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Abstract 

 Goss’s wilt and blight of corn, caused by the bacterium Clavibacter 

michiganensis subsp. nebraskensis, is one of the most important bacterial diseases of corn 

in the U.S. It was first described in Nebraska in 1969 and was a minor problem until its 

reemergence in 2006. Since then, Goss’s wilt has been reported in many of the major 

corn producing states and provinces of the U.S. and Canada. Basic information regarding 

the biology and management of this pathosystem was lacking. The goals of this research 

were to i) understand the genetic diversity and phylogeny of Clavibacter michiganensis 

subsp. nebraskensis isolates from the Midwest and Central Plains, ii) understand the 

pathogenicity and survival of this pathogen on crops, weeds, and native grasses, and iii) 

determine potential effects of foliar fungicides on the severity of Goss’s wilt. The results 

help to clarify issues related to the reemergence and management of Goss’s wilt. 
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Introduction 

Goss’s bacterial wilt and leaf blight, caused by Clavibacter michiganensis 

subspecies nebraskensis (Vidaver and Mandel 1974) Davis et al. 1984, is an 

economically important disease of corn (Zea mays L.) in the Central U.S. and parts of the 

Canadian Prairie Provinces. Yield losses in susceptible field corn hybrids can reach 50% 

in severely infected fields (Clafflin et al. 1999). Specialty corn markets are at an even 

higher risk, with up to 95% yield loss reported in severely infected sweet corn fields 

(Suparyono and Pataky, 1989). Since its initial discovery in 1969 in two fields in Dawson 

County Nebraska (Vidaver and Mandel 1974), this disease has spread into many new 

areas. In 1981, Goss’s wilt had been confirmed in Nebraska, Iowa, Kansas, South 

Dakota, Colorado, and Illinois, and tentatively reported in Minnesota and Wisconsin 

(Wysong et al. 1981). Goss’s wilt has since been confirmed as far south as Texas (Korus 

et al., 2011) and Louisiana (Singh et al., 2015), as far east as Indiana (Ruhl et al., 2009), 

as far west as Wyoming and Colorado (Vidaver et al., 1981) and as far north as 

Minnesota (Malvick et al., 2010), North Dakota (Friskop et al., 2014) and Alberta, 

Canada (Howard et al., 2015) (Fig. 1.1).  

 Research focused on the biology, epidemiology and host resistance for Goss’s 

wilt has led to improved management of this disease. Twelve years after the discovery of 

Goss’s wilt, the prediction by some that Goss’s wilt would not remain an economic threat 

after resistant hybrids and improved management practices were implemented in the U.S. 

seemed to be realized (Wysong et al. 1981). This perspective held throughout much of 

the 1980s and 1990s. The selection and use of resistant hybrids successfully reduced 
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yield losses in many areas, and Goss’s wilt was primarily limited to susceptible varieties 

of sweet corn, popcorn, and dent corn hybrids (Ngong-Nassah et al., 1992). 

 Goss’s wilt has since re-emerged in the early 21
st
 century and has continued to 

spread to previously uninfected areas throughout North America as noted above.  There 

are several possible hypotheses for the reemergence and spread of Goss’s wilt. For 

example, changes in the pathogen’s diversity and virulence to corn, increases in 

continuous corn monoculture, increased plant density, and/or increased use of 

conservation tillage practices may have contributed to the increased incidence and range 

of this disease over the past 15 years (Jackson et al. 2007).  Among these potential 

factors, the least is known about the potential changes in the pathogen’s diversity and 

virulence. More research in these areas is warranted to increase our knowledge base and 

potentially alleviate the impact of Goss’s wilt on corn production. In this chapter, I will 

present a review of Goss’s wilt, its causal agent, and selected areas of research that have 

the potential to lead to improved management of this disease.  

 

Corn production in the U.S.  

  Zea mays L. subspecies mays, otherwise known as corn or maize is in the family 

Poaceae. Poaceae includes 341 other genera of grasses (USDA Natural Resource 

Conservation Service). Three major types of corn, grain or field corn, sweet corn and 

popcorn, are grown in the U.S. Grain corn can be further subdivided into four types based 

on the qualities and intended use.  The types include dent corn, flint corn, flour or soft 

corn and waxy corn (Magness et al. 1971).  
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 Corn is grown in virtually all of the U.S., but is concentrated in the North Central 

states including Iowa, Illinois, Nebraska, Minnesota, Indiana, Wisconsin, and Eastern 

South Dakota (USDA Economic Research Service 2014). At 88.9 million acres, corn is 

the most widely grown crop in the U.S. (USDA-NASS 2015).  During the 2015-2016 

marketing year, from Oct. 1, 2015 to Sept. 30, 2016, corn production is estimated to be 

13.5 billion bushels in the U.S. (National Corn Growers Association, worldofcorn.org). 

In the U.S., corn is primarily used as the energy ingredient in livestock feed, but is also 

refined into a spectrum of food and industrial products including starch, sweeteners, corn 

oil, beverage and industrial alcohol as well as fuel ethanol (USDA Economic Research 

Service 2014). Steadily increasing demand for corn for its many uses has also led to 

increased yield, which has been accomplished through the use of higher yielding and 

disease resistant corn hybrids, increased plant density, and increased use of pesticides 

(USDA Economic Research Service 2014). 

 

Corn diseases and management                                                                             

 Given the large acreage devoted to corn production, this crop is subject to a 

diverse array of pathogens and pests (Munkvold and White, 2016). Within the top corn 

producing states in the U.S., the fungal disease northern corn leaf blight, has recently 

been among those diseases causing the greatest amount of damage to corn yield (Wise et 

al. 2015). Other important diseases in the top 22 corn producing states include Goss’s leaf 

blight and wilt, gray leaf spot, Fusarium stalk rot, common rust, seedling blights, and 

Gibberella stalk and ear rot. Goss’s wilt is the most destructive bacterial disease in the top 

corn producing states, and has recently been among the most destructive overall (Wise et 
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al. 2015). Using resistant hybrids, cultural practices, and fungicides are the primary 

means of management for the many corn diseases (Stuckey et al. 1993). Cultural 

practices, such as tilling and weed control, are also common ways of reducing inoculum. 

Corn yield loss can also stem from insect damage and competition with weeds. The 

introduction of genetically modified corn that possesses a transgene from Bacillus 

thuringiensis to produce an insect toxin has allowed for the reduction in insecticide 

applications (Hellmich et al. 2012).  

 Disease and pest pressure led to the widespread use of pesticides in corn 

production since the 1940s. During this period, numerous classes of fungicides were 

introduced that allowed farmers more specific mechanisms of action to control many 

diseases while minimizing plant damage.  Many of the new classes of fungicides were 

organic, which decreased the risk of exposure compared to inorganic fungicides (Morton 

et al. 2008). Since 1970, numerous new classes have been developed that are still used 

today, such as the triazoles and strobilurins (Morton et al. 2008).  The application of 

fungicides was often associated with an increase in corn yields, primarily by reducing 

disease severity or possibly in some cases by altering the physiology of the plant (Wise et 

al. 2011).  Fungicides, herbicides, and insecticides are ineffective against the control of 

bacterial diseases, and fungicides might exacerbate the effects of bacterial diseases 

(Miller et al. 2002).  

 

Goss’s wilt symptoms and disease cycle  

 Symptoms of Goss’s wilt can be manifested in the form of leaf blight or a 

vascular wilt.  Foliar lesions are tan to brown and often associated with water-soaking 
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(Fig. 1.2, Fig. 1.3). These water-soaked areas, which are characteristically small, dark and 

discontinuous, resemble “freckles” on the leaf. A semi-viscous, orange/yellow bacterial 

exudate can sometimes be observed on the surface of the lesions. When the pathogen 

reaches a substantial population size in the xylem, the disease can become systemic, 

resulting in overall plant wilt. Infection of the xylem vessels in the stalks can result in 

stalk rot and early plant death (Claflin 1999). Bacterial occupation of the vascular tissue 

is thought to disrupt the flow of photosynthetic products and water throughout the plant. 

However, little is known about the plant-microbe interactions leading to Goss’s wilt. C. 

michiganensis subsp. nebraskensis overwinters on infected corn stubble and infects corn 

in the spring and summer, with hail storms, sandblasting, and high winds contributing to 

C. michiganensis subsp. nebraskensis entry into plant tissues (Fig. 1.4).  This pathogen is 

not known to have any vectors, and the degree to which insect feeding may contribute to 

entry of the pathogen is not known.  

 

Causal pathogen of Goss’s wilt  

 When the wilt and blight disease that became known as Goss’s wilt was first 

observed in Nebraska in 1969, it was originally thought to be an aggressive case of 

Stewart’s wilt, caused by the corn pathogen Pantoea stewartii subsp. stewartii (Mergaert 

et al. 1993) (syn. Erwinia stewartii (Smith 1898)) due to the similarities in symptoms on 

corn leaves. However, the unique symptoms found to be associated with the new disease 

led to the finding that the pathogen was not Erwinia stewartii, but rather the gram 

positive bacterial species Corynebacterium michiganense.  The causal agent of Goss’s 
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wilt was subsequently classified as a new subspecies, Corynebacterium michiganense 

subsp. nebraskense (Wysong et al 1973). The genus Clavibacter was proposed in 1984 

after studies revealed that the biochemical and morphological characteristics of 

Corynebacterium michiganense fundamentally differed from others in the genus 

Corynebacterium (Davis et al 1984).  

 Clavibacter michiganensis subsp. nebraskensis is a gram positive, coryneform, 

pleiomorphic, non-flagellate and non-motile bacterium (Davis et al. 1984). It has a 

creamy yellow to orange color with a somewhat shiny and glistening appearance in 

culture. C. michiganensis subsp. nebraskensis grows slowly on nutrient agar, in which it 

requires yeast extract for growth (Schuster 1972). The optimal temperature range for 

growth in vitro is 24-28C.  C. michiganensis subsp. nebraskensis is oxidase negative and 

produces acid from glucose, sucrose, mannose, xylose and galactose within 7 days of 

growth (Vidaver et al. 1974).     

 In addition to subspecies nebraskensis, the species Clavibacter michiganensis 

currently includes seven other subspecies, seven of which are pathogenic to different 

plant species within the Fabaceae, Solanaceae, and Poaceae, and one that is seed-borne 

and non-pathogenic associated with tomato.  The other seven subspecies are subsp. 

michiganensis, subsp. sepedonicus, subsp. insidiosus, subsp. tesselarius, subsp. phaseoli, 

subsp. californiensis, and subsp. chilensis (Table 1.1).  
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Host range of Clavibacter michiganensis subsp. nebraskensis 

 Unlike other plant pathogens, such as rusts, which require specific hosts to 

complete their full sexual cycle, many bacterial plant pathogens are able to reproduce on 

numerous plant species that may not be within its host range.  The host range of a 

bacterium includes all plant species on which a bacterium can proliferate and cause 

disease (Vidaver and Lambrecht 2004). The host range of C. michiganensis subsp. 

nebraskensis, like that of other subspecies of C. michiganensis, is limited but is now 

known to be broader than first described following its discovery (Schuster 1972).  Zea 

mays is the only known host of agronomic importance (Schuster 1972). However, 

naturally occurring C. michiganensis subsp. nebraskensis infections have been reported 

for shattercane, green foxtail and barnyard grass (Echinocloa crus.-galli L.) (Wysong et 

al. 1981).  Numerous other plant species have also been evaluated as hosts (Schuster 

1972, Langemeier et al 2014., Ikley et al. 2015). Most of these studies have focused on 

common weeds present in corn fields in the Midwest. This result indicated that infections 

may occur in species besides corn, and subsequent greenhouse inoculations corroborated 

shattercane as a host of C. michiganensis subsp. nebraskensis (Schuster 1972). 

