatoes to Ireland, are necessary and successful in boosting local economy and 

culture (Mann 2011, Michael 2018). However, invasive species can be introduced to new areas 

of the world unintentionally by clinging to cargo on ships, planes, and trains (Hulme 2009). 

These species are then introduced to new areas and are able to thrive, in most cases, due to a lack 

of natural enemies that contribute to biological control in native ranges. Native biological 
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controls can appear to be effective in the invasive ranges of these species, but understanding the 

interactions among native species, invasive species, and host plants or habitats along with new 

environmental conditions for the invasive species are key to developing effective management 

strategies.  

In the United States, two invasive species, one intentionally introduced species, kudzu 

(Pueraria montana (Lour.) Merr. var. lobata (Willd.) Maesen & Almeida (Fabales: Fabaceae)) 

(Ward 1998), and one unintentionally introduced species, kudzu bug (Megacopta cribraria (F.) 

(Hemiptera: Plataspidae)), have successfully established and transformed into major pests 

throughout the southeastern region of the country. Additionally, three native biological control 

organisms, two parasitoid wasps, Paratelenomus saccharalis (Dodd) (Hymenoptera: 

Platygastridae) and Ooencyrtus nezarae (Ishii) (Hymenoptera: Encyrtidae), and an endophytic 

fungal entomopathogen Beauveria bassiana (Balsamo) Vuillemin (Ascomycota: Hypocreales: 

Cordycipitaceae), have proven to be effective in managing kudzu bug in its invasive range 

(Borah and Dutta 2002, Gardner et al. 2013a, Britt 2016, Ademokoya et al. 2018, and Michael 

2018). 

Kudzu 

Kudzu, native to Asia, is a well-known invasive weed that reduces the diversity of native 

plant species by competing for light, growing at intense rates, and completely overtaking trees, 

right of ways, powerlines, buildings, and other structures (Miller and Edwards 1983, Harrington 

et al. 2003, Frye et al. 2007). This destructive plant species was intentionally introduced to the 

U.S. twice. The first introduction of kudzu in the U.S. occurred in 1876 at the Centennial 

Exposition in Philadelphia (Miller and Edwards 1983, Forseth and Innis 2004). Kudzu was 
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introduced a second time at the New Orleans Exposition in 1883 (Frye et al. 2007, Miller and 

Edwards 1983, Forseth and Innis 2004).  

Since its introduction, kudzu has become one of the most invasive weeds in the U.S. 

(Harrington et al. 2003). The rapidly expanding semi-woody vines can grow up to 30 cm per day 

and 18 m per year, allowing the species to easily overtake native plant species and structures 

along the way (Harrington et al. 2003, Miller and Edwards 1983, Mitich 2000). Kudzu expands 

at a rapid rate due to its ability to root at nodes that come in contact with soil; fix atmospheric 

nitrogen in poor, eroded soils; high photosynthetic rate; large leaf area; and root and rhizome 

hydraulic capacitance (Harrington et al 2003, Forseth and Innis 2004, Miller and Edwards 1983). 

Kudzu can thrive in a variety of habitats, but grows best in deep, well-drained, loamy soils 

(Mitich 2000). Kudzu does not thrive in extremely wet conditions or in soils with a high pH 

(Mitich 2000). Due to the rapidly growing vines of kudzu, the U.S. Congress listed the species as 

a Federal Noxious Weed in July 1997 (Harrington et al. 2003). The current distribution of kudzu 

within its invasive range in the U.S. spans from as far south as Florida and Texas, north into 

Michigan and New York, west into Kansas and Nebraska, and within a few counties in Oregon 

(Fig. 1). 

Between 1920 and 1950, nearly one million hectares of kudzu were planted for erosion 

control and as a forage crop for livestock (Harrington et al. 2003, Mitich 2000). Previously, 

kudzu was used to concoct root tea to treat diseases, create cloth and paper from fibers in the 

vines, make cooking starch from the roots, and food dishes all around the world from the leaves, 

roots, shoots, and flowers (Miller and Edwards 1983, Mitich 2000). 

  Kudzu vines are densely hairy and have two- to three-lobed, ovate, trifoliate leaves with 

hairy undersides (Mitich 2000, Forseth and Innis 2004). Kudzu roots are tuberous and able to  
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Figure 1. Current distribution of kudzu in the United States (www.eddmaps.org), 2021. 
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hold enough water to survive throughout dry climatic conditions (Mitich 2000). In midsummer, 

usually between July and September, kudzu vines that are directly exposed to sunlight will begin 

producing red to purple flowers (Miller and Edwards 1983, Mitich 2000). Flowers produce 

densely hairy seed pods (4 to 5 cm long) and mature in the fall with few viable kidney-shaped 

seeds (Miller and Edwards 1983, Mitich 2000). The few viable seeds that kudzu produces remain 

in kudzu patches for years before they germinate (Everest et al. 1999). Reproduction of kudzu 

can either be by production of seeds (sexual reproduction) or vegetative propagation (asexual 

reproduction) (Mitich 2000). Within its invasive range in the U.S., kudzu reproduces mainly 

asexually by vegetative propagation, which results in low genetic diversity in kudzu patches 

(Bentley and Mauricio 2016). With the presence of multiple genotypes and the extreme success 

of kudzu in its invasive range, Bentley and Mauricio (2016) indicated that this could be due to 

either kudzu being preadapted to its environment or that is possesses high phenotypic plasticity 

within its environment. In the fall, kudzu vines die back (Mitich 2000) and leave the tuberous 

roots in the soil to produce new shoots the following year. 

The eradication of kudzu from its invasive range in the U.S. is extremely difficult, time 

consuming, and expensive. Complete eradication of kudzu tends to occur only on a small, 

localized scale because complete defoliation or removal of the tuberous root system either 

mechanically or chemically must occur over the course of multiple years (Frye et al. 2007). 

However, kudzu is not the only invasive species in the U.S. that negatively impacts the 

environment and economy. Kudzu bugs within their invasive range throughout the U.S. also pose 

problems for the agricultural industry, specifically soybean production in the southeastern U.S. 
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Kudzu Bug 

The kudzu bug is native to Asia and Australia in the Eastern Hemisphere (Eger et al. 

2010, Dhammi et al. 2016). In addition to kudzu bug, alternative common names include lablab 

bug, globular stink bug, and bean plataspid (Gardner et al. 2013b). In October 2009, M. cribraria 

was discovered in the continental U.S. throughout nine counties in Georgia on homes near 

patches of kudzu (Jenkins et al. 2010) and is the only known species in the family Plataspidae in 

the continental U.S. How this invasive insect species arrived in the U.S. is not fully known 

(Zhang et al. 2012). However, it is thought that the invasive population of M. cribraria initially 

started from a single female haplotype that originated from Kyusha, Japan (Jenkins et al. 2010, 

Hosokawa et al. 2014). 

Since its initial introduction in 2009, kudzu bug has spread throughout the southeastern 

U.S. (Jenkins et al. 2010); but little expansion in range has occurred since 2016 (Liang et al. 

2019). The current distribution of kudzu bugs in the U.S. includes all of Alabama and North 

Carolina and portions of Georgia, Virginia, Maryland, South Carolina, Delaware, Kentucky, 

Tennessee, Mississippi, Arkansas, Texas, Missouri, and the District of Columbia (Fig. 2). Actual 

distribution within a state may differ because not all areas are comprehensively surveyed or re-

surveyed on a regular basis, and low populations may go unreported. Kudzu bug possesses 

incredible dispersal capabilities, including an extremely strong ability to fly and reach heights 32 

stories above ground level (Gardner et al. 2013b). Lovejoy and Lozier (2021) studied the 

association between kudzu bug dispersal from its origin in Georgia to its current distribution in 

the U.S. and found that the distance from initial site of invasion is closely associated with 

increased wing and body size of kudzu bugs and their morphology is most impacted by  
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Figure 2. Distribution of kudzu bug in the United States from 2009 to 2020 (Megacopta 

Working Group, 2020). 
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environmental factors throughout their invasive range. The immense dispersal capabilities of 

kudzu bugs throughout their invasive range could be due, in part, to an increase in wing size in 

the U.S. because they are able to fly farther and increase their range expansion (Lovejoy and 

Lozier 2021). 

Kudzu bugs are in the Order Hemiptera, which means that like other hemipterans, they 

possess a piercing-sucking mouthpart composed of four stylets (Stubbins et al. 2017). A  

piercing-sucking mouthpart allows the insect to feed on leaves, stems, and petioles by sucking 

sap from leguminous plant species (Zhang et al. 2012), such as kudzu in its native and invasive 

range and soybean [Glycine max (L.) Merr. (Fabales: Fabaceae)] in its invasive and occasionally 

its native range (Suiter et al. 2010). Insects with piercing-sucking mouthparts feed via a process 

called probing, where they insert their mouthpart into the plant and produce a gelling saliva 

around their stylets that hardens and allows the insect to consume sap from the plant (Stubbins et 

al. 2017). 

Kudzu bugs have a distinct square or hemispherical shape as adults and are colored dark 

green to brown with dark puncture markings (Halbert and Eger 2010). Megacopta cribraria 

adults are 4- to 6-mm long (Suiter et al. 2010) and have a scutellum that covers their abdomen 

completely (Halbert and Eger 2010). Female kudzu bugs have a rounded posterior end and larger 

pronotum and body size compared to the males, which possess a squared posterior end (Stubbins 

et al. 2017, Lovejoy and Lozier 2021). Adult kudzu bugs remain dormant throughout the winter, 

but with periods of the acceptable environmental conditions (moderately high temperatures and a 

lengthened photoperiod), they are able to overcome their state of dormancy and emerge in the 

spring (Golec and Hu 2015).  
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Kudzu bugs overwinter as adults in leaf litter, tree bark, or urban structures (Lahiri and 

Reisig 2016). Overwintering adults emerge from overwintering sites in mid-April, depending on 

environmental conditions, and move to kudzu where they begin laying eggs (Greenstone et al. 

2014, Grant and Lamp 2018). Overwintering females are able to store sperm in their spermatheca 

throughout the winter and use the sperm to fertilize their eggs in the spring (Golec and Hu 2015). 

Golec and Hu (2015) compared stored sperm from the spermatheca of females that overwintered 

to the sperm in male testes that had overwintered and found them to be as active and viable as 

one another.  

Kudzu bug egg masses are typically laid on the apex of kudzu or on stipules located at 

the base of the petiole of a trifoliate leaf. Kudzu bugs may lay their eggs on the apex of the vine 

or near the nodes of the plant because these areas have the most nutrient flow and resources 

throughout the plant. Occasionally kudzu bugs have been observed laying their eggs on the 

undersides of leaves within the kudzu canopy. Higher temperatures near the apex of the plant 

may also contribute to the choice in oviposition location of the females. In Zhejiang province, 

China, the preoviposition period of kudzu bug was observed over a period of 14 to 54 days (Shi 

et al. 2014). The fecundity of kudzu bug females varies within different geographical regions and 

is observed to be between 49 to 160 eggs per female in Zhejiang province, China (Shi et al. 

2014), 49 to 73 eggs per female in Tamil Nadu state, India (Srinivasaperumal et al. 1992), and 

102 to 157 eggs per female in Karnataka state, India (Thippeswamy and Rajagopal 2005). When 

female kudzu bugs lay their eggs, they also deposit bacteria-filled capsules containing the 

bacterial endosymbiont, Candidatus Ishikawaella capsulata, between the plant and the egg mass 

(Jenkins et al. 2010). Within one week, kudzu bug eggs will hatch (Grant and Lamp 2018) and 

immediately after eclosion, immature kudzu bugs feed on the bacterial endosymbiont (Jenkins et 
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al. 2010). The consumption of Candidatus Ishikawallea capsulata aids in increased fecundity, 

normal growth, and development of plataspid insects and is associated with an increase pest 

status by improving the insect’s ability to feed on leguminous plants, like kudzu and soybean 

(Jenkins et al. 2010, Brown et al. 2014, Dhammi et al. 2016).  