Inoculations in greenhouse settings have demonstrated that teosinte (Euchlaena 

mexicana), eastern gamagrass (Tripsacum dactyloides L.), sorghum (Sorghum vulgare 

L.), sudan grass (Sorghum bicolor L. spp. drummondii) and sugarcane (Saccharum 

offinarum) can be hosts. All of the aforementioned plant species showed disease 

symptoms such as freckling, necrotic lesion development and reddening similar to those 

observed in corn (Schuster 1972). Four species of foxtail commonly present in corn fields 

were recently shown to be susceptible to C. michiganensis subsp. nebraskensis 
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(Langemeier et al. 2014). These species included green foxtail (Setaria viridis), giant 

foxtail (S. faberi), bristly foxtail (S. verticillata) and yellow foxtail (S. pumila). It is not 

clear what role, if any, these hosts have in the epidemiology of Goss’s wilt or in the 

evolution of the pathogen.  Further studies are needed to develop a more comprehensive 

list of hosts and to elucidate the roles that other plant species might have in the larger 

picture of the re-emergence and spread of Goss’s wilt.  

 

Epidemiology of Goss’s wilt 

 Infection of corn leaves by C. michiganensis subsp. nebraskensis occurs through 

natural openings including stomata and hydathodes (Mallowa et al. 2016).  Infection can 

also take place following plant wounding caused by hail, heavy wind and sandblasting. 

Warm temperatures, generally greater than 80° F are conducive for Goss’s wilt 

development. Symptoms are usually observed to advance after silking. The degree to 

which rainfall affects progression of Goss’s wilt is unknown. Infected stalks and leaves 

left in the field after harvest can provide a suitable environment for survival of C. 

michiganensis subsp. nebraskensis, and is likely the primary source of inoculum for 

Goss’s wilt (Schuster 1975) (Fig. 1.4). However, when corn stubble is buried to a depth 

of 8 inches in the soil, C. michiganensis subsp. nebraskensis is generally not able to 

survive for more than 10 months (Schuster 1975). The burying of infected corn stubble in 

the field can be replicated by plowing. The increased use of no-till practices for reducing 

soil erosion means that much of the corn stubble and potential inoculum remains above 

ground.  
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 C. michignanensis subsp. nebraskensis has been detected as an epiphyte on 

asymptomatic corn plants preceding an outbreak, and rain events likely facilitate the 

spread of the pathogen to new hosts (Eggenberger et al. 2016). It was suggested that 

buildup of epiphytic populations in new areas may relate to the spread of Goss’s wilt. 

(Eggenberger et al. 2016). Other potential sources of inoculum of C. michiganensis 

subsp. nebraskensis include corn seed, insects and weed hosts and plant reservoirs.  

While infected seeds can possibly serve as inoculum sources, these play a lesser role in 

disease epidemiology and are not considered primary inoculum sources (Schuster 1972, 

Biddle et al. 1990).  Goss’s wilt does not require an insect vector like Stewart’s wilt. 

However, not much is known about the role corn-feeding insects may have in the 

epidemiology of Goss’s wilt.  

 Plant age at the time of infection as well as the level of resistance to Goss’s wilt 

can greatly influence the progress of an epidemic. No commercial hybrid of corn is 

immune to infection by C. michiganensis subsp. nebraskensis, but a spectrum of disease 

resistance is available. The age at which each variety of corn is most susceptible differs 

depending on the hybrid, but usually plants are most susceptible to infection through the 

five to seven-leaf stages (Suparyono et al. 1989). Genetic resistance to Goss’s wilt plays a 

major role in reducing the effects of this disease, as measured by ear and grain weight, 

number of marketable ears, and leaf length compared to susceptible hybrids (Suparyono 

and Pataky, 1989). Yield loss and disease severity are highly correlated (Carson, 1991).  

Relatively little is known about the specific genes conferring resistance to Goss’s wilt 

(Ngong-Nassah et al. 1992). Goss’s wilt resistance is believed to be polygenic, with a 

relatively small number of genes (between three and five) acting in an additive manner 
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(Ngong-Nassah et al. 1992).  More recent work has shown that nine quantitative trait loci 

(QTL) present in historical inbred lines developed by the University of Minnesota 

contributed resistance to Goss’s wilt (Schaefer et al. 2013). Evaluating the genetic basis 

of Goss’s wilt resistance in Nebraska using three biparental linkage mapping families 

showed 11 QTL conferring resistance to Goss’s wilt (Singh et al. 2016).                                                                                                                

 

Plant pathogenesis 

 Most of what is known about molecular plant-bacterial interactions has come 

from the study of gram negative bacteria. Of particular importance is the capacity of 

many gram negative bacterial plant pathogens to manipulate host cell function by 

secreting proteins, called effectors, into plant cell cytosol by way of the type III secretion 

system (T3SS) (Mudgett 2005).  The T3SS is a needle-like appendage that allows gram 

negative pathogens to inject effectors directly into host cells. When a plant receptor 

detects a pathogen-associated molecular pattern (PAMP), such as flagellin from 

flagellated bacteria, it triggers an immune response that usually results in the production 

of antimicrobial compounds that inhibit growth and proliferation of invading bacteria. 

Hypersensitive response (HR), a type of programmed cell death, can also occur upon 

plant recognition of an invading pathogen, which leads to a localized cell death around 

the infection point that can prevent the spread of the pathogen to healthy tissue. The 

translocation of bacterial effectors across the plant cell wall via the T3SS can effectively 

suppress the plant defense response, allowing the invading bacteria to grow unobstructed. 

Plant have evolved to detect bacterial effectors, ultimately leading to a defense response 
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via effector triggered susceptibility (ETS). However, bacterial pathogens have evolved 

the ability to overcome ETS by secreting effectors designed to suppress ETS (Jones et al. 

2006). Clavibacter is a gram positive bacterial genus and does not form a T3SS. 

Therefore, little is known about the disease-causing mechanisms in Clavibacter. 

Clavibacter michiganensis subspecies michiganensis and sepedonicus have been shown 

to secrete effectors that contribute to pathogenicity and normal plant colonization, but 

their targets, as well as the mechanisms by which they are translocated into the host cells 

are unknown (Eichenlaub et al. 2011).  Previous work has also shown that C. 

michiganensis subsp. sepedonicus secretes effectors that can initiate a hypersensitive 

response when the effector is localized to the apoplast of plant cells, suggesting that some 

disease causing effectors can cause disease without entering plant cells (Lu et al. 2015) 

 Molecular mechanisms of disease development have been studied most 

extensively in C. michiganensis subsp. michiganensis, and C. michiganensis subsp. 

sepedonicus. C. michiganensis subsp. michiganensis, causal agent of bacterial canker and 

wilt of tomato (Lycopersicon esculentum) (Davis 1984, Strider 1969) is widely used as a 

model for C. michiganensis infection for all of the subspecies and their respective host 

plants. Two virulence factors have been described for the tomato pathogen: a serine 

protease gene, pat-1 and a cellulase gene, celA.  CelA is required for the induction of 

bacterial canker in tomato and potato (Jahr et al. 2000, Laine et al. 2000). In C. 

michiganensis subsp. michiganensis celA and pat-1 are located on plasmids pCM1 and 

pCM2, respectively.  In C. michiganensis subsp. sepedonicus, celA is located on pCS1. 

Cellulase encoded by celA is a plant cell wall degrading enzyme (Jahr et al. 2000). 

Plasmids can be transferred from bacterial cell to bacterial cell via horizontal gene 
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transfer. Thus having a virulence factor on a plasmid could render an avirulent isolate 

virulent if a plasmid encoding a virulence factor was transferred to an avirulent cell (Jahr 

et al. 2000, Laine et al. 2000).  However, unlike the clear role of plasmids in virulence of 

the tomato and potato pathogens, the presence of plasmids is not correlated with 

virulence of C. michiganensis subsp. nebraskensis (Gross and Vidaver 1979). Virulent 

isolates can lack plasmids, while plasmids can be present in avirulent ones. Ahmad et al. 

(2015) sequenced 33 purported virulence genes in a collection of virulent and avirulent 

isolates of C. michiganensis subsp. nebraskensis. While single nucleotide polymorphisms 

(SNPs) were detected for five of the genes tested, including cellulase A (celA), none of 

the individual or combined prospective virulence genes were sufficient to distinguish 

between virulent and avirulent isolates (Ahmad et al. 2015). 

 The virulence factor, pat-1, belongs to a family of serine proteases.  In C. 

michiganensis subsp. michiganensis pat-1 is located on plasmid pCM2 (Dreier et al 

1997). Homologues of pat-1 are present in some of the subspecies of C. michiganensis 

and can be located in chromosomal or plasmid DNA. Homologues for pat-1 in C. 

michiganensis are called chp (chromosomal homolog of pat-1) genes if they are located 

on chromosomal DNA and php (plasmid homolog of pat-1) genes if they are located on 

plasmid DNA. C. michiganensis subsp. michiganensis has nine pat-1 homologs, seven 

chps and two phps (Gartemann et al 2008).   C. michiganensis subsp. sepedonicus has 11 

pat-1 homologues, eight of which are located on the chromosome, and three are located 

on plasmids. Within this gene family, chp7 and php2 are the most similar to pat-1 in C. 

michiganensis subsp. michiganensis, and the only homologues possessing a functional 

LPGSG sortase-signal for cell wall anchoring (Bentley et al. 2008). C. michiganensis 
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subsp. michiganensis contains a 129 kb region near the chromosomal origin of replication 

with a low G+C content that is required for pathogenicity, called a pathogenicity island. 

This region contains many genes encoding for sugar uptake and metabolism proteins, and 

several chp genes (Gartmemann et al. 2008). Several genes in this region are essential for 

normal plant colonization and disease development (Stork et al. 2008). Although chp7 is 

required for virulence of C. michiganensis subsp. sepedonicus, its eight chp genes are not 

located within a single pathogenicity island. Thus, C. michiganensis subsp. michiganensis 

has provided valuable insights into the molecular biology of plant pathogenesis for the 

two subspecies affecting solanaceous hosts.  C. michiganensis subsp. michiganensis 

causes wilting in tomato by blocking water flow in the xylem vessels of tomato plants 

(Jahr et al. 1999). A similar mechanism of action has been suggested for Goss’s wilt (Jahr 

et al. 1999) but the molecular biology of pathogenicity in C. michiganensis subsp. 

nebraskensis remains largely unknown. 

 Genome comparisons among the subspecies affecting potato, tomato and corn 

suggest that pathogenesis of C. michiganensis subsp. nebraskensis is fundamentally 

different than that of closely related subspecies (Eichenlaub et al 2011). Compared to the 

genomes of C. michiganensis subsp. michiganensis and subsp. sepedonicus, the genome 

of C. michiganensis subsp. nebraskensis is the smallest, at about 3.06 million base pairs. 

It also has the lowest number of genes coding signal peptides, and has the greatest 

synteny with the C. michiganensis subsp. michiganensis genome (Bentley et al. 2008, 

Gartemann et al. 2008, Gartemann et al. 2015, Zaluga et al. 2015). A cellulose gene is 

present, but its role in virulence has not been determined.  The genome of the corn 

pathogen does not contain homologues to pat-1. Ahmad et al. (2015) did not identify 
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differences in the suite of possible virulence genes between virulent and avirulent isolates 

of C. michiganensis subsp. nebraskensis.   

   

Genetic and phenotypic diversity of C. michiganensis subsp. 

nebraskensis  

 Biochemical similarities, bacteriophage typing and bacteriocin sensitivity were 

used to distinguish subgroups within C. michiganensis subsp. nebraskensis (Vidaver et 

al., 1981). The 85 strains of C. michiganensis subsp. nebraskensis used in that study, 

which were collected over a decade, clustered into eight groups. However, the groups did 

not correlate with either the geographic source or the year that the bacteria had been 

isolated (Vidaver et al., 1981). A genetic analysis of the population structure of C. 

michiganensis subsp. nebraskensis was completed recently using isolates from Nebraska, 

Indiana and Texas collected between 1969 and 2009 (Agarkova et al. 2011). Although 

this analysis segregated C. michiganensis subsp. nebraskensis strains into two distinct 

phylogenetic groups, the groups did not correlate with any life history or phenotypic 

traits. This study was based on two common genetic fingerprinting techniques to detect 

genetic differences among bacterial isolates, amplified fragment length polymorphism 

(AFLP) and repetitive element sequencing (REP-PCR).  For the AFLP technique, four 

pairs of enzymes generated fingerprints that were used. One resulting group contained 

124 of 131 isolates, and included representatives from a 40-year time span from 1969 to 

2009. Isolates in the other group were isolated between 1999 and 2009. Similar results 

were obtained using REP-PCR, and cluster analysis placed the isolates into two groups 

with similar characteristics. Compared to morphological and serological techniques, 
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results from AFLP and REP-PCR tended to be more consistent. The fact that AFLP and 

REP-PCR data complement one another suggests that many C. michiganensis subsp. 

nebraskensis strains belong to one of two clades, and supports earlier claims that C. 

michiganensis subsp. nebraskensis is a homogeneous subspecies (Louws et al. 1997). 

 

Multilocus sequence analysis and typing for evaluating population 

diversity 

 Understanding genotypic traits conferring phenotypic differences among strains 

of C. michiganensis subsp. nebraskensis is a critical component in improving the 

diagnosis and management of Goss’s wilt. High-throughput sequencing technologies 

have become widely available for studying genetic diversity within populations of 

microorganisms.  While complete genome sequencing of bacteria is becoming routine, 

other less expensive approaches such as multilocus sequence analysis and typing 

(MLSA/MLST) can reveal information on the genetic diversity, origin and evolution of 

organisms (Bull et al. 2015). MLSA and MLST require the sequencing of a small 

number, usually less than 10, of housekeeping genes. Housekeeping genes are generally 

under low selection pressure and  tend to be homogeneous across time and space in 

bacteria. Housekeeping genes also provide effective targets for MLSA and MLST 

because they code for proteins that are critical for cellular function and metabolism, and 

are believed to be under less selective force than other genes, such as effectors (Maiden et 

al 1998).  Unlike other typing methods like AFLP and REP-PCR, results from MLSA are 

more reproducible and readily shared among laboratories (Maiden et al 1998). MLST 

was developed in 1998 to characterize isolates of Neisseria meningitides, the causal agent 
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of bacterial meningitis (Maiden et al. 1998). In that study, MLST produced results that 

were consistent with previous serological and multilocus enzyme electrophoresis work on 

N. meningitides (Maiden et al. 1998), but the results were much more reproducible. 

MLSA provides an alternative to full genome sequencing for genetic comparisons, and 

because it is sequence-based also allows researchers across the globe to share results.  

 MLSA has been used to reveal the lineages of several species of plant pathogenic 

bacteria, including C. michiganensis subsp. michiganensis (Croce et al 2016, Jacques et 

al. 2012, Yasuhara-Bell et al. 2015). In a 2012 study, MLSA based on six housekeeping 

genes (atpD [ATP synthase β-chain], dnaK [70-kDa heat shock protein], gyrB [DNA 

gyrase β-subunit], ppk [polyphosphate kinase], recA [recombinase A], and rpoB [ARN 

polymerase β-subunit]) was conducted on an international collection of C. michiganensis 

subsp. michiganensis and related subspecies (Jacques et al. 2012). MLSA grouped 

isolates by subspecies of C. michiganensis, and there was relative homogeneity within the 

subspecies (Jacques et al. 2012).  Croce et al. (2016) used MLST with a group of five 

housekeeping genes (atpD [ATP synthase β-chain], dnaK [70-kDa heat shock protein], 

gyrB [DNA gyrase β-subunit], ppk [polyphosphate kinase], and recA [recombinase A] to 

show that there were 36 sequence types among 108 global strains and that C. 

michiganensis subsp. michiganensis is polyphyletic. MLSA was also a key to revealing 

the presence of two new subspecies of C. michiganensis (Yasuhara-Bell et al. 2015). 

Non-pathogenic C. michiganensis strains were previously shown to be phylogenetically 

distinct from pathogenic C. michiganensis subsp. michiganensis strains using MLSA in 

2012 (Jacques et al. 2012).  Yasuhara-Bell used MLSA, in addition to metabolic profiling 

and biochemical techniques to show that C. michiganensis subsp. californiensis was a 
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distinct subspecies of Clavibacter that is associated with tomato seeds (Yasuhara-Bell et 

al. 2015). Previously, tomato products that contained populations of C. michiganensis 

subsp. michiganensis populations were subject to quarantine, which affected the trade of 

tomato. Now, it is possible to distinguish between C. michiganensis subsp. michiganensis 

and non-pathogenic californiensis, enabling tomato products with the presence of C. 

michignanensis subsp. californiensis to avoid the quarantine and trade regulations of C. 

michiganensis subsp. michiganensis.  MLSA has not been used previously to study the 

genetic diversity of C. michiganensis subsp. nebraskensis.  While there are advantages of 

MLSA and MLST over other genotyping methods, it remains to be determined if MLSA 

can provide new insights on pathogen diversity and the reemergence of Goss’s wilt. 

 

Microbial ecology of corn surfaces 

 The profile of endophytic and epiphytic microbes in and on corn has been studied, 

but how the population composition influences the outcome of Goss’s wilt is not known. 

A survey in Alabama showed that over 40 species of bacterial endophytes were present in 

one experimental field plot (McInroy et al., 1995). The impact that these bacterial species 

have on the growth of one another has not been studied, but it may be possible that 

endophytic bacterial diversity can influence Goss’s wilt. In another survey completed in 

2002, 336 distinct endophytic bacterial strains were isolated from corn (Zinniel et al. 

2002). The six strains that were the most capable of colonizing both agronomic and 

prairie plants were from the genera Cellulomonas, Clavibacter, Curtobacterium, and 

Microbacterium (Zinniel et al. 2002). The presence of Microbacterium testaceum, which 

has N-acylhomoserine lactone-degrading activity, suggests that this bacterium may 
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protect plants against plant pathogens, such as C. michiganensis subsp. nebraskensis. N-

acylhomoserine lactone-degrading activity can disrupt quorum sensing, the means by 

which bacteria communicate information leading to differential expression of genes 

(Miller et al. 2001).  

 Fungal endophytes are also ubiquitous, and generally regarded as plant mutualists 

(Faeth et al. 2002).  Mutualistic relationships among fungal endophytes can result from 

secretion of compounds with antimicrobial or anti-herbivory effects (Faeth et al. 2002). 

In the case of the fungal corn endophyte Acremonium zeae, antimicrobial compounds 

secreted by the fungus can inhibit other corn endophytes (Wicklow et al., 2008). 

Pyrrocidine A and pyrrocidine B are produced variably between isolates in the A. zeae 

population. These antibiotics were shown to have a broad spectrum of inhibitory activity 

against fungi and gram negative and gram positive bacteria, including C. michiganensis 

subsp. nebraskensis (Wicklow et al. 2009).  However, isolates of A. zeae from the 

American Midwest tended to have lower expression of pyrrocidines compared to isolates 

from harsher climates. The degree to which the presence of A. zeae could protect 

Midwest corn against Goss’s wilt is unknown (Wicklow et al., 2008).  

 Since fungal endophytes have been shown to inhibit the growth of C. 

michiganensis subsp. nebraskensis in culture, they could be an important consideration 

for Goss’s wilt development and management. Application of fungicides to corn may 

influence the composition and interactions among endophytes of corn. The volume of 

fungicides used on American fields has increased since the 1940’s (Morton et al. 2008). 

It’s possible that fungicides applied to corn might affect beneficial fungal endophytes, 

such as A. zeae, and contribute to an increase in Goss’s wilt prevalence and severity. 
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Conclusion and research objectives 

 Further research on the host range C. michiganensis subsp. nebraskensis, 

determining if Goss’s wilt may be influenced by fungicides, and exploring its population 

structure could shed light on epidemiology and provide useful information on the spread 

and management of Goss’s wilt. The specific objectives of this work are: 1) to genetically 

characterize isolates of C. michiganensis subsp. nebraskensis collected across the 

Northern and Central Plains using MLSA/MLST, 2) to examine untested species of 

agronomic crops, cover crops, common weeds, and native grasses for their ability to be 

hosts of C. michignanensis subsp. nebraskensis, and 3) to better understand the effects of 

foliar fungicides on Goss’s wilt disease development. The information gained from these 

studies can potentially improve management of Goss’s wilt and mitigate the likelihood of 

this disease in the future. 
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Table 1.1. Host range and disease caused by subspecies of C. michiganensis 

Subspecies of 

Clavibacter 

michiganensis  

Primary Host Pathogenic Disease Name Reference 

nebraskensis Corn Yes Goss’s bacterial 

wilt and blight 

(Vidaver & 

Mandel 1974) 

Davis et al. 

1984 

michiganensis Tomato Yes Bacterial 

canker of 

tomato 

(Smith 1910) 

Davis et al. 

1984 

sepedonicus Potato Yes Bacterial ring 

rot of potato 

(Spieckermann 

& Kotthoff 

1914) Dye & 

Kemp 1977 

insidiosus Alfalfa Yes Alfalfa wilting 

and stunting 

(McCulloch 

1925) Davis et 

al. 1984 

tesselarius Wheat Yes Leaf freckles 

and spots in 

wheat 

(Carlson and 

Vidaver 1982) 

Davis et al. 

1984 

phaseoli Common bean Yes Bacterial bean 

leaf yellowing 

Gonzalez et al. 

2014 

californiensis Seed-associated, 

Tomato 

 

No  Yasuhara-Bell 

et al. 2015 

chilensis Pepper Yes  Yasuhara-Bell 

et al. 2015 
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Figure 1.1. General geographic distribution of Goss’s wilt in the U.S. and Canada in 

2011. Source: DuPont Pioneer and the National Plant Diagnostic Network. Note: The 

range has expanded slightly since 2011. 
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Figure 1.2. Typical symptoms and severe damage to corn due to Goss’s wilt. Source: 

Dean Malvick, University of Minnesota. 
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Figure 1.3. Typical symptoms of Goss’s wilt on a corn leaf, 2013. Source: Dean Malvick, 

University of Minnesota. 