Some discrepancy, however, about the presence of Candidatus Ishikawallea capsulata 

and its role in the feeding habits of M. cribraria in its native and invasive ranges exists. In 2009 

when M. cribraria was first discovered in the U.S., Jenkins et al. (2010) collected three 

specimens from Georgia and amplified their DNA to compare it with the species from its’ native 

range. The DNA sequences from the specimens collected in Georgia were a 98.6% match with 

M. cribraria from their native range; which suggested that the initial invader into the U.S. was a 

single female (Jenkins et al. 2010). To further investigate this, Jenkins and Eaton (2010) 

sequenced the DNA of 83 specimens collected from Georgia and South Carolina and found that 

all 83 specimens were identical, again suggesting that the initial invasion was a single female 

haplotype. Additional genes were amplified and the bacterial 16s rRNA gene found in the initial 

three specimens collected from Georgia were 100% homologous with Candidatus Ishikawallea 

capsulata, meaning that the specimens in the native and invasive range contained the same 

symbionts (Jenkins et al. 2010, Dhammi 2016). In the native range of M. cribraria, there is also a 

morphologically similar species, Megacopta punctatissima (Montandon), which was originally 

described as a variety of M. cribraria, but they are now identified as two distinct species (Eger et 

al. 2010). Jenkins et al. (2010) sequenced the entire bacterial genome of Candidatus Ishikawallea 

capsulata from the three specimens collected in Georgia and compared it to the genome of 

Candidatus Ishikawallea capsulata from M. cribraria and M. punctatissima specimens from 

Japan (Dhammi et al. 2016). Two Candidatus Ishikawallea capsulata genes from the invasive 
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species’ genome in the U.S. were compared to the genome of the native species in Japan. The 

results of this comparison indicated that the groEL chaperone gene was a 99% match for both M. 

cribraria and M. punctatissima specimens from Japan and the 16s rRNA gene was identical to 

the M. punctatissima specimen from Japan (Jenkins et al. 2010, Dhammi et al. 2016). 

Additionally, Jenkins et al. (2010) compared the surface protein gene, wsp, from Wolbachia and 

found it to also be a 100% match to a M. punctatissima specimen from Japan. The Wolbachia 

gene from the three Georgia specimens and the M. punctatissima specimen from Japan were then 

compared to a specimen in a museum from 1952 and were found to all be of the same origin, but 

the museum specimen had recently been re-identified as M. cribraria (Jenkins et al. 2010, 

Dhammi et al. 2016). Hosokawa et al. (2014) then compared mitochondrial DNA from the 

specimens from Georgia to the M. punctatissima and M. cribraria specimens from Japan 

(Dhammi et al. 2016) and found that the specimens from Georgia were more similarly grouped 

with M. punctatissima from Kyusha, Japan. These results indicated that the insect M. cribraria in 

the U.S. is most similar to M. punctatissima in Asia (Hosokawa et al. 2014, Dhammi et al. 2016).  

In Japan, M. punctatissima primarily feeds on P. lobata and is a known soybean pest, 

while M. cribraria primarily feeds on P. montana and is only occasionally found feeding on 

soybean (Dhammi et al. 2016). The feeding habits of these two species in their native range is 

thought to be influenced by the bacterial symbiont capsules placed by the females when laying 

eggs (Dhammi et al. 2016). Hosokawa et al. (2007) experimentally switched the bacterial 

symbionts of these two species before eclosion and found that the hatch rate of M. punctatissima 

decreased, while the hatch rate of M. cribraria increased, indicating an association between 

bacterial symbionts, and feeding behavior of these two species. The ability of M. cribraria 

within the U.S. to feed on soybean indicated that either the symbiont of the species has evolved 



12 
 

to feed on soybean, or the species was misidentified (Dhammi et al. 2016). The role of the 

bacterial symbiont in the U.S. is crucial to understanding the life cycle and feeding habits of M. 

cribraria in its invasive range. 

 After consuming the symbiont, kudzu bug development from egg to adult requires 4 to 8 

weeks, depending on environmental conditions and location throughout the invasive range 

(Ruberson et al. 2013, Greenstone et al. 2014, Grant and Lamp 2018). In the native range of 

kudzu bugs, it required 849 degree days for development of kudzu bugs from egg to adult using a 

minimum developmental temperature threshold of 14.25°C (Shi et al. 2014). Megacopta 

cribraria undergoes hemimetabolous development by developing through five green, hairy instar 

nymphal stages before molting into adults (Gardner et al. 2013b). 

 Megacopta cribraria is bivoltine in its invasive range within the U.S., meaning that the 

insect has two generations per year, which can develop successfully on kudzu and soybean 

(Greenstone et al. 2014); however, in their native range, kudzu bugs can produce up to three 

generations per year (Zhang et al. 2012). Medal et al. (2016) identified alternative suitable hosts 

of kudzu bug to be forage crops, such as alfalfa, red clover, and white clover, but identified corn, 

sorghum, tomato, and bell peppers as non-suitable hosts for the invasive pest. In field studies, 

kudzu bugs prefer to oviposit in kudzu rather than soybean (Zhang et al. 2012); however, in 

greenhouse studies, kudzu bugs do not have a preference between kudzu and soybean for 

oviposition (Medal et al. 2016). First-generation immature kudzu bugs become adults around 

mid-June to mid-July. Some adults then move to soybean in mid-June to mid-July to feed and 

produce a second generation until harvest (Greenstone et al. 2014), and some return to kudzu to 

feed before moving to overwintering sites in late October to early November. Other first-

generation kudzu bugs remain in kudzu to feed and produce a second generation before moving 
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to overwintering sites in the fall. Once they become adults, their longevity depends on their 

geographical area. In their invasive range within the U.S., kudzu bugs live from 6 to 25 days 

(Zhang et al. 2012). Around the world, kudzu bug longevity varies widely, from 44 to 81 days 

(Zhejiang province, China) (Shi et al. 2014), 2 to 5 days (Tamil Nadu state, India) 

(Srinivasaperumal et al. 1992), and 23 to 64 days (Karnataka state, India) (Thippeswamy and 

Rajagopal 2005). Throughout their lifetime, both adult and immature kudzu bugs can be 

observed gathering on the underside of leaves and on stems down within the canopy of kudzu 

and soybean plants; this behavior protects and shields kudzu bugs from high temperatures during 

the peak of the growing seasons of kudzu and soybean (Grant and Lamp 2018). 

 Kudzu bugs have become a major invasive pest in the U.S. for many reasons. They 

invade homes, vehicles, and clothing, where they emit a strong defensive odor when disturbed, 

similar to stink bugs (Hemiptera: Pentatomidae), and cause unpleasant, unsightly scenes for 

homeowners (Halbert and Eger 2010, Seiter et al. 2013, Medal et al. 2016). This chemical 

defense can be an irritant to humans (Ruberson et al. 2013), but the chemical composition of 

their defensive mechanism has not been studied (Dhammi et al. 2016). Megacopta cribraria is 

also invasive to the U.S. and North America, due to large populations that significantly reduce 

soybean production (Seiter et al. 2013). 

Soybean 

Soybean is a leguminous plant that was first grown in China (Qiu and Chang 2010). 

Since its introduction to the U.S. in 1765 in Georgia (North Carolina Soybean Producers 

Association 2014), soybean has become the second most cultivated crop (USDA ERS 2017). In 

the U.S., most soybean production occurs in the Midwest, but it is also grown in southern states, 
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such as Tennessee (Fig. 3), where soybean is often the number one agricultural row crop in both 

number of hectares planted and economic value (Fig. 3) (USDA/NASS 2019). 

Soybean in the southern U.S. already encounters an extensive list of arthropod pests that 

are potentially detrimental to yield and crop production; however, the list only increased once 

kudzu bug colonized the region (Seiter et al. 2013). Based on field-cage studies, soybean yield 

was significantly reduced by as much as 59.6% when an average of 25 kudzu bugs were placed 

per plant within a cage in the southeastern U.S. (Seiter et al. 2013). One of the biggest concerns 

for soybean growers is the expanding range of kudzu into areas dominated by soybean 

production, which provides additional habitat for kudzu bugs to expand their invasive range. 

Kudzu bugs were first discovered in Tennessee in 2012. At that time, they had minimal impact 

on soybean production with an estimated cost of $19,733 in the state of Tennessee and $988,034 

in the southern U.S. in yield loss and treatment (Musser et al. 2013). By 2016, losses in yield and 

treatment costs were estimated at $4,005,419 in the southern U.S. and $1,551,469 in the state of 

Tennessee (Musser et al. 2017). In 2020, the control costs plus yield losses were estimated at 

$12,733,150 in the U.S. and $2,805,568 in Tennessee (Musser et al. 2021). 

Many different methods of control have been investigated to reduce kudzu bug 

populations. Chemical insecticide applications are effective in reducing kudzu bug populations 

on soybean. Additionally, M. cribraria has multiple natural enemies within its invasive range, P. 

saccharalis and O. nezarae, and B. bassiana (Borah and Dutta 2002, Gardner et al. 2013a, Britt 

2016, Ademokoya et al. 2018, Michael 2018). Because soybean is an important economic crop in 

Tennessee and the U.S., it is vital to understand how native natural enemies impact invasive 

kudzu bug populations.  
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Figure 3. Average production of soybean in the United States from 2015 to 2019 (U.S. 

Department of Agriculture, National Agricultural Statistics Service, 2020). 
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Beauveria bassiana 

Beauveria bassiana has been studied for decades in a multitude of ecosystems as an 

entomopathogenic (Kumar et al. 1999) and endophytic fungus (Vega 2008) that is distributed 

worldwide (Garrido-Jurado et al. 2015). Beauveria bassiana was originally discovered infecting 

and causing white muscardine disease in silkworm, Bombyx mori L., by Agostino Bassi in 1834 

(Porter 1973). The original identification of B. bassiana is credited to Balsamo-Crivelis, who 

named the species Botrytis bassiana (Porter 1973). Later, the genus name of the fungus was 

renamed to Beauveria by Veillmuin (Porter 1973). Beauveria bassiana is in the Phylum 

Ascomycota and is the asexually reproducing anamorph of the teleomorph Cordyceps bassiana, 

family Cordycipitaceae (Kumar et al. 1999, Yokoyama et al. 2004, Index Fungorum 2021). The 

asexual stage of B. bassiana produces septate hyphae, which give rise to conidiophores and 

conidia (Griffin 2007).  

Beauveria bassiana is an entomopathogen that infects insects (Kumar et al. 1999), 

colonizes plants as an endophyte (Vega 2008), and occurs within the soil as a saprophyte (Kumar 

et al. 1999, Niland et al. 2019). Once a B. bassiana spore has penetrated the insect cuticle, the 

fungus begins producing hyphae, then hyphae give rise to blastospores within the insect body 

cavity (Griffin 2007). When the fungus emerges from the insect body cavity to the outer surface 

of the insect, B. bassiana produces aerial conidia that are released and able to infect other insects 

(Griffin 2007). Spores can either be disseminated by wind or by other insects (Griffin 2007). 

Because B. bassiana spores are hydrophobic, they are able to stick to a host and germinate within 

only a few hours, if a carbon source is present, and then, continued growth of the fungus requires 

a nitrogen source (Boucias and Pendland 1988, Griffin 2007, Filippou 2021). 



17 
 

Beauveria bassiana as an entomopathogen is documented to infect many insect and 

arthropod species (Kumar et al. 1999, McKinnon et al. 2017). In cotton, B. bassiana and 

Purpureocillium lilacinum (Thom.) were shown to have a negative effect on survival of cotton 

bollworm, Helicoverpa zea (Boddie) (Lopez and Sword 2015). The asexual stage of the fungus 

was first discovered infecting kudzu bugs in South Carolina in 2012 in soybean fields (Seiter et 

al. 2014). Later, B. bassiana was identified infecting kudzu bugs (Fig. 4) in east Tennessee in 

kudzu patches in August of 2015, and reappeared yearly around that time point (Britt 2016 and 

Michael 2018). The presence of B. bassiana is prominent when humidity levels are high 

(Michael 2018). Around the same time each year, B. bassiana is found in kudzu and soybean 

naturally controlling populations of kudzu bug (Britt and Taylor 2019). In addition to B. 

bassiana, an egg parasitoid, Ooencyrtus nezarae (Ishii) (Hymenoptera: Encyrtidae), was 

discovered causing 52% mortality in kudzu bug eggs (Britt 2016, Michael 2018). Beauveria 

bassiana was determined to cause 90% mortality in immature stages and 33% mortality of adult 

kudzu bugs (Britt 2016, Michael 2018). Only 3.2% of second-generation kudzu bugs survive 

both natural enemies and are able to overwinter (Britt 2016, Michael 2018). Immatures are 

extremely susceptible to B. bassiana within kudzu because they cannot fly and remain in the 

patch until they become adults (Michael 2018). While the effectiveness of B. bassiana as a 

natural biological control of kudzu bug in kudzu in Tennessee is high, the source of B. bassiana 

inoculum in this ecological system is unknown. 

In addition to an entomopathogen, B. bassiana has been well documented as an 

endophyte. As an endophyte, B. bassiana can colonize many plant species, such as kudzu (Vega 

2008, Michael 2018), common bean, Phaseolus vulgaris L. (Afandhi et al. 2019), and cotton, 

Gossypium hirsutum (Lopez and Sword 2015), and protect colonized plants against insects and  
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Figure 4. Kudzu bugs, Megacopta cribraria, infected and non-infected with Beauveria 

bassiana in kudzu located in Knox County, Tennessee. 
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plant pathogens (Ownley et al. 2008). Additionally, B. bassiana is a saprophyte in soil, as it 

relies on dead and decaying matter as its food source (Kumar et al. 1999). Furthermore, B. 

bassiana has been collected from soils of kudzu patches in North Carolina (Niland et al. 2019). 

Kudzu bugs can overwinter in leaf litter (Lahiri and Reisig 2016); thus, they have the 

potential to come in contact with the soil, feed on kudzu, and come in contact with other insects 

that are infected with B. bassiana. The mechanism of how kudzu bugs initially come in contact 

with B. bassiana spores is unknown. In order to enhance management of kudzu bugs using B. 

bassiana as a natural biological control, interactions among these organisms need to be further 

investigated. Understanding how these organisms interact with one another throughout the 

growing season of kudzu and the life cycle of kudzu bugs will enhance the development and use 

of B. bassiana as a natural biological control of kudzu bug in integrated pest management 

programs for soybean growers throughout the U.S..  

Research Objectives 

Minimal information is known about the ecological interactions of B. bassiana, kudzu, 

soybean, and kudzu bug in the southeastern U.S.. Findings from previous research have led to 

more questions about ecological interactions within the invasive range of kudzu bug (Britt 2016, 

Michael 2018). Thus, a two-year research project was developed to further investigate the 

ecology of B. bassiana and kudzu bug.  

The primary focus of this study is to determine the presence of a natural strain of B. 

bassiana in kudzu bugs as an entomopathogen and in kudzu as an endophyte. The findings of 

this research should provide insight on the ecological interactions among these organisms by 

laying the foundation for identifying and understanding potential pathways of infection of kudzu 

bugs. The specific research objectives of this project are to: 
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1) Determine temporal and seasonal presence of B. bassiana in kudzu bugs on kudzu in east 

Tennessee; and  

2) Determine temporal and seasonal presence of B. bassiana in kudzu in east Tennessee. 
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CHAPTER II 

Temporal and Seasonal Presence of Beauveria bassiana  

in Kudzu Bug on Kudzu in East Tennessee 

 

Introduction 

 Kudzu bug, Megacopta cribraria (F.) (Hemiptera: Plataspidae), is native to Asia (Eger et 

al. 2010, Dhammi et al. 2016), and was first discovered as an invasive species within the United 

States in 2009 in 9 counties in Georgia (Jenkins et al. 2010). However, the pathway of 

introduction of this insect to its invasive range in the U.S. remains unknown (Zhang et al. 2012). 

Initial kudzu bug range expansion in the U.S. was rapid, but since 2016, little expansion in kudzu 

bug range has occurred (Liang et al. 2019). Kudzu bugs were first discovered in Tennessee in 

2012 (Gardner et al. 2013b) and later found to be naturally infected with Beauveria bassiana 

((Balsamo) Vuillemin (Ascomycota: Hypocreales: Cordycipitaceae)) in fall of 2015 (Britt 2016). 

 Beauveria bassiana is a well-known entomopathogen that causes white muscardine 

disease in insects and other arthropods throughout the globe (Kumar et al. 1999, Porter 1973). In 

addition to B. bassiana, an egg parasitoid, Ooencyrtus nezarae (Ishii) (Hymenoptera: 

Encyrtidae), was discovered causing 52% mortality in kudzu bug eggs (Britt 2016, Michael 

2018). Then, B. bassiana was determined to cause 90% mortality in immature and 33% mortality 

of adult kudzu bugs (Britt 2016, Michael 2018). Only 3.2% of second-generation kudzu bugs 

survive both natural enemies and are able to overwinter (Britt 2016, Michael 2018). The 

effectiveness of B. bassiana as a natural biological control of kudzu bug in kudzu within the U.S. 

is high. However, little is known about the mechanism of dissemination of B. bassiana on kudzu 

bug and how it is initially infected by this entomopathogenic fungus. Analyzing the rate at which 
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kudzu bugs become infected with B. bassiana throughout the year and how the rate of infection 

changes over time will provide additional insight to understanding potential pathways of 

dissemination of the fungus. This investigation will enhance the potential for B. bassiana to be 

used as a natural biological control on kudzu bugs. 

 Therefore, a study was designed to address the objective to identify the temporal and 

seasonal presence of B. bassiana in kudzu bugs throughout east Tennessee. It is hypothesized 

that as second-generation kudzu bugs develop from nymph to adult, B. bassiana presence and 

infection will increase in the field. This hypothesis will be addressed by answering these 

questions in this study: What is the phenology and seasonality of B. bassiana in Tennessee – 

when is B. bassiana first detected infecting kudzu bugs, when does rate of infection change over 

time, and when does infection differ between kudzu bug life stages? 

Materials and Methods 

Assessment of Immature and Adult Kudzu Bugs  

 To determine temporal and seasonal presence of B. bassiana in kudzu bug found on 

kudzu, three field sites were established in east Tennessee (Knox County, Blount County, and 

McMinn County) in 2020 and 2021 (Table 1 and Fig. 5). Sites were visited biweekly to collect 

nymphal and adult kudzu bugs. Classification of nymphal stages (1-5) and the sex of adults 

(male or female) was determined using images found at www.kudzubug.org. 

 Biweekly sampling began on 2 June 2020 in Knox County, Blount County, and McMinn 

County and on 5 April 2021 in Knox County, 20 April 2021 in McMinn County, and 7 May 

2021 in Blount County. Sampling began in 2020 after kudzu bugs were already established in 

kudzu. Sampling in 2021 began as adult kudzu bugs were emerging from overwintering sites. In  
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Table 1. Sites regularly visited to determine presence of Beauveria bassiana in kudzu bugs 

in kudzu. 

 

Site Latitude / Longitude Years Sampled 

Knox Co. (University Park 

Student Apartments)  

N 35.949277 

W 83.910441 

2020, 2021 

Blount Co. (WoodSpring 

Suites Knoxville Airport) 

N 35.848282 

W 83.965457 

2020, 2021 

McMinn Co. (US-411 

Etowah, TN) 

N 35.308047 

W 84.533606 

2020, 2021 
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Figure 5. Map of sites visited to assess Beauveria bassiana presence on kudzu bug, 2021. 

 

 

 

 

 

 

 

 

 



25 
 

2021, adult kudzu bugs were discovered emerging from overwintering sites and moving to kudzu 

in the field on 5 April 2021 in Knox County, 20 April 2021 in McMinn, and 7 May 2021 in 

Blount County. Sampling continued in 2020 until kudzu bugs were no longer present in kudzu 

sites due to moving to overwintering sites (4 November). Sampling also continued in 2021 until 

kudzu bugs were no longer present in kudzu sites. All 2020 and 2021 sampling dates are listed in 

Table 2. 

 Upon visiting a kudzu site, 12 adult kudzu bugs and 6 immature kudzu bugs were 

collected from the perimeter (1-3 meters) of the kudzu patch and 12 adult kudzu bugs, and 6 

immature kudzu bugs were collected from the interior (7-10 meters) of the kudzu patch. All adult 

and immature kudzu bugs collected were alive and were not showing physical presence of B. 

bassiana infection at the time of collection. Kudzu bug adults and immatures were collectively 

placed in Petri dishes (100 × 15 mm) according to stage (adult or immature) and the location 

they were collected (perimeter or interior), and they were transported to the laboratory. 

 In the laboratory, immature and adult kudzu bugs were stored for 24 to 48 hours in a 

freezer. Immature bugs were identified by life stage (nymphal stages 1-5) and were individually 

surface sterilized for 30 seconds in 10% commercial bleach (a.i. 7.5% sodium hypochlorite), 

rinsed in sterile distilled water, allowed to air dry, and plated in individual wells of a 12-well 

tissue culture plate containing a semi-selective media for B. bassiana (Doberski and Tribe 1980). 

Briefly, the medium contained dextrose (32 g), neopeptone (8 g), agar (12 g), chloramphenicol 

(0.5 g) (Thermo Fisher Scientific, Waltham, MA), crystal violet (0.008 g), (Sigma-Aldrich, St. 

Louis, MO), and cycloheximide (0.25 g) (VWR International, Radnor, PA). Cycloheximide and 

chloramphenicol were added to the medium once it was cooled after sterilization. Cycloheximide  
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Table 2. Sampling dates to assess Beauveria bassiana presence and absence in kudzu bugs 

in kudzu in east Tennessee. 

 

Week No., 2020 Sampling Date Week No., 2021 Sampling Date 

  1 5 and 6 April 

  2 20 April 

  3 7 May 

  4 17 and 18 May 

1 2 and 3 June 5 1 June 

2 15 June 6 15 June 

3 30 June 7 29 June 

4 16 July 8 13 July 

5 29 July 9 26 and 27 July 

6 12 August 10 10 August 

7 24 August 11 23 and 24 August 

8 7 September 12 7 and 8 September 

9 21 September 13 21 and 32 September 

10 5 October 14 11 October 

11 23 October 15 27 October 

12 4 November 16 9 November* 

 

* Sample date not yet included in data analysis. 
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reduces fungal growth and chloramphenicol reduces bacterial growth in vitro. Adult kudzu bugs 

were identified by sex (male and female), individually surface sterilized for 1 minute in 10% 

commercial bleach, rinsed in sterile distilled water, air-dried, and plated in individual wells of a 

12-well tissue culture plate containing the semi-selective medium for B. bassiana. All immature 

and adult kudzu bug samples were monitored weekly for 6 weeks before B. bassiana presence or 

absence was confirmed and recorded. 

Data Analysis 

 Data recorded included proportion of kudzu bugs infected with B. bassiana by sampling 

date, site, location within site, and sex. An analysis of variance was performed using GLM in 

RStudio 1.4.1106. Significant differences among factors were determined using a means 

comparison test (Tukey HSD). A P-value of less than 0.05 was used to determine statistical 

significance. The fixed effects were month, site, location within site, sex, and instar stage, for 

each year separately. Analyses of proportion of kudzu bugs infected with B. bassiana was 

compared by year, month, site, location within site, sex/stage, and instar stage of immature 

kudzu bugs. 

Results and Discussion 

 A significant difference was identified between years (p < 0.001); therefore, data 

collected in 2020 and 2021 were analyzed separately. 

2020 

 In 2020, sampling began in June after adult kudzu bugs that overwintered had established 

in kudzu patches and begun laying eggs to initiate their first generation. Sampling in 2020 

continued through November as second-generation adult kudzu bugs moved to overwintering 

sites, and thus, this analysis includes data from June through November. 
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Table 3. Model of proportion of kudzu bugs infected with Beauveria bassiana, 2020, GLM 

(p ≤ 0.05). 

 

Factor DF Sums of 

Squares 

F value Pr(>F)* 

Month 4 1.433 4.376 0.003 

Site 2 0.276 1.688 0.191 

Location 1 0.174 2.124 0.149 

Sex/Stage 2 0.301 1.839 0.165 

Month*Site 6 0.866 1.764 0.116 

Month*Location 2 0.320 1.954 0.148 

Month*Sex/Stage 6 0.133 0.271 0.949 

Site*Location 2 0.100 0.613 0.544 

Site*Sex/Stage 4 0.161 0.492 0.742 

Location*Sex/Stage 2 0.311 1.899 0.156 

Month*Site*Location 4 0.028 0.087 0.986 

Month*Site*Sex/Stage 9 0.333 0.452 0.902 

Month*Location*Sex/Stage 3 0.064 0.260 0.854 

Site*Location*Sex/Stage 4 0.134 0.409 0.802 

Month*Site*Location*Sex/Stage 6 0.200 0.407 0.873 

Residuals 88 7.203   

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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 No significant differences in B. bassiana infection were found between sites in Knox 

County, Blount County, and McMinn County (Table 3). The percentages of infected kudzu bugs 

at each site were 16.8% (Knox County), 12.8% (Blount County), and 11.2% (McMinn County). 