 

Figure 1.4. Goss’s wilt disease cycle. Source: Dupont Pioneer.  
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Chapter 2 

Genetic diversity and phylogenetic characterization of 

Clavibacter michiganensis subsp. nebraskensis isolates from the 

Upper Midwest and Central Plains 

Abstract 

Goss’s wilt and blight of corn, caused by C. michiganensis subsp. nebraskensis, is the 

most important bacterial disease of corn in the Upper Midwest and can reduce yield by 

50%. For a period after the first reported epidemics of Goss’s wilt in 1969 in the U.S., the 

disease was largely insignificant in corn production.  It re-emerged in 2006 as an 

important disease in the Central U.S. over a much larger range than had previously been 

observed. The reemergence of Goss’s wilt is thought to be the result of a combination of 

factors, including changes in the diversity of the pathogen, loss of genetic resistance in 

modern corn hybrids, and corn production practices favoring disease.  The objectives of 

this study were 1) to evaluate the genetic diversity of isolates of C. michiganensis subsp. 

nebraskensis associated with recent and historical Goss’s wilt epidemics in the North 

Central U.S., and 2) to determine if genetic diversity is correlated with geographic origin, 

year of collection, or virulence. The study included 126 isolates of C. michiganensis 

subsp. nebraskensis with diverse histories. Concatenated sequences from three 

housekeeping genes (atpD, dnaK, kdpA) and a known virulence factor in C. 

michiganensis subsp. michiganensis (celA) were obtained and used in the analysis. The 

phylogenetic tree produced by Bayesian analysis revealed three major lineages within C. 
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michiganensis subsp. nebraskensis. Permutational multivariate analysis of variance 

(PERMANOVA) showed that geographic origin was significantly associated with the 

placement of isolates in the tree. MLST revealed that the 126 isolates represented 23 

unique sequence types, and that isolates from the Upper Midwest may be distinct 

descendants of the founder population that originated in the Central Plains. The diversity 

of isolates present in a region may need to be considered in the management of Goss’s 

wilt, especially in breeding for resistance to Goss’s wilt, since prevalence of lineages can 

vary in different regions in the U.S. 
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Introduction 

Goss’s wilt, the most important bacterial disease of corn in the upper Midwest 

(Wise et al., 2014), is caused by the gram positive bacterium Clavibacter michiganensis 

subsp. nebraskensis (Vidaver and Mandel 1974) Davis et al. 1984. The first observation 

of Goss’s wilt occurred in 1969 in Dawson County, Nebraska, and C. michiganensis 

subsp. nebraskensis was subsequently isolated from diseased corn tissue (Schuster et al., 

1972). The disease was soon reported in nearby states, including Iowa, Kansas, South 

Dakota and Colorado (Vidaver et al., 1981).  Between the mid 1980s and early 2000s 

economic and yield losses from Goss’s wilt were minimal, possibly as a result of the use 

of resistant corn hybrids. However, Goss’s wilt re-emerged in 2006 as an important 

disease in corn production in the Central U.S. over a much larger range than had 

previously been observed (Friskop et al., 2014, Howard et al. 2015, Jackson et al. 2007,  

Korus et al., 2011, Malvick et al., 2010, Ruhl et al., 2009, Singh et al., 2015, Vidaver et 

al., 1981). In severely infected fields, yield losses of 50% have been documented 

(Clafflin et al., 1999). The reemergence of Goss’s wilt is thought to be the result of a 

combination of factors, including loss of genetic resistance in modern corn hybrids, corn 

production practices that favor this disease, and possibly changes in the characteristics of 

the pathogen population. (Jackson et al 2007).  

 Previous work has shown that C. michiganensis subsp. nebraskensis is a fairly 

homogeneous subspecies (Agarkova et al. 2011, Louws et al 1997, Vidaver and Wysong 

1981). Potential diversity among isolates of C. michiganensis subsp. nebraskensis was 

first characterized by bacteriocin and bacteriophage typing (Vidaver et al., 1981). These 

early studies suggested that C. michiganensis subsp. nebraskensis is a homogeneous 
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group within Clavibacter michiganensis. Genetic diversity of C. michiganensis subsp. 

nebraskensis has since been assessed by amplified fragment length polymorphism 

(AFLP) and by repetitive DNA sequence-based PCR (Agarkova et al. 2011, Louws et al. 

1997). In the study by Agarkova et al., two major groups, A and B, were identified. These 

groups did not correlate with origin, date of isolation, or pathogenicity, however, only 

group B scontained strains isolated after 1999 (Agarkova et al., 2011).  

 Multilocus sequence analysis (MLSA) and typing (MLST) are other techniques 

that can reveal genotypic and phylogenetic characteristics of bacterial populations 

(Maiden et al. 1998). MLSA and MLST use the combined sequences of a small number 

(usually four to eight) of housekeeping genes as the basis of comparison between strains. 

MLSA uses the concatenated sequence information from each of the strains, from which 

a phylogenetic analysis can be constructed (Maiden et al. 1998).  MLST requires that 

each of the strains in the study is assigned a sequence type. Each strain contained within a 

sequence type will be identical at the genes of interest. A single nucleotide polymorphism 

(SNP) at any of the loci will results in a different sequence type. Subsequent MLST 

analysis relies on the allelic profile information at each gene (Bull et al. 2015).  In the 

closely related pathogen C. michiganensis subsp. michiganensis, MLSA and MLST were 

used to understand genetic diversity, make inferences about evolution of the pathogen, 

and to distinguish between pathogenic and non-pathogenic isolates (Jacques et al. 2012). 

MLSA was also a key component in discovery of two recently described subspecies of C. 

michiganensis (Yasuhara-Bell et al. 2015). 

 C. michiganensis subspecies are in the Microbacteriaceae, a large family of gram 

positive aerobic bacteria with high G+C % content.  The family contains several species 
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of economically important plant pathogenic bacteria (Park et al., 1993, Stackebrandt et 

al., 1997). C. michiganensis is further divided into subspecies, which are host specific 

pathogens ((Smith 1910) Davis et al. 1984, (Carlson and Vidaver 1982) Davis et al. 1984, 

(Spieckermann & Kotthoff 1914) Dye & Kemp 1977, Gonzalez et al. 2014, Yasuhara-

Bell et al. 2015). The genetic diversity of the tomato pathogen, C. michiganensis subsp. 

michiganensis, was investigated by MLSA with important consequence (Jacques et al., 

2012) (Croce et al., 2016). Not only did MLSA/MLST reveal that C. michiganensis 

subsp. michiganensis is genetically diverse, it also indicated that many non-pathogenic 

strains of C. michiganensis subsp. michiganensis are phylogenetically distinct from 

pathogenic ones (Louws et al. 1997, Jacques et al. 2012). These distinct lineages within 

C. michiganensis subsp. michiganensis have been elevated to the rank of subspecies: C. 

michiganensis subsp. californiensis contains seed-borne non-pathogenic bacteria found in 

association with tomato (Yasuhara-Bell et al. 2015); and C. michiganensis subsp. 

chilensis contains isolates pathogenic on pepper (Yasuhara-Bell et al. 2015). MLSA has 

not been used to evaluate the genetic diversity of C. michiganensis subsp. nebraskensis.  

 In this study the genetic diversity of a large collection of isolates of C. 

michiganensis subsp. nebraskensis from the Midwestern U.S. was examined by MLSA 

and MLST.  Our objectives were 1) to evaluate the genetic diversity of isolates of C. 

michiganensis subsp. nebraskensis associated with recent and historical Goss’s wilt 

epidemics in the North Central U.S., and 2) to determine if genetic diversity is correlated 

with geographic origin, year of collection, or virulence. We used three housekeeping 

genes (atpD, dnaK, kdpA) and a known virulence factor in C. michiganensis subsp. 

michiganensis (celA) to compare 126 isolates of C. michiganensis subsp. nebraskensis. 

http://link.springer.com/referenceworkentry/10.1007%2F0-387-30743-5_43/fulltext.html#CR329_0-387-30743-5_43
http://link.springer.com/referenceworkentry/10.1007%2F0-387-30743-5_43/fulltext.html#CR407_0-387-30743-5_43
http://link.springer.com/referenceworkentry/10.1007%2F0-387-30743-5_43/fulltext.html#CR407_0-387-30743-5_43
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MLSA provided support for the clonal nature of C. michiganensis subsp. nebraskensis 

(Agarkova et al. 2011). In addition, geographic origin was found to significantly relate to 

genetic diversity. 

 

Materials and Methods 

Bacterial isolates and growth conditions. Isolates were routinely grown on a nutrient 

broth yeast extract glucose agar medium (NBY) containing 0.1 g/ml cyclohexamide 

(Vidaver 1967). All isolates were maintained at -80°C in NBY containing 15% glycerol. 

Forty-six isolates of C. michiganensis subsp. nebraskensis used in this study were 

obtained from other culture collections in other states.  Another 78 isolates were isolated 

from infected corn samples collected from Minnesota between 2009 and 2013 (Table 

2.1).  Two isolates were of unknown origin. Isolations were performed on NBY (Vidaver 

1967).  Small circular, elevated colonies with yellow-orange pigmentation, that appeared 

after 4-5 days of growth at 25 C were confirmed as C. michiganensis subsp. nebraskensis 

by gram reaction using the 3% KOH method (Halebian et al. 1981) and by positive 

reactions in Agdia Immunostrips® (Agdia® inc, Elkhart, Indiana) for detection of C. 

michiganensis subsp. michiganensis (Korus 2011). Isolates testing positive by 

immunoreactions were further confirmed as C. michiganensis subsp. nebraskensis by16s 

rDNA sequencing. 

Pathogenicity tests.  The pathogenicity of all isolates was tested under greenhouse 

conditions.  Stems of susceptible corn plants (hybrid Mo1) at V3 were inoculated with 

0.1 ml of inoculum containing 1x10
8
 cfu/ml C. michiganensis subsp. nebraskensis 
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suspended in 0.85% w/v NaCl (Schuster 1972). Disease severity was assessed 2 weeks 

post inoculation (WPI) and recorded as a percentage of plant tissue that became necrotic. 

Qualitative virulence ratings were assigned to each isolate. Highly virulent isolates 

produced disease severity ratings between 75-100% (++); moderately virulent isolates 

produced disease severity ratings between 50-74% (+); weakly virulent isolates produced 

disease severity ratings between 11-49% (+/-), and avirulent isolates produced disease 

severity ratings between 0-10% (-) (Table 2.1). 

DNA extractions.  For DNA extractions, isolates were streaked for single colonies from 

glycerol stocks and grown on NBY.  After incubation at 25 C for 5 days, a single colony 

was selected and spread across the surface of NBY agar to produce a lawn of C. 

michiganensis subsp. nebraskensis. After 3 days of growth, cells were removed with a 

sterile cotton swab and suspended in sterile water. Genomic DNA was extracted using 

IBI Scientific Genomic DNA Mini Kits for Blood/Cultured Cells (Banvue Point 

International Inc., Peosta, IA) according to manufacturer’s recommendations, and re-

suspended in 1x Tris EDTA, pH 8.0. All DNA samples were stored at -20°C.  

Selection of target loci. A preliminary analysis was conducted on a subset of 12 isolates 

of C. michiganensis subsp. nebraskensis to identify housekeeping genes suitable for 

further study. A total of eight potential target loci atpD (ATP synthase β-chain), dnaK 

(70-kDa heat shock protein), gyrB (DNA gyrase β-subunit), ppk (polyphosphate kinase), 

recA (recombinase A),rpoB (ARN polymerase β-subunit), kdpA (K+- dependent ATPase) 

and sdhA (succinate dehydrogenase) (Jacques et al. 2012, Tancos et al. 2014) were tested. 

A known virulence factor celA (cellulase) in C. michiganensis subsp. michiganensis and 
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sepedonicus (Jahr et al. 2000, Laine et al. 2000) was also assessed for polymorphisms 

among the 12 C. michignanensis subsp. nebraskensis isolates. 

PCR of target loci. PCR amplifications for atpD, dnaK and kdpA were performed in 50 

µl reactions containing 1x GoTaq buffer (Promega), 200 µM dNTP, 0.5 µM (each) 

primer, 0.4 U of GoTaq polymerase, and 5 ng of template genomic DNA. Reactions were 

completed in an Applied Biosystems or Eppendorf thermocycler with an initial 

denaturation at 94°C for 5 min, followed by 35 cycles of denaturation for 30 s at 94°C, 

annealing for 30 s at a gene-specific temperature (Table 2.2), an extension for 1 min at 

72°C, and then a final extension for 10 min at 72°C. PCR amplifications for celA were 

performed in 50 µl reactions containing 1x GoTaq buffer (Promega), 200 µM dNTP, 0.5 

µM (each) primer, 0.4 U of GoTaq polymerase, 5X Q-solution and 5 ng of template 

genomic DNA. The initial denaturation was at 95°C for 5 minutes, followed by 40 s of 

denaturation at 94°C for 45 s, annealing at 55°C (Table 2.2) for 1 min, extension at 72°C 

for 1 min, and a final extension at 72°C for 10 min followed by a holding pattern at 4°C. 

PCR products were separated in 1% agarose gels containing 45 mM 1/2x tris-borate 

EDTA buffer. Gels were run in electrophoresis for 35 min at 95V and bands visualized 

by staining with ethidium bromide. Images were collected with a BIO RAD Gel Doc 

2000 using Quantity One 4.6 (Basic) Gel Doc EQ imaging software. Reactions that 

displayed adequate amplification were then purified using the QIAGEN Qiaquick 

ethanol-based PCR Purification Kit. Purified PCR products were analyzed using a 

Thermo Scientific NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA). Reactions with adequate concentration and an A260/A280 of ~ 1.8 and 

A260/A230 of 1.8 to 2.2 were diluted accordingly and submitted for sequencing.  
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Sequence acquisition and alignment. Purified PCR products were submitted to the 

University of Minnesota Genomes Center (UMGC) for sequencing, and sequence text 

and chromatograms were obtained. Forward and reverse sequences for each reaction were 

verified for quality of basecalling, edited, assembled, trimmed, concatenated and aligned 

in CLC Genomics Workbench 8 (CLC Bio, QIAGEN Aarhus) via the University of 

Minnesota Supercomputing Institute (MSI). Reference sequences were obtained from the 

Plant Associated Microbe Database (PAMDB) (Almeida et al. 2010)  as the basis of 

assembling atpD, dnaK and kdpA for C. michiganensis subsp. nebraskensis: (kdpA [C. 

michiganensis subsp. nebraskensis isolate NCPPB2581 T], dnaK/atpD [C. michiganensis 

subsp. nebraskensis strain CFBP 2405]) (Almeida et al. 2010). For celA, a reference 

sequence was obtained from previous work with C. michiganensis subsp. nebraskensis 

celA (personal communication, Ryan McNally). Sequences were concatenated in the 

order in which the genes were added to the analysis.  The concatenated sequence 

included  bp 1 to 561 for atpD,  a 576 bp length of dnaK from bp 562 to 1,137, a 612 bp 

length of kdpA from bp 1,138 to 1,749, and a 922 bp length of celA from bp 1,750 to 

2,671.  

MLSA data analysis. Model testing using CLC Genomics Workbench suggested that 

general time reversible (GTR+G+T) was the most appropriate substitution model 

assumption. Bayesian Evolutionary Analysis Sampling Trees (BEAST v1.8.3) was used 

for Bayesian Markov Chain Monte Carlo (MCMC) analysis, assuming a strict molecular 

clock and 10 million generations. Bayesian Evolutionary Analysis Utility (BEAUTi v 

1.8.0) was used to generate XML input files for BEAST (Drummond et al. 2012). The 

output was analyzed with Tracer v1.6.0 (Rambaut et al. 2014) and visualized in FigTree 
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v1.4.2 (Drummond et al. 2012). Files in newick format were then imported back into 

CLC Genomics Workbench in order to assign metadata to the respective isolates and 

modify the tree graphics. Graphical files were converted into .svg format and modified in 

Inkscape v0.91. To test for effects of geographic origin, year of isolation and virulence on 

the phylogenetic grouping of isolates, a permutational multivariate analysis of variance 

(PERMANOVA) test was performed using RStudio version 0.98.1091 ecodist and vegan 

packages (R Development Core Team 2010). 

MLST data analysis. Biopython 1.66 (Chapman et al 2000), a biology package for 

Python 2.7.11 (van Rossum 1995) was used to assign sequence types for each allele 

within a target locus. Poppr, an R-based population biology statistics package, was used 

to generate the final sequence types using the allelic profiles generated from Biopython. 

DNA Sequence Polymorphism (DNASP) was used to obtain single nucleotide 

polymorphism frequency and summaries of each sequence type (Rozas et al. 1995, 

University of Barcelona). Allelic profiles and isolate meta data were imported in 

PHYLOViZ 2.0 to generate a minimum spanning tree cluster analysis that infers 

relatedness of sequence types (Francisco et al. 2009). 

 

Results 

Selection and analysis with target loci. Six housekeeping genes and associated primers 

described in a MLSA study of C. michiganensis subsp. michiganensis were evaluated for 

subsp. nebraskensis. Primers for rpoB did not consistently amplify C. michiganensis 

subsp. nebraskensis DNA, and thus rpoB was omitted as a target. Preliminary sequence 
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analysis of the other five loci revealed that only atpD and dnaK were polymorphic. Two 

additional housekeeping genes, kdpA (K+- dependent ATPase) and sdhA (succinate 

dehydrogenase) were also evaluated (Tancos et al. 2014), and only kdpA was 

polymorphic.  Finally, celA (cellulase) was tested and found to be informative (Jahr et al. 

2000, Laine et al. 2000). Therefore, three housekeeping genes (atpD, dnaK and kdpA) 

and celA were used for further study (Table 2.2).  The ATP synthase gene, atpD, 

produced five haplotypes, dnaK produced three, and kdpA produced eight among the 126 

C. michiganensis subsp. nebraskensis isolates (Table 2.3). The cellulase gene, celA, 

contained a region in the middle of the gene that differed among the C. michiganensis 

subsp. nebraskensis isolates by a single, double or triple insertion/deletion event, but did 

not produce any detectable single nucleotide polymorphisms. All of the sequence 

differentiability provided by celA was a result of this variable insertion event (Fig. 2.1). 

CelA sequence variants did not affect the phylogenetic outcome of isolates, nor were 

there any detectable differences in virulence between the different celA variants. 

Phylogeny of C. michiganensis subsp. nebraskensis. Bayesian tree construction using 

the concatenated sequences of atpD, dnaK, kdpA and celA supported the subspecies 

classification of C. michiganensis, with C. michiganensis subsp. sepedonicus identified as 

the closest relative of C. michiganensis subsp. nebraskensis (Fig 2.2). All but one of the 

presumptive isolates of C. michiganensis subsp. nebraskensis was placed into one of 

three groups. The smallest, group A, contained only 14 isolates.  The majority (93%) of 

the group A isolates were collected after 2000 from Minnesota and were highly virulent, 

with 78% of the isolates producing greater than 75% disease severity. Group B contained 

54 isolates, of which 81% (44/54) were collected from either Minnesota or North Dakota 
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since the year 2000. Among the 44 isolates from the Northern Midwest, 84% (37/44) 

were rated as either moderately virulent (between 50%-75% disease severity) or highly 

virulent. Group C, the largest group, contained 57 isolates. Half of the isolates from 

group C (28/57) originated from Nebraska, Colorado or South Dakota, and most were 

collected between 1969 and 1990. In group C, 39% of the isolates (22/57) were ranked as 

either avirulent (0-10% disease severity) or weakly virulent (10-50% disease severity) 

(Fig. 2.3). The apparent association between origin and phylogeny was further supported 

by PERMANOVA (Table 2.4), which detected a significant effect of state of origin on 

the lineages of isolates of C. michiganensis subsp. nebraskensis. Significant effects of 

virulence and year of isolation were not detected.   

The only C. michiganensis subsp. nebraskensis strain that did not fall within 

group A, B or C was strain CIC328 (Fig. 2.3).  The 16s rDNA sequence of CIC328 

supported it’s identification as C. michiganensis subsp. nebraskensis. However, MLSA 

showed it belonged to a lineage distinct from, but closely related to, C. michiganensis 

subsp. nebraskensis. 

Sequence typing of C. michiganensis subsp. nebraskensis. The collection of 126 C. 

michiganensis subsp. nebraskensis isolates contained 23 sequence types. A total of 26 

sequence types were identified with sequence types 1, 2 and 12 representing three other 

subspecies of C. michiganensis.  Many of the 23 sequence types of C. michiganensis 

subsp. nebraskensis differed by a single or double locus variant. The minimum spanning 

tree generated in PHYLOViZ indicated that sequence type 26 was the founder population 

(Fig. 2.4). Sequence type 26 contained many early isolates from Nebraska, including the 

type strain, ATTC27794. Sequence type 11, which is composed exclusively of Minnesota 
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and North Dakota isolates collected after 2000, was identified as a direct descendant of 

the sequence type 26 founder population. Several other sequence types proliferated from 

sequence type 11 in the Upper Midwest.  

 

Discussion 

 Our findings from MLSA/MLST confirm previous reports that C. michiganensis 

subsp. nebraskensis is a subspecies with relatively low genetic variability (Agarkova et 

al. 2011).  Genetic distances between the major clades of isolates were low, less than 0.01 

cM.  Nevertheless, our approach provided evidence that C. michiganensis subsp. 

nebraskensis isolates may be more genetically diverse than previously thought, with 23 

unique sequence types describing 126 isolates of this bacterium. In addition we found 

evidence for three distinct lineages within C. michiganensis subsp. nebraskensis. Past 

phylogenetic analysis of C. michignanensis subsp. nebraskensis based on AFLP 

identified two lineages, which were unrelated to year of isolation or geographic origin 

(Agarkova et al. 2011). The results from our MLSA analysis placed C. michiganensis 

subsp. nebraskensis isolates into three major groups, with group placement correlating to 

both geographic origin and the year of isolation. Overall, a total of 22 isolates were 

shared between the study by Agarkova et al. (2011) and our study. All of the isolates 

common to both studies belonged to MLSA groups B or C. Among the 22 common 

isolates, the lineages of 18 isolates predicted by MLSA were the same as that predicted 

by AFLP.  The predicted lineages of the other four isolates differed between MLSA and 

AFLP studies. The generally consistent results between this study and the one by 
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Agarkova et al. (2011) supports the use of MLSA-based bayesian tree construction for 

phylogenetic analysis of C. michiganensis subsp. nebraskensis. 

 The combination of these four genes was able to segregate C. michiganensis 

subsp. nebraskensis isolates into three groups that corresponded with both geographic 

origin and year of isolation of the isolates, and to a certain degree, virulence. Geographic 

origin had a significant effect on the phylogenetic relationships among isolates (Table 

2.4). Groups A and B contain a high proportion of isolates from the Northern Midwest 

that are highly virulent in corn. Comparatively, group C contains a high proportion of 

isolates from Nebraska, Colorado and South Dakota collected between 1969 and 1990. 

Compared to groups A and B, group C is less virulent on average. Our analysis was not 

able to segregate all avirulent isolates into a single statistically supported clade (Jacques 

et al. 2012). Although the sample analyzed most likely does not contain every haplotype 

of C. michiganensis subsp. nebraskensis present in the Midwest, it does provide evidence 

for a significant genetic difference between isolates collected more recently in the Upper 

Midwest, and isolates collected between 1960 and 1990 in the central plains region. 