Similarities in hot, humid environmental conditions among all three sites throughout  

the lifecycle of second-generation kudzu bugs in kudzu resulted in similar pathogenicity of B. 

bassiana. 

 Kudzu bugs collected in June and July of 2020 were not separated by location (interior 

and perimeter) within a kudzu site, and no significant difference in percent infection was 

identified between interior and perimeter sampling locations (Table 3). Overall, 25.7% of kudzu 

bugs were infected with B. bassiana. Of all of the kudzu bugs collected from the perimeter of the 

kudzu sites, 21.3% were infected with B. bassiana. Similarities in pathogenicity of B. bassiana 

to infect kudzu bugs collected from the interior and perimeter of kudzu sites suggest that B. 

bassiana is equally likely to infect kudzu bugs located anywhere within a kudzu patch. 

 No significant differences among the percentage of infected kudzu bugs for sex/stage 

were documented when comparing females to males, males to immatures, and females to 

immatures (Table 3). The overall percent infections in 2020 were 15.4% (males), 10.2% 

(females), and 17.3% (immatures). A higher percentage infection rate for immature kudzu bugs 

could be influenced by their soft body that would allow B. bassiana spores to penetrate and 

infect immatures at a more successful rate than the adults, which have a hardened exoskeleton. 

Additionally, no significant differences among proportion of infected immature kudzu bugs were 

identified when comparing instar stages (p = 0.06). 

 Significant differences among months were detected for infected kudzu bugs when 

comparing June to August, June to September, June to October, June to November, July to 
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August, July to September, July to October, July to November, August to November, and 

September to November (Tables 3, 4 and Fig. 6). The proportion of infected kudzu bugs was 

significantly less in June and July than in August, September, October, and November and 

significantly greater in November than in August and September (Table 4 and Fig. 6). These 

differences could be due to B. bassiana infecting kudzu bugs later in the year and non-infected 

kudzu bugs moving to overwintering sites in late October to early November. Few kudzu bugs 

were collected in November, as most had moved to overwintering sites or had already become 

infected with B. bassiana in the field.  

2021 

 Sampling in 2021 began in April when kudzu bugs were emerging from overwintering 

sites and moving to kudzu vines as they began to establish in the field. Sampling continued 

through November when kudzu bugs moved from kudzu to overwintering sites. The analysis for 

2021 includes data from April through October. 

 There were no significant differences in percent infection by B. bassiana in kudzu bugs 

between sites in Knox County, Blount County, and McMinn County (Table 5). Percent infection 

of kudzu bugs was similar among counties: 3.55% (Knox County), 4.62% (Blount County), and 

2.48% (McMinn County). Similarities in hot, humid environmental conditions among all three 

sites throughout the lifecycle of second-generation kudzu bugs in kudzu promoted similar 

pathogenicity of B. bassiana. 

 No significant differences in the proportion of kudzu bugs infected by B. bassiana were 

identified among locations (interior or perimeter) within a site (Table 5). Of all the kudzu bugs 

collected from the interior of the kudzu sites, 3.57% were infected with B. bassiana and 3.58% 

were infected in the perimeter samples. 
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Table 4. Comparison of proportion of kudzu bugs infected with Beauveria bassiana by 

month, 2020, Tukey HSD (p ≤ 0.05). 

 

2020 Month 

Comparison 

Estimate Standard Error t value Pr(>|t|)* 

June – July -0.019 0.085 -0.226 1.000 

June – August -0.226 0.081 -2.802 0.050 

June – September  -0.233 0.077 -3.020 0.030 

June – October -0.387 0.087 -4.440 <0.001 

June – November -0.823 0.208 -3.955 0.001 

July – August  -0.207 0.071 -2.907 0.041 

July – September  -0.214 0.067 -3.185 0.018 

July – October -0.367 0.078 -4.691 <0.001 

July – November -0.804 0.205 -3.929 0.002 

August – September -0.007 0.062 -0.118 1.000 

August – October -0.161 0.074 -2.185 0.229 

August – November -0.597 0.203 -2.944 0.037 

September – October  -0.154 0.070 -2.199 0.223 

September – November  -0.590 0.202 -2.928 0.039 

October – November  -0.437 0.206 -2.124 0.257 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Figure 6. Average proportion of kudzu bugs infected by Beauveria bassiana by month, 

2020. 
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Table 5. Model of proportion of kudzu bugs infected with Beauveria bassiana, 2021, GLM 

(p ≤ 0.05). 

 

Factor DF Sums of 

Squares 

F value Pr(>F) 

Month 6 0.793 11.328 <0.001* 

Site 2 0.029 1.260 0.286 

Location 1 0.005 0.415 0.520 

Sex/Stage 2 0.004 0.486 0.830 

Month*Site 11 0.569 4.431 <0.001 

Month*Location 6 0.655 9.354 <0.001 

Month*Sex/Stage 10 0.192 1.644 0.098 

Site*Location 2 0.008 0.338 0.713 

Site*Sex/Stage 4 0.162 3.481 0.009 

Location*Sex/Stage 2 0.063 2.693 0.071 

Month*Site*Location 10 0.201 1.726 0.078 

Month*Site*Sex/Stage 17 0.820 4.133 <0.001 

Month*Location*Sex/Stage 8 0.154 1.647 0.115 

Site*Location*Sex/Stage 4 0.013 0.277 0.892 

Month*Site*Location*Sex/Stage 16 0.104 0.555 0.913 

Residuals 174 2.030   

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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 No significant differences in the proportion of kudzu bugs infected by B.  

bassiana were identified between sexes and stages when comparing female to male, female to 

immature, and male to immature (Table 5). The percentage of infection varied slightly among 

sexes and immatures, as 2.78% of females, 4.74% of males, and 3.24% of immatures collected 

from April through October in 2021 across all sites were infected with B. bassiana. Additionally, 

no significant differences among proportion of infected immature kudzu bugs were identified 

when comparing instar stages (p = 0.242). 

 Significant differences among months were identified when comparing infected kudzu 

bugs (Table 5). Significant differences among months were detected for infected kudzu bugs 

when comparing April to May, April to June, April to July, May to October, June to October, 

July to October, and August to September (Table 6). The proportion of infected kudzu bugs was 

significantly higher in April than in May, June, and July and significantly higher in October than 

in May, June, July, and August (Table 6). These differences could be due to B. bassiana 

infecting kudzu bugs later in the year and non-infected kudzu bugs moving to overwintering sites 

in late October to early November. The percentage of infected kudzu bugs varied among months: 

12.5% (April), 0.00% (May), 0.72% (June), 0.47% (July), 1.89% (August), 8.04% (September), 

and 14.1% (October). A higher proportion of infected kudzu bugs was observed in April because 

1 of 8 kudzu bugs collected was infected with B. bassiana.  

 A significant interaction between month and site was identified when comparing the 

proportion of kudzu bugs infected by B. bassiana (Table 5 and Fig. 7). A significantly higher 

proportion of infected kudzu bugs was collected in Knox County in April (Fig. 7). This higher 

proportion could be due to a small number of kudzu bugs that were collected. Kudzu bugs  
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Table 6. Comparison of proportion of kudzu bugs infected with Beauveria bassiana by 

month, 2021, Tukey HSD (p ≤ 0.05). 

 

2021 Month 

Comparison 

Estimate Standard Error t value Pr(>|t|)* 

April – May 0.200 0.067 2.977 0.044 

April – June 0.196 0.062 3.145 0.027 

April – July 0.195 0.063 3.085 0.032 

April – August 0.169 0.063 2.708 0.090 

April – September 0.128 0.063 2.029 0.375 

April – October 0.034 0.066 0.521 0.998 

May – June -0.004 0.034 -0.123 1.000 

May – July -0.005 0.036 -0.146 1.000 

May – August -0.031 0.035 -0.888 0.971 

May – September -0.072 0.036 -2.010 0.386 

May – October -0.166 0.040 -4.149 <0.001 

June – July -0.001 0.025 -0.040 1.000 

June – August -0.027 0.024 -1.120 0.914 

June – September -0.068 0.025 -3.672 0.099 

June – October  -0.162 0.031 -5.216 <0.001 

July – August -0.026 0.026 -0.985 0.952 

July – September -0.067 0.027 -2.431 0.174 

July – October -0.161 0.033 -4.909 <0.001 

August – September -0.041 0.026 -1.587 0.669 

August – October -0.135 0.031 -4.292 <0.001 

September – October -0.094 0.033 -2.871 0.059 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Figure 7. Average proportion of kudzu bugs infected by Beauveria bassiana by month and 

site, 2021. 
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collected in April were emerging from overwintering sites, and infection could have occurred 

prior to overwintering, during overwintering, or while moving from overwintering sites to kudzu. 

No infected kudzu bugs were collected in Blount County or McMinn County throughout the 

month of April (Fig. 7). Beauveria infection was detected in Blount County as early as June and 

steadily increased through October, where a significantly higher proportion of infected kudzu 

bugs were collected (Fig. 7). A similar trend was identified in Knox County; however, infection 

of second-generation kudzu bugs was not detected until August and steadily increased through 

October (Fig. 7). Generally, kudzu bugs move to overwintering sites in October. Significantly 

higher proportions of infected kudzu bugs collected in October could indicate that infected kudzu 

bugs are not able to move to overwintering sites and more infected kudzu bugs were collected in 

the field. The proportion of kudzu bugs infested with Beauveria similar from August through 

October and was not different from Knox County and Blount County (Fig. 7). The proportion of 

infected kudzu bugs collected in McMinn County was the same in August through October. 

 A significant interaction among month and location within a site was identified when 

comparing the proportion of infected kudzu bugs (Table 5 and Fig. 8). A significantly higher 

proportion of infected kudzu bugs was collected in April from the perimeter of the Blount 

County site (Fig. 8). However, infection in kudzu bugs collected from the perimeter from all sites 

was not identified until August and steadily increased through October (Fig. 8). Infection in 

kudzu bugs collected from the interior of the kudzu patch followed a similar pattern, but was first 

identified in June and steadily increased through October (Fig. 8). Infection in the interior began 

while first-generation immature and adult kudzu bugs were present in the field and continued to 

increase as adults laid eggs and their second-generation began to develop from immatures to 

adults. However, with the exception of April, infection in the perimeter did not become  
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Figure 8. Average proportion of kudzu bugs infected by Beauveria bassiana by month and 

location within a site, 2021. 
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consistent until second-generation immature and adult kudzu bugs were present in the field in 

August. 

 A significant interaction among month, site, and sex/stage was identified when 

comparing proportion of infected kudzu bugs (Table 5 and Fig. 9). In Blount County, no female, 

male, or immature kudzu bugs were collected in April or May. Kudzu bugs were emerging from 

overwintering sites in late April and only adults were present in the field in May. Additionally, a 

significantly higher proportion of infected female kudzu bugs were collected in October in 

Blount County than any other month or other sex/stage (Fig. 9). Infected immature kudzu bugs 

were only found in July in Blount County (Fig. 9). However, infected males were found in June 

and August through October and females were found in August through October (Fig. 9). In 

Knox County, no immature kudzu bugs were collected in April and May, and no females were 

collected in April. A significant proportion of infected males were collected in April, and then 

not collected again until September and October (Fig. 9). Infected males had just emerged from 

overwintering sites and may have become infected prior to overwintering, during overwintering, 

or while moving from overwintering sites to kudzu. Infected females were not collected in Knox 

County until September and October, while infected immatures were collected in August through 

October (Fig. 9). In October, a significantly higher proportion of infected immature kudzu bugs 

was collected from Knox County than any other month, site, or sex/stage throughout the year 

(Fig. 9), which suggests that infected immatures are not able to develop into adults. In McMinn 

County, no immature kudzu bugs were collected in April, May, or October. Additionally, low 

proportions of infected males were only collected in October, females in September, and 

immatures in August and September (Fig. 9). 
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Figure 9. Average proportion of kudzu bugs infected by Beauveria bassiana by month, site, and sex/stage, 2021.
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Summary 

 Overall, a greater number of kudzu bugs, adults and immatures infected with B. bassiana, 

were collected in 2020 than in 2021. The physical presence of B. bassiana was observed on 

infected kudzu bugs in the field in late July of 2020 and early September of 2021. Presence of B. 

bassiana in the field in 2021 was similar seasonally to when B. bassiana was beginning to infect  

kudzu bugs beginning in August of 2015 and for the subsequent years following 2015 (Britt 

2016 and Michael 2018). The differences in time when B. bassiana began infecting kudzu bugs 

between 2020 and 2021 could be due to higher humidity levels and increased rainfall in 2020 

compared to 2021 (Michael 2018). 