 Goss’s wilt is characterized as a disease that has reemerged after a two decade-

long period of near dormancy. Goss’s wilt damaged corn in the central plains starting in 

the late 1960’s and into the 1980’s, but was not a major consideration for corn breeding 

and management until it reemerged in the 2000’s and began, once again, to create 

problems for corn growers in the Central Plains and Upper Midwest. Based on the 

representative isolates included in this analysis, it may be inferred that the strain involved 

in the initial emergence of Goss’s wilt may differ from strains associated with outbreaks 

in some areas of the U.S. This implies that a genotypic change in the C. michiganensis 
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subsp. nebraskensis population may have facilitated the reemergence of Goss’s wilt in 

2006. Alternatively, it is possible that C. michiganensis subsp. nebraskensis has been 

present in the Upper Midwest long before recent reports of its emergence, and that these 

distinct strains may have been present the entire time, with environmental changes 

playing a key role in the reemergence. The combination of only three housekeeping genes 

and one virulence gene proved very informative regarding life history of C. 

michiganensis subsp. nebraskensis. Our results suggest that geographic origin is one 

characteristic that can distinguish certain strains of the pathogen within a group of 

isolates.  Using our methods could allow future isolates to be quickly characterized by 

MLSA and MLST, to determine if it represents one of the known or a new lineage of C. 

michiganensis subsp. nebraskensis. Such information could in the future aid in 

understanding the characteristics of specific strains associated with Goss’s wilt epidemics 

in the U.S.  

 One hundred twenty-five out of 126 C. michiganensis isolates used in this study 

possessed a nucleotide sequence for celA with one of three variations (Fig. 2.1). 

However, the outcome of the bayesian analysis was not determined by the celA variants. 

The region that showed the presence of a variable insertion or deletion event is located 

between two functional regions (expansin and binding domain) on the C. michiganensis 

subsp. nebraskensis celA gene (Gartemann et al. 2008). The fact that this variable event is 

located between functional regions on the gene could explain why celA variants do not 

appear to explain virulence differences between the isolates. In previous work on C. 

michiganensis subsp. michignanensis and sepedonicus, celA has been identified as a 

virulence factor (Jahr et al. 2000, Laine et al. 2000). In C. michiganensis subsp. 
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michignanensis and sepedonicus, celA is composed of three domains: a catalytic domain, 

a cellulose-binding domain, and an expansin domain (Jahr et al. 2000, Laine et al. 2000). 

The C. michiganensis subsp. nebraskensis version of this gene does not appear to possess 

the catalytic domain, and has thus not been found to be a virulence determinant in this 

pathogen. In a study completed by Ahmad et al. (2015), researchers sequenced 33 genes 

potentially involved in virulence of C. michiganensis subsp. nebraskensis, including celA. 

They found that celA was not able to distinguish between avirulent and virulent isolates. 

However, they did find an 18 nucleotide insertion/deletion event present in the celA gene, 

which is the length of variable insertion/deletion event observed within our collection of 

C. michignanensis subsp. nebraskensis (Ahmad et al. 2015). 

  All but a single C. michiganensis subsp. nebraskensis isolate, CIC328, aligned 

into one of three phylogenetic groups. Information on the origin of CIC328 is limited. It 

was collected by the University of Minnesota Plant Disease Clinic in 2012 and was 

originally thought to be an avirulent isolate of C. michiganensis subsp. nebraskensis. Re-

evaluation of the isolate revealed it did not produce a positive reaction with Agdia 

Clavibacter-specific immunostrip® diagnostic tests, and produced virtually no symptom 

development on susceptible corn hybrids. However, CIC328 was found to 

phylogenetically relate to C. michiganensis subsp. nebraskensis. It is possible that this 

isolate represents a closely related non-pathogenic strain of C. michiganensis subsp. 

nebraskensis or perhaps an undescribed taxon within C. michiganensis.  
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Conclusion 

 Although much remains to be understood about the epidemiology, evolution and 

life history of the Goss’s wilt pathogen, C. michiganensis subsp. nebraskensis, this 

research shines light on some of the differences between isolates across time and space. It 

is interesting to note that a relatively minor portion of the genome, just four concatenated 

genes, are sufficient to elucidate 23 sequence types out of 126 C. michiganensis subsp. 

nebraskensis isolates. C. michiganensis subsp. nebraskensis may not be as genetically 

homogeneous as previously thought, and breeding and management strategies should 

consider the diversity of isolates present in a region. This new way of thinking about the 

C. michiganensis subsp. nebraskensis will hopefully improve the ability of farmers and 

breeders alike to minimize damage from Goss’s leaf blight and wilt. Future work should 

focus on discovering genes and virulence factors that can distinguish between virulent 

and avirulent isolates.  
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Table 2.1. Characteristics of isolates and subspecies of Clavibacter michiganensis used in 

this study.  

Isolate 

I.D.*
a 

Other isolate 

codes 

Subspecies Origin Year
b 

Vir
c 

Gp
d 

ST
e 

CIC12 313.2  nebraskensis NE 1990 (+) C 26 

CIC13 CN 18-5 “ NE 1990 (+) C 26 

CIC15 CN 74 1.1  “ NE 1990 (+) C 23 

CIC16 313.0  “ NE 1990 (-) C 26 

CIC17 CN74 1.0  “ NE 1990 (+/-) C 23 

CIC19 313.3  “ NE 1990 (-) C 23 

CIC20 CN74 -1.6  “ NE 1990 (-) C 21 

CIC53 - “ CO 1990 (+/-) C 23 

CIC54 - “ CO 1990 (-) C 26 

CIC55 - “ CO 1990 (+) C 21 

CIC56 - “ CO 1990 (++) C 21 

CIC57 - “ CO 1990 (++) C 21 

CIC58 - “ CO 1990 (++) C 23 

CIC59 - “ CO 1990 (-) C 23 

CIC247 - “ CO 1998 (-) A 16 

CIC251 - “ MN 2009 (++) B 9 

CIC252 - “ MN 2009 (-) C 26 

CIC253 - “ MN 2011 (++) B 8 

CIC254 - “ MN 2011 (++) B 11 
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CIC255 - “ MN 2011 (++) C 19 

CIC256 - “ MN 2011 (++) C 18 

CIC257 - “ MN 2011 (++) B 10 

CIC258 - “ MN 2011 (++) A 16 

CIC259 - “ MN 2011 (++) B 9 

CIC260 - “ MN 2011 (++) B 9 

CIC261 - “ MN 2011 (++) C 18 

CIC262 - “ MN 2011 (++) B 11 

CIC263 - “ MN 2011 (-) A 15 

CIC264 - “ MN 2011 (++) A 13 

CIC265 - “ MN 2011 (++) C 20 

CIC267 - “ MN 2011 (++) C 26 

CIC268 - “ MN 2011 (++) B 10 

CIC269 - “ MN 2011 (++) B 9 

CIC270 - “ MN 2011 (++) B 8 

CIC271 - “ MN 2011 (++) A 13 

CIC272 - “ MN 2011 (++) C 18 

CIC273 - “ MN 2011 (++) B 11 

CIC274 - “ MN 2011 (++) A 15 

CIC275 - “ MN 2011 (+) C 24 

CIC276 - “ MN 2011 (-) A 16 

CIC277 - “ MN 2011 (++) C 23 

CIC278 - “ SD 2011 (+/-) C 23 
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CIC279 - “ MN 2011 (++) A 16 

CIC280 - “ MN 2011 (++) A 4 

CIC281 - “ MN 2011 (++) B 9 

CIC282 - “ MN 2011 (++) B 11 

CIC283 - “ MN 2011 (++) B 10 

CIC284 - “ MN 2011 (++) B 11 

CIC285 - “ MN 2011 (++) B 9 

CIC286 - “ MN 2011 (++) A 16 

CIC287 - “ MN 2011 (+/-) C 24 

CIC288 - “ MN 2011 (++) A 14 

CIC289 - “ MN 2011 (++) B 11 

CIC290 - “ MN 2011 (++) B 11 

CIC291 - “ MN 2011 (++) B 11 

CIC292 - “ MN 2011 (+) B 9 

CIC293 - “ MN 2011 (++) B 11 

CIC294 - “ MN 2011 (++) C 18 

CIC295 - “ MN 2011 (++) B 11 

CIC296 - “ SD 2011 (++) B 9 

CIC297 - “ MN 2011 (++) C 24 

CIC298 - “ MN 2011 (++) B 11 

CIC299 - “ MN 2011 (++) B 9 

CIC300 - “ MN 2011 (++) C 18 

CIC301 - “ MN 2011 (++) C 22 
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CIC302 - “ MN 2011 (+) B 3 

CIC303 - “ MN 2011 (++) B 9 

CIC304 - “ MN 2011 (++) B 11 

CIC305 - “ MN 2011 (++) A 15 

CIC306 - “ MN 2011 (+/-) C 25 

CIC307 - “ MN 2011 (++) C 23 

CIC308 - “ MN 2011 (++) A 15 

CIC309 - “ MN 2011 (++) A 16 

CIC310 - “ MN 2011 (++) B 8 

CIC311 - “ MN 2012 (++) B 8 

CIC312 - “ MN 2012 (+/-) B 8 

CIC313 - “ MN 2012 (-) B 9 

CIC314 - “ MN 2012 (++) C 25 

CIC315 - “ MN 2012 (-) C 23 

CIC316 - “ MN 2012 (++) B 11 

CIC317 - “ MN 2012 (++) B 11 

CIC320 - “ MN 2012 (-) B 10 

CIC321 - “ MN 2012 (-) B 11 

CIC322 - “ MN 2012 (++) B 11 

CIC323 - “ MN 2012 (+/-) B 11 

CIC324 - “ MN 2012 (+/-) C 18 

CIC325 - “ MN 2012 (+) C 24 

CIC326 - “ MN 2012 (-) B 9 
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CIC327 - “ MN 2012 (++) B 9 

CIC328 - “ MN 2012 (-) C 5 

CIC329 - “ MN 2012 (++) B 11 

CIC330 - “ MN 2012 (+/-) C 23 

CIC331 - “ unknown 2013 (-) B 7 

CIC332 - “ unknown 2013 (-) B 9 

CIC333 - “ MN 2013 (-) B 11 

CIC344 - “ IL 2012 (-) C 23 

CIC345 - “ IL 2012 (-) C 23 

CIC346 1994 NC+ “ NE 1994 (+/-) C 23 

CIC347 1996 CIBA “ NE 1996 (-) C 23 

CIC349 200800460 “ NE 2008 (+/-) B 8 

CIC350 200717-C “ NE 2007 (-) B 9 

CIC351 200715-11 “ NE 2007 (-) C 24 

CIC352 

2006 Scotts 

Bluff 3 

“ NE 

2006 (+) 

C 

26 

CIC353 31491 “ NE 2004 (+/-) B 9 

CIC354 31341 “ NE 2004 (++) C 23 

CIC355 20032 “ NE 2003 (++) C 23 

CIC356 CN76-2 “ NE 1975 (++) C 23 

CIC357 CN15-1 “ NE 1974 (++) C 23 

CIC358 PP1301135 “ ND 2013 (++) C 23 

CIC359 PP1201294 “ ND 2011 (-) B 9 
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CIC360 39 “ NE 1971 (-) B 9 

CIC361 CN18-1 “ NE 1969 (-) B 10 

CIC362 PP1201420 “ ND 2011 (++) B 11 

CIC363 PP1201514 “ MN 2012 (++) B 11 

CIC364 PP1201497 “ ND 2011 (++) C 23 

CIC365 PP1201553 “ ND 2012 (+/-) C 23 

CIC366 PP1201528 “ ND 2012 (++) C 23 

CIC368 PP1201608 “ ND 2012 (-) C 17 

CIC369 CN30-1 “ NE 1972 (++) C 25 

CIC370 K2935E “ NE 1971 (-) C 23 

CIC371 CN49-2 “ NE 1975 (++) C 23 

CIC372 CN28-1 “ NE 1973 (++) C 23 

CIC373 CN72-23A “ NE 1982 (+/-) B 9 

CIC374 CN72-28 “ NE 1982 (-) B 6 

CIC401 - “ MN 2014 - C 21 

CIC402* ATCC27794 “ NE - - C 26 

CIC343* R1-1 insidiosus MN 2009 - - 12 

CIC390* NCPPB382 michiganensis United 

Kingdom 

1956 - - 2 

CIC246* ATCC33113 sepedonicus Canada - - - 1 

a 
* denotes type strains     

b
Year of isolation                                                                                                       

 
c 
(++) denotes isolates that produced whole plant necrosis between 75-100%, (+) denotes 

isolates that produced whole plant necrosis between 50-74%, (+/-) denotes isolates that 
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produced whole plant necrosis between 11-49%, (-) denotes isolates that produced whole 

plant necrosis between 0-10%. 

d
C. michiganensis subsp. nebraskensis group according to bayesian MLSA construction  

(Fig. 2, Fig. 3). 

e
Sequence type 

 

Table 2.2. Primers used in this study. 