 A greater proportion of infected kudzu bugs were found at sites at higher latitudes (Knox 

County and Blount County); however, there were no significant differences among sites in 2020 

and 2021. These results were similar to Britt (2016), where Blount County had higher kudzu bug 

mortality than Polk County, which has a lower latitude than Blount County. Adult kudzu bugs 

infected with B. bassiana that were collected in 2020 and 2021 were not significantly different 

among sexes. This finding is similar to previous studies (Britt 2016). However, differences in 

kudzu bug infection were previously found between adults collected from Knox County and 

McMinn County and immatures collected when comparing Blount County to Knox County and 

Knox County to McMinn County (Britt 2018). Additionally, the lowest levels of immature kudzu 

bug infection occurred in McMinn County for 2020 (11.15%), which were similar to data 

collected in 2016 and 2017 (Michael 2018). Location (perimeter or interior) within a kudzu site 

where kudzu bugs were collected did not have an effect on kudzu bug infection by B. bassiana. 

 Overall kudzu bug infection increased throughout the study. Beginning in April and 

continuing through November, percent infection of kudzu bugs increased, which results in 
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similarities with the findings of Britt (2016). Additionally, infection of adults and immatures 

started at near zero and increased steadily throughout the remainder of the year. Findings from 

Britt (2016) and Michael (2018) showed comparable results where kudzu bug infection and 

mortality started low and increased steadily at all sites, resulting in ~100% mortality by the end 

of the sampling period. 

 This study gives critical insight to the periods of time and locations in which B. bassiana 

begins to infect kudzu bugs throughout east Tennessee. These data provide insight to potential 

sources of inoculum of B. bassiana by providing details of when kudzu bugs are infected with B. 

bassiana. The identification of kudzu bugs infected with B. bassiana as early as June in 2020 and 

April in 2021 in small numbers could indicate that kudzu bugs are becoming infected with B. 

bassiana while emerging from overwintering sites and moving to kudzu or as they begin feeding 

on kudzu. Significant increases in B. bassiana infection of kudzu bugs could indicate that the 

presence of B. bassiana as an endophyte has an influence on its entomopathogenic activity in 

kudzu over time. Additionally, it is possible that later in the season, the main source of inoculum 

comes from infected kudzu bugs that have died and are reservoirs for sporulating B. bassiana in 

kudzu. Additional research is needed to understand the potential pathways of dissemination of B. 

bassiana that could lead to kudzu bug infection, as well as understanding the impact that infected 

kudzu bugs have on kudzu bug infection rates as the season progresses. Understanding the 

pathways in which kudzu bugs are becoming infected with B. bassiana will provide critical 

results that can lead to enhanced use of B. bassiana as a biological control for kudzu bugs in 

soybean. 
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CHAPTER III 

Temporal and Seasonal Presence of Beauveria bassiana  

in Kudzu in East Tennessee 

 

Introduction 

 Kudzu, Pueraria montana (Lour.) Merr var. lobata (Willd.) Maesen & Almeida (Fabales: 

Fabaceae), native to Asia, is an invasive species in the United States (Ward 1998). Kudzu is 

well-known for its ability to reduce native plant diversity, grow at intense rates, and overtake 

trees, right of ways, powerlines, buildings, and other structures (Miller and Edwards 1983, 

Harrington et al. 2003, Frye et al. 2007). This destructive, invasive plant species was 

intentionally introduced to the U.S. twice for its ability to reduce erosion as a forage crop and as 

an ornamental plant (Miller and Edwards 1983, Harrington et al. 2003, Frye et al. 2007). Kudzu 

was first introduced in the U.S. in 1876 at the Centennial Exposition in Philadelphia and 

introduced a second time in 1883 at the New Orleans Exposition (Miller and Edwards 1983, 

Forseth and Innis 2004, Frye et al. 2007). 

 In 2009, an invasive insect species, kudzu bug (Megacopta cribraria (F.) (Hemiptera: 

Plataspidae)), was discovered on homes in Georgia and later found to be feeding on kudzu 

nearby (Jenkins et al. 2010). How this invasive insect species arrived in the U.S. remains 

unknown (Zhang et al. 2012). In 2012, an entomopathogen, Beauveria bassiana [(Balsamo) 

Vuillemin (Ascomycota: Hypocreales: Cordycipitaceae)], was discovered infecting and causing 

white muscardine disease in kudzu bugs feeding on soybean in South Carolina (Seiter et al. 

2014). Additionally, in August of 2015, B. bassiana was discovered infecting and causing white 

muscardine disease in kudzu bugs located in kudzu in east Tennessee (Britt 2016). In subsequent 
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years, B. bassiana was identified infecting kudzu bugs around the same timepoint (Britt 2016, 

Michael 2018). Beauveria bassiana is known to be a successful biological control of kudzu bugs 

in the U.S. In addition to B. bassiana, an egg parasitoid, Ooencyrtus nezarae (Ishii) 

(Hymenoptera: Encyrtidae), was discovered causing 52% mortality in kudzu bug eggs (Britt 

2016, Michael 2018). Michael (2018) accessed the impact of B. bassiana presence on kudzu bug 

populations in east Tennessee in 2016 and 2017 and found that 90% and 33% of second-

generation immature and adult kudzu bugs, respectively, were infected with B. bassiana, leaving 

only 3.2% of second-generation kudzu bugs to survive and overwinter. While B. bassiana as a 

biological control is undoubtedly successful at controlling kudzu bug populations, the question 

of identifying how kudzu bugs become infected with the entomopathogen remains. 

 One potential source of B. bassiana infection of kudzu bugs could be linked to its 

endophytic presence in kudzu, as well as soybean (Vega 2008). Beauveria bassiana is a well-

studied endophyte known for its ability to enhance growth of common bean, Phaseolus vulgaris 

L. (Afandhi et al. 2019), and cotton, Gossypium hirsutum L. (Lopez and Sword 2015), and 

protect against insect pests and plant pathogens (Ownley et al. 2008). Kudzu bugs have a 

piercing-sucking mouthpart that is used to suck sap from leguminous plant species. Their 

piercing-sucking mouthpart is wider in diameter than a B. bassiana spore (Michael 2018), which 

suggests that kudzu bugs may become infected with B. bassiana by ingesting spores while 

feeding on kudzu or soybean plants that have been endophytically colonized by the fungus. 

Analyzing B. bassiana presence as an endophyte in kudzu over time will give insight to when 

and in what proportion the fungus is colonizing kudzu vines. If kudzu bugs become infected with 

B. bassiana during or around the same time points that B. bassiana is colonizing kudzu vines, 
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this infection could provide further evidence that kudzu bugs may become infected by feeding on 

endophytically colonized host plants. 

 Therefore, a study was designed to identify the temporal and seasonal presence of B. 

bassiana in kudzu throughout east Tennessee. It is hypothesized that as kudzu continues to grow 

throughout the year, endophytic B. bassiana colonization of vines will increase in the field. This 

hypothesis will be addressed by answering these questions in this study: What is the phenology 

and seasonality of B. bassiana in Tennessee – when is B. bassiana first detected colonizing 

kudzu vines, what proportion of the kudzu vine is colonized by B. bassiana over time, does 

percent colonization differ among sites, and does percent colonization differ among leaves, 

stems, and the entire kudzu vine? 

Materials and Methods 

Assessment of Kudzu (Leaves and Stems) 

 Data for this study consisted of field-collected kudzu vines that were processed to assess 

endophytic presence of B. bassiana in leaves, stems, and vines. Biweekly sampling in 2020 and 

2021 was conducted at kudzu sites in Knox, Blount, and McMinn Counties in east Tennessee. To 

determine temporal and seasonal presence of B. bassiana in kudzu, three field sites were 

established in east Tennessee (Knox County, Blount County, and McMinn County) (Chapter 1: 

Table 1 and Fig. 4). Sites were visited biweekly to collect kudzu vines. 

 Biweekly sampling began on 2 June 2020 in Knox County, Blount County, and McMinn 

County and 20 April 2021 in Knox County, Blount County, and McMinn County (Chapter 1: 

Table 2). Sampling began in 2020 after kudzu vines were established in the field. Sampling in 

2021 began as kudzu vines were emerging from their dormant state in spring. In 2021, kudzu 

vines were discovered emerging from their dormant state in the field in April 2021 in Knox 
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County, Blount County, and McMinn County. Sampling continued in 2020 and 2021 until kudzu 

vines began to senesce and die back for winter. Sampling in 2020 was terminated on 4 

November and in 2021 on 9 November (Chapter 1: Table 2). 

 Upon visiting a kudzu site, three kudzu vines were collected. One vine was collected 

from each of the following locations within the kudzu site: perimeter (1-3 meters), middle (3-7 

meters), and interior (7-10 meters). The cut end of each kudzu vine was wrapped in a wet paper 

towel to prevent moisture loss. Each kudzu vine was placed in a separate 3.785-liter bag and 

transported to the laboratory. 

 In the laboratory, kudzu vine samples were stored in a refrigerated growth chamber for 

18 to 48 hours before being processed. Each kudzu vine was divided into leaf and stem samples. 

Beginning at the apex and counting down the vine, leaf samples were labeled A through E (Fig. 

10). Beginning at the apex and counting backwards down the vine, stem samples were labeled 

Apex and A through F (Fig. 10). More stem samples were taken because new leaf emergence 

was not present on the new kudzu vine growth on the apex nor on stem sample A. New leaf 

emergence on the kudzu vines did not begin until stem sample B. (Fig. 10). 

 Whole kudzu leaves (comprised of three leaflets) were chosen if the entire leaf would fit 

into a Petri dish (100 × 15 mm). If the entire kudzu leaf would not fit, one kudzu leaflet was 

randomly chosen from each leaf. Each leaf or leaflet sample was individually surface sterilized 

in 10% commercial bleach (a.i. 7.5% sodium hypochlorite) for 1 minute, rinsed in sterile distilled 

water, air-dried, and plated in individual Petri dishes (100 × 15 mm) containing a semi-selective 

medium for B. bassiana (Doberski and Tribe 1980). Briefly, the medium contained 32 g 

dextrose, 8 g neopeptone, 12 g agar, 0.5 g chloramphenicol (Thermo Fisher Scientific, Waltham,  
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Figure 10. Locations of kudzu vine leaf and stem samples. Kudzu leaf images used in this 

figure are from http://clifflamere.com/Misc/Kudzu-Albany.htm.  
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MA), 0.008 g crystal violet (Sigma-Aldrich., St Louis, MO), and 0.25 g cycloheximide (VWR 

International, Radnor, PA). Cycloheximide and chloramphenicol were added to the medium after 

sterilization and cooling. Kudzu vine stem samples were divided into 7.62-cm sections around 

the nodes of the plant. (Fig. 11). Each stem sample was individually surface sterilized in 10% 

bleach for 1 minute, rinsed in sterile distilled water, cut into 2.54-cm section around the node, 

and air-dried. Three stem samples were plated in a triangular formation (Fig. 12) in a Petri dish 

(100 × 15 mm) containing a semi-selective medium for B. bassiana (Doberski and Tribe 1980). 

The medium used is the same as described above for leaf samples. The Apex and stem A 

samples were not detached from one another because the length between the two samples was 

not enough to obtain 7.62 cm for surface sterilization and 2.54 cm for plating. All kudzu vine 

leaf and stem samples were monitored weekly for 6 weeks before presence and absence of B. 

bassiana was confirmed and recorded. 

Data Analysis 

 Data recorded included presence or absence of B. bassiana per kudzu sample. Data was 

analyzed using a binary logistic regression. An analysis of variance was performed using GLM 

in RStudio 1.4.1106. Significant differences among factors were determined using a Pearson chi-

square post hoc binomial pairwise test and p-values were adjusted using Bonferroni. A P-value 

of less than 0.05 was used to determine statistical significance. Additionally, data were used to 

obtain percent colonization of B. bassiana of leaves, stems, and plant. An analysis of variance 

was performed using a mixed effects model, LMER, in R Studio 1.4.1106. Significant 

differences among factors were determined using a Tukey HSD. A P-value of less than 0.05 was 

used to determine statistical significance. The fixed effects were month, site, and location within  
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Figure 11. Process for cutting kudzu vine stem samples around nodes of plant. 
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Figure 12. Layout of plating stem samples in Petri dishes. 
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site for each year separately and combined. presence and absence by year, by month, by site, and 

by location within a site. Analyses of percent colonization of B. bassiana in kudzu for stem, leaf, 

and entire plant compared percent colonization by year, percent colonization by month, percent 

colonization by site, and percent colonization by location within site. 

Results and Discussion 

Assessment of Kudzu Leaf Colonization 

2020 

 Significant differences among the proportion of kudzu leaves that were colonized 

endophytically by B. bassiana among months were identified when comparing June to August, 

June to September, July to August, and July to September (Tables 7, 8). During the months of 

August (25.0%), September (22.2%), October (9.88%), and November (11.4%), significantly 

more kudzu leaves were colonized endophytically by B. bassiana than in June (0.00%) and July 

(1.11%) (Table 8). These data also suggest that little endophytic colonization of kudzu stems 

occurs between June and when second-generation kudzu bugs are emerging from egg masses in 

July. 

 No significant differences among proportion of kudzu leaves colonized endophytically by 

B. bassiana were identified when comparing Knox County (10.11%) to Blount County (13.9%), 

and Knox County (10.1%) to McMinn County (5.56%). A significant difference was identified 

when comparing Blount County (13.9%) to McMinn County (5.56%) (Table 8). This indicates 

that latitudinal differences among sites could affect endophytic colonization of kudzu leaves, 

although this study encompasses a small geographic area. These results suggest that kudzu bugs 

at all sites throughout east Tennessee are equally likely to become infected by B. bassiana. 
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Table 7. Model of proportion of kudzu leaves colonized by Beauveria bassiana, 2020, GLM 

(p ≤ 0.05). 

 

Source Sum of 

Squares 

Degrees of 

Freedom 

F value Pr(>F)* 

Residuals 0.571 47   

Month 0.960 5 15.794 <0.001 

Site 0.094 2 3.873 0.028 

Location 0.011 2 4.417 0.018 

Month*Site 0.391 10 3.219 0.003 

Month*Location 0.307 10 2.525 0.016 

Site*Location 0.134 4 2.753 0.039 

Month*Site*Location 0.801 19 3.467 <0.001 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Table 8. Comparison of proportion of kudzu leaves colonized by Beauveria bassiana by 

month, 2020, Tukey HSD (p ≤ 0.05). 

 

Comparison Estimate Standard 

Error 

t Value Pr(>|t|)* 

June – July -0.011 0.049 -0.226 0.999 

June – August -2.500 0.056 -4.456 <0.001 

June – September -0.222 0.049 4.516 <0.001 

June – October -0.085 0.050 1.704 0.527 

June – November -0.100 0.065 1.536 0.636 

July – August -0.239 0.060 -3.964 0.002 

July – September -0.211 0.054 3.917 0.002 

July – October -0.074 0.055 1.357 0.748 

July – November -0.089 0.069 1.294 0.784 

August – September 0.028 0.060 -0.461 0.997 

August – October 0.165 0.061 -2.702 0.082 

August – November  0.150 0.074 -2.032 0.327 

September – October 0.137 0.055 2.504 0.130 

September – November 0.122 0.069 1.779 0.478 

October – November -0.015 0.069 -0.212 0.999 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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 No significant differences were detected in rates of endophytic colonization by B. 

bassiana of leaves collected within a kudzu site and the locations when comparing interior  

(8.92%) to perimeter (6.55%) and interior to middle (13.9%). However, a significant difference 

was identified when comparing middle (13.9%) to perimeter (6.55%) (Table 7). These results 

indicate that kudzu bugs located in any portion of a kudzu patch in east Tennessee are equally 

likely to become infected by B. bassiana. 

 A significant interaction was identified between month and site when comparing 

proportion of leaves endophytically colonized by B. bassiana (Table 7). In Blount County, 

endophytic colonization of kudzu leaves began in July, significantly increased through August 

and September, and deceased in October and November (Fig. 13). A decrease in colonization in 

October and November could be a result of kudzu not growing as rapidly and dying back in the 

fall. In Knox County and McMinn County, colonization was identified in August through 

November; however, no significant differences were identified (Fig. 13).  

 A significant interaction was identified between month and location within a site when 

comparing proportion of leaves endophytically colonized by B. bassiana (Table 7). Colonization 

of kudzu leaves collected from the interior was identified in August through October (Fig. 14). A 

higher proportion of endophytically colonized kudzu leaves were collected from the interior in 

September, but it was not significantly different from the proportions collected in August or 

October (Fig. 14). No significant differences were identified among the proportion of colonized 

kudzu leaves that were collected in August through November in the perimeter (Fig. 14). 

However, the colonization of kudzu leaves by B. bassiana collected from the middle of the 

kudzu sites began in July, significantly increased in August, then slowly decreased throughout 

the months of September, October, and November (Fig. 14).  
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Figure 13. Average proportion of kudzu leaves endophytically colonized by Beauveria 

bassiana by month and site, 2020. 
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Figure 14. Average proportion of kudzu leaves endophytically colonized by Beauveria 

bassiana by month and location within site, 2020. 
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 A significant interaction was identified when an F-test was performed between site and 

location within a site when comparing proportion of leaves endophytically colonized by B. 

bassiana (Table 7). However, no significant differences were identified using a Tukey HSD test. 

A low proportion of colonized kudzu leaves were collected from the perimeter in all three sites, 

but no significant differences were identified (Fig 15). The proportion of kudzu leaves collected 

from the middle of all three sites was relatively higher than all proportions collected from all 

locations throughout all sites, except those collected from the interior in Blount County (Fig. 15). 

 A significant interaction was identified between month, site, and location within a site 

when comparing proportion of leaves endophytically colonized by B. bassiana (Table 7). In 

Blount County, colonized leaves were collected from the interior and perimeter in August and 

September with a significantly higher proportion in the interior in September (Fig. 16). 

Additionally, in Blount County, colonized leaves were collected from the middle from July 

through October (Fig. 16). No kudzu vines were collected in Blount County from the interior in 

November because all the vines had either died back or were browsed by an animal, so no leaves 

were present along the vines. Similar to Blount County, colonized leaves from the interior in 

Knox County were only collected in August and September (Fig. 16). Colonized leaves in Knox 

County were highest in the middle in August and decreased in September and October (Fig. 16). 

However, those collected from the perimeter followed the opposite trend, where colonization 

began at a lower proportion in September and October and peaked in November in Knox County 

(Fig. 16). In McMinn County, colonized leaves were collected from the perimeter in August and 

September, interior only in October, and middle in August, October, and November (Fig. 16). 

However, no significant differences were identified among the proportion of leaves collected in 

McMinn County throughout the year from any location within the site (Fig. 16). 
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Figure 15. Average proportion of kudzu leaves endophytically colonized by Beauveria 

bassiana by site and location within site, 2020. 
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Figure 16. Average proportion of kudzu leaves endophytically colonized by Beauveria bassiana by month, site, and location 

within site, 2020. 
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2021 

 Significant differences among the proportion of kudzu leaves that were colonized 

endophytically by B. bassiana among months were identified when comparing April, May, June, 

July and August to September and October (Tables 9, 10 and Fig. 17). During the months of 

April, May, June, July, and August, significantly more kudzu leaves were colonized 

endophytically by B. bassiana than in September and October (Table 10 and Fig. 17). These data 

also suggest that little endophytic colonization of kudzu stems occurs between June and when 

second-generation kudzu bugs are emerging from egg masses in July. 

 No significant differences among proportion of kudzu leaves colonized endophytically by 

B. bassiana were identified when comparing Knox County (4.39%) to Blount County (5.34%), 

Knox County (4.39%) to McMinn County (3.11%), and Blount County (5.34%) to McMinn 

County (3.11%) (Table 9). This indicates that latitudinal differences among sites did not affect 

endophytic colonization of kudzu leaves, although this study encompasses a small geographic 

area. These results indicate that kudzu bugs at all sites throughout east Tennessee are equally 

likely to become infected by B. bassiana. 

 No significant differences in rates of endophytic colonization of B. bassiana among 

locations where leaves were collected within a kudzu site were documented when comparing the 

perimeter (1.99%), middle (5.45%), and interior (5.47%) (Table 9). These results indicate that 

kudzu bugs located in any portion of a kudzu patch in east Tennessee are equally likely to 

become infected by B. bassiana. 
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Table 9. Model of proportion of kudzu leaves colonized by Beauveria bassiana, 2021, GLM 

(p ≤ 0.05). 

 

Source Sum of 

Squares 

Degrees of 

Freedom 

F value Pr(>F)* 

Residuals 0.643 60   

Month 0.453 6 7.058 <0.001 

Site 0.014 2 0.657 0.522 

Location 0.034 2 1.596 0.211 

Month*Site 0.075 12 0.584 0.846 

Month*Location 0.199 12 1.548 0.132 

Site*Location 0.014 4 0.322 0.862 

Month*Site*Location 0.229 24 0.890 0.613 

 

* Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Table 10. Comparison of proportion of kudzu leaves colonized by Beauveria bassiana by 

month, 2021, Tukey HSD (p ≤ 0.05). 

 

Comparison Estimate Standard 

Error 

t Value Pr(>|t|)* 

April – May 0.000 0.043 0.000 1.000 

April – June 0.000 0.039 0.000 1.000 

April – July 0.000 0.042 0.000 1.000 

April – August -0.022 0.042 0.534 0.998 

April – September -0.144 0.042 -3.469 0.012 

April – October -0.128 0.042 -3.069 0.040 

May – June 0.000 0.033 0.000 1.000 

May – July 0.000 0.036 0.000 1.000 

May – August -0.022 0.036 -0.623 0.996 

May – September -0.144 0.036 -4.051 0.002 

May – October -0.128 0.036 -3.584 0.008 

June – July 0.000 0.031 0.000 1.000 

June – August -0.022 0.031 -0.716 0.991 

June – September -0.144 0.031 -4.654 <0.001 

June – October -0.128 0.031 -4.117 0.001 

July – August 0.022 0.034 0.654 0.994 

July – September -0.144 0.034 -4.249 <0.001 

July – October -0.128 0.034 -3.758 0.005 

August – September -0.122 0.034 -3.595 0.008 

August – October -0.106 0.034 3.105 0.037 

September – October  0.017 0.034 0.490 0.999 

 

* Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Figure 17. Average proportion of kudzu leaves endophytically colonized by Beauveria 

bassiana by month, 2021. 
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Assessment of Kudzu Stem Colonization 

2020 

 Significant differences among the proportion of kudzu stems colonized endophytically by 

B. bassiana were identified between months when comparing June to August, June to 

September, July to August, July to September, August to October, and August to November 

(Tables 11, 12 and Fig. 18). During the month of August, significantly more kudzu stems were 

colonized endophytically with B. bassiana than in June, July, October, and November (Table 12 

and Fig. 18). Additionally, during the month of September, a significantly higher proportion of 

kudzu stems were colonized endophytically with B. bassiana than in June and July (Table 12 and 

Fig. 18). These data suggest that little endophytic colonization of kudzu stems occurs between 

June and when second-generation kudzu bugs are emerging from egg masses in July. 

 No significant differences among proportion of kudzu stems colonized endophytically by 

B. bassiana between sites were identified when comparing Knox County (12.6%) to Blount 

County (7.14%), Knox County (12.6%) to McMinn County (4.19%), and Blount County (7.14%) 

to McMinn County (4.19%) (Table 11). No significant differences among sites indicate that 

latitudinal differences among sites do not have an effect on endophytic colonization of kudzu 

stems. These results indicate that kudzu bugs at all sites throughout east Tennessee are equally 

likely to become infected by B. bassiana. 