Target Primer 

Code 

Sequence (5’-3’) Tm
a
 

(°C)
 
 

Fragment 

size (nt) 

Reference 

atpD atpDF 

atpDR 

CGGTCTACAACGCCCTCAAGA 

TGCGTGAAGCGGAAGATGTTG 

60 561 Jacques et 

al. 2012 

dnaK dnaKF 

dnaKR 

GCTCGTGCAGTAGGAATCG 

CTTGGCGATCTGTCGTTCGAGA

C 

59 576 Jacques et 

al. 2012 

kdpA kdpAF 

kdpAR 

 

GTGCAGAACTTCGTCTCGG 

GAGCATCATGTTGATCATCG 

60 612 Tancos et 

al. 2014 

 

celA celAF 

celAR 

ATTCGCCGCGCCTGCCTC 

ACCGTATTGGTCAGTCACTCTA

ACGG 

55 994 Ryan 

McNally 

(Unpubish

ed Poster) 

a
Gene-specific annealing temperature in Celsius 
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Table 2.3. Single nucleotide polymorphism frequency and diversity data generated by 

DNASP. 

Locus n S
a 

Hap
b 

Hd
c 

AvNumDif
d 

%GC
e 

atpD 561 14 5 0.60 2.89 0.68 

 

dnaK 576 76 3 0.48 1.66 0.69 

 

kdpA 612 4 6 0.46 0.8 0.7 

 

celA
f 

994 0 1 0 0 0.67 

 

Concatenated 2743 94 16 0.85 5.35 0.68 

 

a
Number of segregating sites                                                                                                                    

b
Number of haplotypes                                                                                                                           

c
Haplotype (gene) diversity                                                                                                        

d
AvNumDif: Average number of nucleotide differences between isolates in this study                                                                                                                                                   

e 
Percent

 
guanine + cytosine content                                                                                                                          

f
celA did not possess any SNPs, but rather a variable insertion event consisting of either a 

single, double or triple insertion/deletion 
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Table 2.4. Permutational multivariate analysis of variance (PERMANOVA) of the effect 

of isolation history and virulence on phylogeny of 126 isolates of C. michiganensis 

subsp. nebraskensis. 

Effect df
 

R
2 

P-value 

State of origin
a
 6 0.1165 0.015 

Year of isolation
b
 4 0.0665 0.072 

Virulence
c
 4 0.0459 0.152 

a
Isolates from Minnesota, Nebraska, Colorado, North Dakota, South Dakota, and Illinois 

were included in this study. 

b
Years were grouped by 20 year increments, including isolates collected between 1960-

1979, 1980-1999, and 2000-present. 

c
The four virulence groups included highly virulent (++), moderately virulent (+), weakly 

virulent (+/-) and avirulence (-) based on disease severity on a susceptible corn variety 

(Mo1). 
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Figure 2.1. Variability of sequences between nucleotide 380 and 436 of the amplified 

celA fragments. All but a single C. michignanensis subsp. nebraskensis isolate had a celA 

sequence that conformed to one of the three variants at this region. Blue and red regions 

indicate identical sequence homology. The region is located between the expansin and 

binding domains on the C. michiganensis subsp. nebraskensis celA gene.  
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Figure 2.2.  Collapsed bayesian tree of the concatenated sequences of atpD, dnaK, kdpA, 

and celA of C. michiganensis subsp. nebraskensis, C. michiganensis subsp. 

michiganensis, C. michiganensis subsp. sepedonicus and C. michiganensis subsp. 

insidiosus. The three nodes representing isolates of C. michiganensis subsp. nebraskensis 

are collapsed and contain the isolates collected for this study and described in detail in 

Figure 2.3. Posterior probabilities > 0.5 are shown at corresponding nodes. 
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Figure 2.3. Complete bayesian tree of three subgroups of C. michiganensis subsp. 

nebraskensis as identified in Figure 2.2. Posterior probabilities > 0.5 are displayed at 

nodes. Phylogenetic tree generated by Bayesian analysis of the concatenated sequences of 

four genes (atpD, dnaK, kdpA, and celA) of 125 isolates of Clavibacter michiganensis 
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subsp. nebraskensis. The origin (first column on the left) indicates the state in which the 

isolate was collected: MN (royal blue); ND (light blue); NE (red); CO (orange); SD (light 

red); IL (green); unknown (white). The middle column denotes the date range from which 

the isolate was collected: 2000-present (dark blue); 1980-1999 (purple); 1960-1979 (red). 

The third column indicates virulence as measured by whole plant necrosis following stem 

injection of corn stalks with a 1x10
8
 cfu/ml of each isolate: 75-100% (dark red): 50-74% 

(orange); 11-49% (yellow); 0-10% (gray). Numbers listed at nodes show posterior 

probability values. 
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Figure 2.4. PHYLOViZ minimum spanning tree based on the allelic profile information 

of all sequence types of C. michiganensis subsp. nebraskensis. Lines between groups 

indicate single locus variants. The size of each group is proportional to the number of 

isolates contained within each group. The green border around sequence type 26 indicates 

suggested founder populations, and the tan border around group 11, 10, 9 and 15 denote 

minor founding populations. Dark blue indicates groups corresponding to group A; light 

blue corresponds to group B, and red corresponds to group C from Figures 2.2 and 2.3. 

Numbers in lines connecting sequence types indicates number of locus variants between 

groups. 
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Chapter 3 

Pathogenicity and survival of Clavibacter michiganensis subsp. 

nebraskensis on host and non-host crops, weeds, and native 

grasses important in the Upper Midwest 

Abstract 

Goss’s wilt and blight of corn, caused by Clavibacter michiganensis subsp. nebraskensis, 

is the most important bacterial disease of corn in the Upper Midwest of the U.S. In 

addition to corn, grain sorghum, sugarcane, and teosinte, some weedy grasses are known 

hosts of this pathogen. Given the number of weed and cover crop species present in the 

North-Central corn growing region that have not been evaluated as potential hosts, it is 

likely that the list of hosts is incomplete. In addition, many other categories of plants, 

such as native grasses in the Midwest, have not been evaluated as hosts. The objectives of 

this study were to 1) determine the reaction of common plants present in corn producing 

areas of Minnesota to inoculation with C. michiganensis subsp. nebraskensis, 2) examine 

population sizes of C. michiganensis subsp. nebraskensis on hosts and non-hosts, and 3) 

determine the potential for non-hosts to serve as reservoirs of inoculum of C. 

michiganensis subsp. nebraskensis. Symptom development, the presence of bacterial 

streaming from symptomatic tissues, and population size of the pathogen on or in 

inoculated leaf tissues were used to gauge which of the plant species were hosts. One 

grassy weed (woolly cupgrass [Eriochloa villosa]), and two native grasses (big bluestem 

[Andropogon gerardi]) and little bluestem [Schizachyrium scoparium]) were found to be 
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hosts based on these criteria. Annual ryegrass (Lolium multiflorum) and large crabgrass 

(Digitaria sanguinalis) were confirmed as hosts of C. michiganensis subsp. nebraskensis. 

Symptoms of Goss’s wilt, bacterial streaming, and greater than 1x10
7 

cfu/sample of C. 

michiganensis subsp. nebraskensis three weeks post inoculation were detected in all new 

and confirmed hosts. Non-host monocots did not develop symptoms or bacterial 

streaming, but were able to support populations of C. michiganensis subsp. nebraskensis 

greater than 1x10
6
 cfu/sample three weeks post inoculation.  Although symptoms and 

bacterial streaming were not detected in dicotyledonous species, these non-hosts 

supported between 10
2
 to 10

5 
cfu/sample of C. michiganensis subsp. nebraskensis three 

weeks post inoculation.  These results suggest non-host crops, weeds, and native grasses 

can be sources of C. michiganensis subsp. nebraskensis in the Upper Midwest. Further 

research is needed to understand the role of hosts and non-hosts of C. michiganensis 

subsp. nebraskensis in the epidemiology of Goss’s wilt. 

 

 

 

 

 

 

 

 



70 

 

Introduction 

 Goss’s wilt and leaf blight of corn is caused by the gram positive bacterial 

pathogen Clavibacter michiganensis subsp. nebraskensis (Vidaver and Mandel 1974, 

Davis et al., 1984) that can reduce yield loss by up to 50% in severely infected fields 

(White et al., 1990). C. michiganensis subsp. nebraskensis was first recovered from 

symptomatic corn in Nebraska in 1969 (Schuster 1972) and contributed to yield and 

quality loss in corn in the 1970s. It has since reemerged as the most destructive bacterial 

pathogen of corn in the upper Midwest and has been isolated as far south as Texas (Korus 

et al., 2011) and Louisiana (Singh et al., 2015), as far east as Indiana (Ruhl et al., 2009), 

as far west as Wyoming and Colorado (Vidaver et al., 1981) and as far north as 

Minnesota (Malvick et al., 2010), North Dakota (Friskop et al., 2014) and Alberta, 

Canada (Howard et al., 2015). 

  C. michiganensis subsp. nebraskensis is spread by wind and rain and exacerbated 

by hail storms that can create openings through which the bacteria can enter the host 

tissues (Clafflin et al. 1999). The pathogen can be seed-borne at low rates, but the 

primary source of inoculum is believed to come from infected corn residue (Schuster et 

al., 1975). This poses a problem for corn growers who are increasingly adopting 

conservation tillage practices to alleviate problems with soil erosion, thus leaving more 

corn stubble on the surface.                      

 Non-corn hosts, which develop symptoms after inoculation with C. 

michignanensis subsp. nebraskensis and support high populations of the pathogen inside 

tissues, may also play a role in the Goss’s wilt pathosystem by acting as uncontrolled 
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inoculum reservoirs within and near corn fields. Early studies found that eastern 

gamagrass (Tripsacum dactyloides L.), grain sorghum (Sorghum vulgare L.), shattercane 

(Sorghum bicolor (L.) Moench ssp. arundinaceum (Desv.) de Wet and Harlan), 

sugarcane (Saccharum officinarum (L.)), sudangrass (Sorghum bicolor (L.) Moench ssp. 

drummondii (Nees ex Steud.) de Wet and Harlan) and teosinte (Euchlaena mexicana 

Schrad.) were hosts that developed symptoms following inoculation with C. 

michiganensis subsp. nebraskensis (Schuster et al., 1975). Isolates of C. michiganensis 

subsp. nebraskensis were also reported to be collected in a natural setting from 

barnyardgrass (Echinochloa crus-galli (L.) Beauv) in 1981 (Wysong et al. 1981), but no 

experimental evidence was provided and subsequent experiments failed to confirm that 

barnyardgrass is a host (Schuster et al 1972). Green foxtail (Setaria viridis) was 

confirmed to be a host, and bristly (Setaria verticillata), yellow (Setaria pumila) and 

giant foxtail (Setaria faberi) were recently reported to be hosts (Langemeier et al., 2014).  