 No significant differences among locations for endophytic colonization of kudzu stems 

by B. bassiana, with rates of 6.00% for perimeter, 8.08% in the middle, and 10.5% in the interior 

of the kudzu patch were detected (Table 11). These data suggest that kudzu bugs located in any 

part of a kudzu patch in east Tennessee are equally likely to become infected by B. bassiana. 
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Table 11. Model of proportion of kudzu stems colonized by Beauveria bassiana, 2020, GLM 

(p ≤ 0.05). 

 

Source Sum of 

Squares 

Degrees of 

Freedom 

F value Pr(>F)* 

Residuals 0.596 47   

Month 0.747 5 11.793 <0.001 

Site 0.080 2 3.168 0.051 

Location 0.029 2 1.138 0.329 

Month*Site 0.240 10 1.897 0.070 

Month*Location 0.215 10 1.697 0.110 

Site*Location 0.014 4 0.276 0.892 

Month*Site*Location 0.411 19 1.708 0.069 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Table 12. Comparison of proportion of kudzu stems colonized by Beauveria bassiana by 

month, 2020, Tukey HSD (p ≤ 0.05). 

 

Comparison Estimate Standard 

Error 

t Value Pr(>|t|)* 

June – July -0.000 0.040 0.000 1.000 

June – August -0.250 0.045 -5.535 <0.001 

June – September -0.167 0.040 4.207 <0.001 

June – October -0.102 0.042 2.530 0.123 

June – November -0.046 0.052 0.875 0.950 

July – August -0.250 0.049 -5.153 <0.001 

July – September -0.167 0.043 3.841 0.003 

July – October -0.102 0.044 2.316 0.194 

July – November -0.046 0.055 0.829 0.961 

August – September 0.083 0.049 -1.718 0.518 

August – October 0.147 0.049 -3.016 0.037 

August – November  0.204 0.059 -3.436 0.011 

September – October 0.065 0.044 1.470 0.679 

September – November 0.121 0.055 2.184 0.250 

October – November 0.056 0.056 1.006 0.913 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Figure 18. Average proportion of kudzu stems endophytically colonized by Beauveria 

bassiana by month, 2020. 
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2021 

 Significant differences among the proportion of kudzu stems colonized endophytically by 

B. bassiana were identified between months when comparing May, June, July, and September to 

October (Tables 13, 14 and Fig. 19). During the month of October, significantly more kudzu 

stems were colonized endophytically with B. bassiana than in May, June, July, and September 

(Table 14 and Fig. 19). These data suggest that little endophytic colonization of kudzu stems 

occurs between June and when second-generation kudzu bugs are emerging from egg masses in 

July. 

 No significant differences among proportion of kudzu stems colonized endophytically by 

B. bassiana between sites were identified when comparing Knox County (2.85%) to Blount 

County (2.81%), Knox County (2.85%) to McMinn County (0.43%), and Blount County (2.81%) 

to McMinn County (0.43%) (Table 13). No significant differences among sites indicate that 

latitudinal differences among sites do not have an effect on endophytic colonization of kudzu 

stems. These results indicate that kudzu bugs at all sites throughout east Tennessee are equally 

likely to become infected by B. bassiana. 

 There were no significant differences among locations where kudzu stems colonized 

endophytically by B. bassiana were indicated between proportion of B. bassiana colonization 

when comparing the perimeter (0.41%), middle (4.10%), and interior (1.68%) of the kudzu patch  

(Table 13). These results indicate that kudzu bugs located in any portion of a kudzu patch in east 

Tennessee are equally likely to become infected by B. bassiana. 
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Table 13. Model of proportion of kudzu stems colonized by Beauveria bassiana, 2021, GLM 

(p ≤ 0.05). 

 

Source Sum of 

Squares 

Degrees of 

Freedom 

F value Pr(>F)* 

Residuals 0.280 60   

Month 0.108 6 3.856 0.003 

Site 0.017 2 1.774 0.178 

Location 0.029 2 3.126 0.051 

Month*Site 0.101 12 1.804 0.068 

Month*Location 0.043 12 0.766 0.682 

Site*Location 0.034 4 1.828 0.135 

Month*Site*Location 0.143 24 1.279 0.218 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Table 14. Comparison of proportion of kudzu stems colonized by Beauveria bassiana by 

month, 2021, Tukey HSD (p ≤ 0.05). 

 

Comparison Estimate Standard 

Error 

t Value Pr(>|t|)* 

April – May 0.037 0.031 1.179 0.899 

April – June 0.037 0.029 1.291 0.852 

April – July 0.028 0.030 0.913 0.969 

April – August 0.019 0.030 0.609 0.996 

April – September 0.028 0.030 0.913 0.969 

April – October -0.051 0.030 -1.661 0.639 

May – June 0.000 0.024 0.000 1.000 

May – July -0.009 0.026 -0.355 0.999 

May – August -0.019 0.026 -0.711 0.992 

May – September -0.009 0.026 -0.355 0.999 

May – October -0.088 0.026 -3.361 0.017 

June – July -0.009 0.023 -0.408 0.999 

June – August -0.019 0.023 -0.817 0.982 

June – September -0.009 0.023 -0.408 0.999 

June – October -0.088 0.023 -3.862 0.004 

July – August -0.009 0.025 -0.373 0.999 

July – September 0.000 0.025 0.000 1.000 

July – October -0.078 0.025 -3.153 0.032 

August – September 0.009 0.025 0.373 0.999 

August – October 0.069 0.025 2.78 0.088 

September – October  -0.078 0.025 -3.153 0.032 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Figure 19. Average proportion of kudzu stems endophytically colonized by Beauveria 

bassiana by month, 2021. 
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Assessment of Kudzu Vine Colonization 

2020 

 Significant differences between collection months among kudzu vines that were 

endophytically colonized by B. bassiana were identified when comparing June (0.00%) to 

August (25.0%), June (0.00%) to September (19.2%), July (0.51%) to August (25.0%), July 

(0.51%) to September (19.2%), August (25.0%) to October (10.1%), and August (25.0%) to 

November (7.79%) (Tables 15, 16). A significantly higher proportion of kudzu vines collected in 

August were endophytically colonized by B. bassiana than in June, July, October, and November 

(Table 16). Additionally, a significantly higher proportion of kudzu vines collected in September 

were endophytically colonized by B. bassiana than June and July (Table 16). These data suggest 

that little endophytic colonization of kudzu vines occurs between June and when second-

generation kudzu bugs are emerging from egg masses in July. 

 No significant differences among proportion of kudzu vines colonized endophytically by 

B. bassiana between sites were identified when comparing Knox County (11.5%) to Blount 

County (10.2%)and Blount County (10.2%) to McMinn County (4.82%). However, a significant 

difference was identified when comparing Knox County (11.5%) to McMinn County (4.82%), 

(Table 15). No significant differences among sites suggest that latitudinal differences among 

sites have no effect on endophytic colonization of kudzu vines, and that kudzu bugs at all sites 

throughout east Tennessee are equally likely to become infected by B. bassiana. 

 The main effect of location within the kudzu patch was not significant for colonization of 

kudzu vine by B. bassiana when comparing perimeter (6.25%) to middle (10.7%), perimeter 

(6.25%) to interior (9.80%), and middle (10.7%) to interior (9.80%) of the kudzu patch (Table  

15). These results indicate that kudzu bugs located in any portion of a kudzu patch in east 
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Table 15. Model of proportion of kudzu vines colonized by Beauveria bassiana, 2020, GLM 

(p ≤ 0.05). 

 

Source Sum of 

Squares 

Degrees of 

Freedom 

F value Pr(>F)* 

Residuals 0.345 47   

Month 0.826 5 22.517 <0.001 

Site 0.051 2 3.505 0.038 

Location 0.038 2 2.601 0.085 

Month*Site 0.248 10 3.375 0.002 

Month*Location 0.194 10 2.650 0.012 

Site*Location 0.044 4 1.495 0.219 

Month*Site*Location 0.381 19 2.731 0.003 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Table 16. Comparison of proportion of kudzu vines colonized by Beauveria bassiana by 

month, site, and location within site, 2020, Tukey HSD (p ≤ 0.05). 

 

Comparison Estimate Standard 

Error 

t Value Pr(>|t|)* 

June – July -0.005 0.036 -0.140 0.999 

June – August -0.250 0.041 -6.083 <0.001 

June – September -0.192 0.036 5.324 <0.001 

June – October -0.094 0.037 2.552 0.117 

June – November -0.073 0.048 1.530 0.640 

July – August -0.245 0.044 -5.548 <0.001 

July – September -0.187 0.039 4.732 <0.001 

July – October -0.089 0.040 2.210 0.239 

July – November -0.068 0.050 1.350 0.752 

August – September 0.058 0.044 -1.316 0.771 

August – October 0.156 0.045 -3.502 0.009 

August – November  0.177 0.054 -3.274 0.018 

September – October 0.098 0.040 2.455 0.146 

September – November 0.119 0.050 2.363 0.177 

October – November 0.021 0.051 0.406 0.999 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Tennessee are equally likely to become infected by B. bassiana. 

 A significant interaction was identified between month and site when comparing 

proportion of vines endophytically colonized by B. bassiana (Table 15). Colonization of vines 

began in Blount County in July, but not until August in Knox County and McMinn County (Fig. 

20). After initial colonization in July in Blount County, the proportion of colonization 

significantly increased in August and September, and decreased in October (Fig. 20). This 

difference could be due to kudzu vines dying back in October and November, so few vines are 

present in the field. Colonization in Knox County begins and is highest in August, but slowly 

decreases in proportion of vines colonized through November (Fig. 20). Similarly, colonization 

in McMinn County begins in August and decreases through November (Fig. 20). 

 A significant interaction was identified between month and location within a site when 

comparing proportion of vines endophytically colonized by B. bassiana (Table 15). Colonization 

of kudzu vines from the middle of a kudzu site begins in July, significantly increased in August, 

and steadily decreased in September through November (Fig. 21). The highest proportion of 

colonization in vines collected from the interior is also in August and slowly decreased 

throughout the remainder of the year (Fig. 21). However, when comparing vines collected from 

the perimeter of the sites, colonization began in August and continued through November, but 

there is not a significant increase or decrease in colonization throughout the year (Fig. 21). This 

difference could indicate that other plant species located near the perimeter of the sites have an 

impact on presence of B. bassiana colonization of kudzu vines in the field. Additionally, this 

interaction could suggest that second-generation kudzu bugs located within a kudzu site are more 

likely to become infected with B. bassiana by feeding on an infected vine. 
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Figure 20. Average proportion of kudzu vines endophytically colonized by Beauveria 

bassiana by month and site, 2020. 
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Figure 21. Average proportion of kudzu vines endophytically colonized by Beauveria 

bassiana by month and location within site, 2020. 
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 A significant interaction was identified between month, site, and location within a site 

when comparing proportion of vines endophytically colonized by B. bassiana (Table 15). In 

Blount County, colonized vines were collected from the perimeter in August and September with 

no significant differences identified among proportion of infected vines (Fig. 22). Similarly, 

colonized vines were collected from the interior in August, September, and October in Blount 

County, with a significant increase in September colonization (Fig. 22). Additionally, in Blount 

County, colonized vines were collected from the middle from July through October, where an 

increase occurred in August and September, but no significant differences were identified among 

the proportion of colonization (Fig. 22). No kudzu vines were collected in Blount County from 

the interior in November because all the vines had either died back or were eaten by an animal, 

so no leaves were present along the vines. Similar to Blount County, colonized leaves from the 

interior in Knox County were collected in August, September, and October (Fig. 22). A 

significantly higher proportion of colonized vines were collected from both the middle and 

interior in August in Knox County (Fig. 22). Colonized vines collected from the perimeter in 

Knox County were identified in September through November, with the highest proportion 

colonized in November (Fig. 22). Few kudzu vines were collected in Knox County in November, 

since kudzu was dying back for the winter. In McMinn County, colonized vines were collected 

from the perimeter and middle in August through November (Fig. 22). However, vines collected 

from the interior were only colonized in August through October in McMinn County (Fig. 22). 

No significant differences were identified among the proportion of leaves collected in McMinn 

County throughout the year from any location within the site (Fig. 22). 
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Figure 22. Average proportion of kudzu vines endophytically colonized by Beauveria bassiana by month, site, and location 

within site, 2020.
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2021 

 Significant differences among kudzu vines endophytically colonized by B. bassiana 

between months were identified when comparing May, June, July, and August to October and 

June to September (Tables 17, 18 and Fig. 23). A significantly higher proportion of kudzu vines 

collected in October were endophytically colonized by B. bassiana than in May, June, July, 

August (Table 18, Fig. 23). Additionally, a significantly higher proportion of kudzu vines 

collected in September were endophytically colonized by B. bassiana than in June (Table 18 and 

Fig. 23). These data suggest that little endophytic colonization of kudzu vines occurs between 

June and when second-generation kudzu bugs are emerging from egg masses in July.  

 No significant differences among proportion of kudzu vines colonized endophytically by 

B. bassiana between sites were detected when comparing Knox County (3.55%) to Blount 

County (3.96%), Knox County (3.55%) to McMinn County (1.65%), and Blount County (3.96%) 

to McMinn County (1.65%) (Table 17). No significant differences among sites indicate that 

latitudinal differences among sites do not have an effect on endophytic colonization of kudzu 

vines. These results indicate that kudzu bugs at all sites throughout east Tennessee are equally 

likely to become infected by B. bassiana. 

 No significant differences among locations within the kudzu patch for endophytic 

colonization of kudzu vines by B. bassiana were found when comparing the perimeter (1.13%), 

middle (4.93%), and interior (3.42%) of the kudzu patch (Table 17). These results indicate that  

kudzu bugs located in any portion of a kudzu patch in east Tennessee are equally likely to 

become infected by B. bassiana. 
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Table 17. Model of proportion of kudzu vine colonized by Beauveria bassiana, 2021, GLM 

(p ≤ 0.05). 

 

Source Sum of 

Squares 

Degrees of 

Freedom 

F value Pr(>F)* 

Residuals 0.331 60   

Month 0.188 6 5.681 <0.001 

Site 0.015 2 1.329 0.272 

Location 0.027 2 2.453 0.095 

Month*Site 0.063 12 0.946 0.509 

Month*Location 0.064 12 0.972 0.485 

Site*Location 0.015 4 0.675 0.612 

Month*Site*Location 0.123 24 0.926 0.568 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Table 18. Comparison of proportion of kudzu vine colonized by Beauveria bassiana by 

month, 2021, Tukey HSD (p ≤ 0.05). 

 

Comparison Estimate Standard 

Error 

t Value Pr(>|t|)* 

April – May 0.020 0.031 0.647 0.995 

April – June 0.020 0.029 0.709 0.992 

April – July 0.015 0.030 0.501 0.999 

April – August 0.000 0.030 0.000 1.000 

April – September -0.051 0.030 -1.670 0.633 

April – October -0.086 0.030 -2.838 0.075 

May – June 0.000 0.024 0.000 1.000 

May – July -0.005 0.026 -0.195 1.000 

May – August -0.020 0.026 -0.780 0.986 

May – September -0.071 0.026 -2.731 0.098 

May – October -0.106 0.026 -4.095 0.001 

June – July -0.005 0.023 -0.224 0.999 

June – August -0.020 0.023 -0.896 0.972 

June – September -0.071 0.025 -3.138 0.034 

June – October -0.106 0.023 -4.075 <0.001 

July – August 0.015 0.025 0.614 0.996 

July – September -0.066 0.025 -2.660 0.116 

July – October -0.101 0.025 -4.090 0.002 

August – September -0.051 0.025 -2.046 0.387 

August – October -0.086 0.025 -3.476 0.018 

September – October  -0.035 0.025 -1.430 0.781 

 

*Bold and underlined indicates significant p-values (p ≤ 0.05). 
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Figure 23. Average proportion of kudzu vine endophytically colonized by Beauveria 

bassiana by month, 2021. 
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Summary 

 Overall, a greater number of kudzu leaf, stem, and vines were colonized endophytically 

by B. bassiana in 2020 compared with 2021. Endophytic presence of B. bassiana in kudzu was 

isolated in July of 2020. However, endophytic presence of B. bassiana in kudzu was isolated first 

in April of 2021, but not again until July. Endophytic presence of B. bassiana in the field in 2021 

was similar seasonally to when B. bassiana was beginning to infect kudzu bugs beginning in 

August of 2015 and for the subsequent years (Britt 2016 and Michael 2018). 

 Sites at higher latitudes had more kudzu leaf, stem, and vines colonized endophytically 

by B. bassiana in 2020 and 2021; however, no significant differences among sites were detected. 

These results align similarly with those discussed in Chapter 2 and to those of Britt (2016), who 

found higher kudzu bug mortality in Blount County than in Polk County (Polk County is located 

at a lower latitude than Blount County). Additionally, in 2020 and 2021, location within a kudzu 

site where kudzu vines were collected did not have an effect on endophytic colonization of 

kudzu by B. bassiana. These findings align with the findings in Chapter 2, where location within 

a site did not have an influence on kudzu bug infection by B. bassiana. Overall, in 2020 and 

2021, kudzu colonization of B. bassiana increased throughout the study. Beginning in April and 

continuing through November, percent infection of kudzu leaves, stems, and vines increased. 

 This study gives critical insight to the periods of time and locations in which B. bassiana 

begins to colonize kudzu throughout east Tennessee. These data provide details to potential 

sources of inoculum of B. bassiana by providing specifics of when kudzu vines are infected with 

B. bassiana. The identification of kudzu vines colonized endophytically by B. bassiana as early 

as July in 2020 and April in 2021, in small numbers, aligns with and could indicate that kudzu 

bugs become infected with B. bassiana while emerging from overwintering sites, moving to 
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kudzu, or as they begin to feed on kudzu. Significant increases in colonization of kudzu by B. 

bassiana could indicate that B. bassiana endophytically has an influence on its 

entomopathogenic presence in kudzu bugs over time. Additionally, it is possible that later in the 

season, the main source of inoculum infecting kudzu bugs comes from infected kudzu bugs that 

have died and are sporulating on kudzu vines within the canopy. However, the infected kudzu 

bugs that have died and are sporulating on the kudzu vines could also be positively influencing 

the endophytic presence in kudzu. Future research is needed to better understand the potential 

pathways of dissemination of B. bassiana that lead to kudzu bug infection, as well as 

understanding the impact that infected kudzu bugs have on kudzu bug and kudzu infection rates 

as the season progresses. Understanding the pathways in which kudzu bugs are becoming 

infected with B. bassiana will provide critical results that can lead to enhanced use of B. 

bassiana as a biological control for kudzu bugs in soybean. 

  



86 
 

CHAPTER IV 

Conclusions 

 Kudzu, originally from Asia, was first introduced to the United States in 1876 at the 

Centennial Exposition in Philadelphia (Miller and Edwards 1983, Forseth and Innis 2004). Then, 

it was introduced again in 1883 at the New Orleans Exposition (Miller and Edwards 1983, 

Forseth and Innis 2004). Since its introduction kudzu has become one of the most invasive and 

destructive weed species in the U.S. (Harrington et al. 2003). While kudzu was intentionally 

introduced to the U.S., the invasive kudzu bug, which is also native to Asia and feeds on kudzu 

in both its native and invasive range, was accidentally introduced to the U.S. and discovered in 

Georgia in 2009 (Jenkins et al. 2010, Gardner et al. 2013b, Zhang et al. 2012). Kudzu bugs are 

bivoltine, meaning that they are able to complete two generations per year, and they are able to 

successfully develop on kudzu and soybean (Greenstone et al. 2014). In 2020, kudzu bugs 

caused an estimated $12,733,150 and $2,805,568 loss in yield and treatment costs to soybean 

production in the U.S. and Tennessee, respectively (Musser et al. 2021). 

 Kudzu bugs have multiple natural enemies within their invasive range in the U.S., which 

includes two parasitoid wasps, P. saccharalis and O. nezarae, and an endophytic fungal 

entomopathogen, B. bassiana (Borah and Dutta 2002, Gardner et al. 2013a, Britt 2016, 

Ademokoya et al. 2018, Michael 2018). Beauveria bassiana was first discovered infecting kudzu 

bugs in South Carolina in 2012 in soybean fields (Seiter et al. 2014). It was not until 2015 that B. 

bassiana was identified infecting kudzu bugs in kudzu in Tennessee (Britt 2016 and Michael 

2018). Michael (2018) later found that B. bassiana is able to infect and cause mortality in 90% of 

immature and 33% of adult second-generation kudzu bugs in Tennessee. Additionally, B. 

bassiana was also identified endophytically colonizing kudzu in Tennessee (Michael 2018). 
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While it is known that B. bassiana infects and causes mortality in kudzu bugs and endophytically 

colonized kudzu, it is not known how kudzu bugs become infected with the entomopathogen. 

One potential pathway of dissemination of B. bassiana could be from kudzu bugs feeding on 

kudzu that has been endophytically colonized by B. bassiana because the size of a spore is 

smaller than the size of the piercing-sucking mouthpart of a kudzu bug (Michael 2018). 

However, the temporal and seasonal distribution of B. bassiana in kudzu bugs and kudzu within 

their invasive ranges in the U.S. must be identified before dissemination pathways of the 

entomopathogenic, endophytic fungus can be isolated to understand their interactions in the field. 

Results from this study indicated that B. bassiana infects more kudzu bugs as the second-

generation develops in kudzu. However, few first-generation kudzu bugs that are present on 

kudzu between April and July are impacted by the presence of B. bassiana. These results may 

imply that environmental factors in the field, such as higher humidity and temperatures, have an 

impact on the entomopathogenic presence of B. bassiana in late summer to early fall. No 

significant differences among proportion of kudzu bug infection of B. bassiana presence 

between sites or location within a site could indicate that kudzu bugs present at all sites and 

anywhere within a kudzu patch are equally likely to become infected with B. bassiana. No 

significant differences among kudzu bug stages and sexes indicate that males, females, and 

immatures are equally likely to become infected with B. bassiana. 

Further research on the pathogenicity of B. bassiana as an entomopathogen in kudzu bug 

adults and immatures needs to be addressed to understand the virulence of the pathogen in the 

field. Identifying the specific interactions among these organisms will provide essential details 

that will influence integrated pest management programs that include B. bassiana. Some factors 

could have influenced this study. For example, these results could be influenced by a smaller 
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sample size of kudzu bug immatures, because they are not present in the field for as long as adult 

kudzu bugs. Additionally, kudzu bugs are excellent fliers and are able to escape quickly. Results 

may have been influenced by the kudzu bugs that were less mobile which may, in part, be due to 

infection with B. bassiana. 

Additionally, results from this study indicate that kudzu is colonized endophytically with 

B. bassiana at a higher proportion throughout the growing season of kudzu between late summer 

to fall. These results could indicate that environmental factors play a role in the endophytic 

presence of B. bassiana. No significant differences among sites and locations within a site where 

kudzu vines were collected indicate that B. bassiana colonization is uniform throughout the 

kudzu sites. Further research is needed to understand the ability of B. bassiana to colonize a 

kudzu plant over time and the inoculum presence in the field. Some factors could have impacted 

the results of this part of the study. One influencing factor may be that surface sterilization of 

plant material may not have completely sterilized the sample and may have left spores behind on 

the surface. Additionally, some plant samples had a lot of bacterial growth present in the plates, 

once they were plated after surface sterilization. Bacteria present in culture can inhibit fungal 

growth. 

Similarities between presence of B. bassiana infecting kudzu bugs and endophytically 

colonizing kudzu could indicate that kudzu bugs may become infected with B. bassiana by 

feeding on kudzu. These similarities do provide further evidence that second-generation kudzu 

bugs are impacted more by B. bassiana presence than first-generation kudzu bugs. Increased 

infection over time in kudzu bugs could be influenced by non-infected kudzu bugs coming into 

contact with infected kudzu bugs that are sporulating on the kudzu vines. However, increased 

presence of B. bassiana in kudzu over time may be influenced by infected kudzu bugs that are 
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sporulating and could be endophytically inoculating the plant. Further research is needed to 

understand the potential mechanism of dissemination of the pathogen from kudzu to kudzu bugs 

or from kudzu bugs to kudzu. Additionally, a similar study to this one including the endophytic 

presence of B. bassiana in soybean and entomopathogenic presence of B. bassiana in kudzu bugs 

located in soybean would give a more complete depiction of how all of these organisms interact 

over time.  
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