Annual ryegrass (Lolium multiflorum), Johnson grass (Sorghum halepense) and large 

crabgrass (Digitaria sanguinalis) have also recently been shown to develop symptoms 

and harbor C. michiganensis subsp. nebraskensis (Ikley et al., 2015). Given the number 

of weed and cover crop species present in the North-Central corn growing region that 

have not been evaluated as potential hosts, it is likely that the list of hosts is incomplete. 

In addition, many other categories of plants in the Midwest have not been tested to our 

knowledge, such as native grasses.  

Our objectives were to 1) determine the reaction of common plants present in 

corn producing areas of Minnesota to inoculation with C. michiganensis subsp. 

nebraskensis, 2) examine populations of C. michiganensis subsp. nebraskensis that 
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develop on inoculated hosts and non-hosts, and 3) determine the potential for non-hosts 

to serve as sources of inoculum for C. michiganensis subsp. nebraskensis. Symptom 

development, the presence of bacterial streaming from symptomatic tissues, and 

population size of this pathogen on or in inoculated leaf tissues were used to gauge which 

of the plant species are hosts. One grassy weed (woolly cupgrass [Eriochloa villosa]), 

and two native grasses (big bluestem [Andropogon gerardi]) and little bluestem 

[Schizachyrium scoparium]) were found to be hosts based on these criteria. Our work 

also confirmed that annual ryegrass (Lolium multiflorum) and large crabgrass (Digitaria 

sanguinalis) are hosts of C. michiganensis subsp. nebraskensis. Finally, our work 

highlights the potential survival of C. michiganensis subsp. nebraskensis on non-hosts, 

such as soybean. 

 

Materials and Methods 

Bacterial isolate. A virulent isolate of C. michiganensis subsp. nebraskensis (CIC251) 

was used for inoculations. CIC251 was isolated from symptomatic corn leaf tissue 

collected in Minnesota in 2009 and confirmed as C. michiganensis subsp. nebraskensis 

by16s rDNA sequencing (Malvick et al. 2010). Virulence of CIC251 was reconfirmed 

prior to use in these studies by inoculating 10
8 

cfu/ml into a susceptible corn variety at V3 

and measuring whole plant necrosis two weeks post inoculation.  

Inoculum preparation. CIC251 was cultured on nutrient broth agar with yeast extract 

and glucose (NBY) (Vidaver 1967) supplemented with 0.1 g/ml cyclohexamide. After 5 

days of growth at 25°C, single colonies were selected and nine uniform streaks were 
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made onto NBY plates using a sterile cotton swab. Subcultured plates were incubated at 

25°C for 3 days. Bacteria were scraped from plates and suspended in 3 liters of NaCl 

(0.85% w/v), to an optical density (O.D.620) of 0.1, which was equivalent to about 1x    

cfu/ml.  

Plant species and seed sources. Four categories of plants were evaluated for their ability 

to act as alternative hosts for C. michiganensis subsp. nebraskensis. These categories 

included: high acreage crop plants in Minnesota, commonly planted cover crop species, 

weed species that tend to be common in or near Midwestern corn fields, and native 

grasses. Soybean (Glycine max), spring wheat (Triticum spp.), oats (Avena sativa), barley 

(Hordeum vulgare L.) and sunflower (Helianthus annuus) were chosen to represent high 

acreage crops in Minnesota (USDA-NASS 2014). Common waterhemp (Amaranthus 

tuberculatus), common ragweed (Ambrosia artemisiifolia), pigweed (Amaranthus 

retroflexus) and wooly cupgrass (Eriochloa villosa) were chosen as representatives of 

common weeds in Midwestern corn fields (personal communication, Jeff Gonsolus). 

Smooth bromegrass (Bromus inermis), large crabgrass (Digitaria sanguinalis), proso 

millet (Panicum miliaceum), witchgrass (Panicum capillare), fall panicum (Panicum 

dichotomiflorum), quackgrass (Elytrigia repens) and reed canarygrass (Phalaris 

arundinacea) were chosen to represent weeds that commonly border corn fields. Annual 

ryegrass, winter cereal rye (Secale cereale (L.), buckwheat (Fagopyrum esculentum), and 

hairy vetch (Vicia villosa) were chosen to represent cover crops. Big bluestem 

(Andropogon gerardi) and little bluestem (Schizachyrium scoparium) were included to 

represent common native grasses. 
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Corn seed of the Goss’s wilt susceptible hybrid Mo1 (Monsanto) was used for 

these experiments. Teosinte was obtained by Ryan McNally from the Germplasm 

Resource Information Network (GRIN) . Winter ryegrass and hairy vetch were purchased 

from Johnny’s Selected Seeds
®

. Sunflower seeds were obtained from Mycogen
®
. 

Soybean (MN 1401) seeds were obtained from Jim Orf at the University of Minnesota.  

Barley, spring wheat, oat and smooth bromegrass were obtained from various sources. 

Seed for annual ryegrass and buckwheat were purchased from Johnny’s Selected Seeds
®
. 

Seeds for big and little bluestem were purchased from Prairie Moon
® 

Nursery. Seed for 

proso millet, witchgrass, large crabgrass, woolly cupgrass, quackgrass, common ragweed, 

common waterhemp, pigweed, fall panicum, and reed canarygrass were obtained from 

Brad Kinkaid, an extension weed management scientist in the Department of Agronomy 

and Plant Genetics at the University of Minnesota. 

Greenhouse studies of host range. Seeds were sown in Miracle-Gro
®
 LC-8 potting mix 

in 8 inch square pots. Plants were grown in a greenhouse with a 14 hr photoperiod and an 

average temperature of 24°C, with a range from 20°C to 35°C.  Seeds were sown using a 

variety of methods depending on the species’ seed morphology. For corn, teosinte, 

sunflower, buckwheat and soybean, three seeds were placed into the potting mix to a 

depth of approximately 1 in. After 1 week of growth, these species were thinned to one 

plant per pot. For barley, spring wheat, and oat, five seeds were planted at a depth of 

approximately 0.5 in. For all of the other species tested, seeds were spread lightly on the 

surface of the potting mix and potting mix was dusted to lightly cover the seeds. The pots 

were watered to avoid disturbing the seeds, and subsequently were watered as needed 3 

to 5 times per week and fertilized weekly. 
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To determine disease susceptibility, plant leaves were inoculated with C. 

michiganensis subsp. nebraskensis after 4 weeks of growth, except for corn, which was 

inoculated after 3 weeks. Plants were inoculated with suspensions of CIC251 by a leaf 

infiltration method using a modified Hagborg device (Hagborg 1970). The tool was built 

from two balsa wood planks approximately 23 cm long and 5 cm wide connected by a 

spring such that the resting position was open. On one plank, a frog used for flower 

arrangements, with 65 2 cm-long needles and approximately 0.5 cm spacing, was 

attached with rubber bands. On the other, a sponge that was approximately 5 cm wide 

and 5 cm long was attached. The sponge was dipped into inoculum for 5 seconds, and 

leaves were inoculated by positioning a leaf between the two planks and then clamping to 

puncture from the abaxial side of the leaf.   

 Three greenhouse studies were conducted. The studies included two replications 

and one control, treated with 0.85% NaCl only, per species. Inoculated leaves in all 

studies were assessed for the presence of symptoms associated with Goss’s wilt of corn, 

such as necrosis, freckling and leaf reddening 1, 2 and 3 weeks post inoculation (WPI) at 

and extending from the inoculation wounds.  Puncture sites of inoculated and control 

plants were compared. A positive symptom reaction was recorded when the inoculation 

wound on the leaves of pathogen-treated plants showed Goss’s wilt symptoms, but the 

associated control plants showed no symptoms.  If symptoms, such as necrosis, were 

observed near the inoculation points of pathogen-treated and control plants, a negative 

reaction was recorded. 

Bacterial population sizes and species confirmation. For the greenhouse experiments, 

leaves with reactions that differed from negative control plants were collected and 
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examined further. Bacterial streaming was assessed with a small piece of symptomatic 

tissue, which had been placed on a glass microscope slide, mounted with a few drops of 

sterile H2O, and topped with cover slip. The borders of the tissue were then scanned for 

signs of bacterial streaming using a compound microscope at 400X. Samples in which 

bacterial streaming was observed were considered a positive reaction, while samples with 

no signs of bacterial streaming were considered a negative reaction. Bacterial population 

size was determined by dilution plating on NBY as follows. A 2 cm
2 

sample of 

symptomatic corn leaf tissue was excised using a sterile scalpel, suspended in 1 ml of 

0.85% (w/v) NaCl solution, vortexed for 5 s, allowed to sit for 3 min, and then diluted 

10-fold. After 5-7 days of incubation at 25°C, colonies with phenotype typical of C. 

michiganensis subsp. nebraskensis, i.e., yellow-orange pigmentation, small circular and 

elevated, and slow growth were counted (Vidaver and Mandel 1974). A subset of these 

isolates were further evaluated for immunoreaction using Agdia immunostrips
®
 (Agdia 

inc., Elkhart, Indiana) for detection of C. michiganensis. 

Field studies of host range. Two field studies were conducted in 2015 to evaluate the 

host range of C. michiganensis subsp. nebraskensis in the field.  One study was located at 

the University of Minnesota - Saint Paul campus, and the other at the University of 

Minnesota Outreach, Research and Education (UMORE) facility in Rosemount, MN. 

Each site contained three replicates of each of 22 plant species and two inoculation 

methods. In total this required nine plots per species per location.  Experiments were 

planted in a randomized complete block design. Seeds were planted at both locations the 

week of June 13
th

. The species that grew fastest (corn, soybean, winter cereal ryegrass, 

sunflower, barley, spring wheat, buckwheat, annual ryegrass and proso millet) were 
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inoculated on July 2
nd

, 2015, and the remaining species were inoculated on July 23
rd

, 

2015. 

 Plants were inoculated in the field using two methods.  The leaf infiltration 

method using a modified Hagborg device, as described above for greenhouse studies, was 

used. The second method was to spray CIC251 cell suspensions containing 1g/liter of 

silicon carbide (Fischer Chemical) onto plants with a backpack sprayer (Solo 451 Mist 

Blower, Solo USA, Newport News, VA) set on the highest speed setting. The control 

plants were sprayed with 0.85% NaCl and silicon carbide only. Plants at each location 

were visually assessed weekly for symptom development.  Leaves with lesions were 

collected and stored at 4°C for one to three days until being processed. The lesions were 

excised into pieces of approximately 2 cm
2 

and cut into smaller pieces about 1/4
th

 the 

original size, using a sterile scalpel. Tissues were placed in a 1.5 ml centrifuge tube 

containing 1 ml 0.85% (w/v) NaCl, and vortexed for 10 seconds.  Ten-fold dilutions were 

spread onto NBY agar. After five days of growth at 25°C in low-light conditions, the 

number of presumptive colonies of C. michiganensis subsp. nebraskensis was counted. A 

small subset of colonies (five colonies per dilution series) were selected at random and 

characterized for gram reaction by the 3% KOH method (Halebian et al. 1981).  Gram 

positive colonies were further evaluated for immunoreaction to C. michiganensis 

antibodies as described above for greenhouse experiments. 
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Results 

Goss’s wilt symptom development in plant species common in corn-producing 

regions.  Disease symptoms in hosts of C. michiganensis subsp. nebraskensis are 

characterized by freckled, water-soaked, and necrotic lesions with occasional reddening 

of the leaf margins. Seven of the species in this study developed lesions matching this 

description after inoculation with C. michiganensis subsp. nebraskensis: corn, teosinte, 

large crabgrass, annual ryegrass, woolly cupgrass, big bluestem and little bluestem. Three 

of these species, woolly cupgrass, big bluestem, and little bluestem, have not been 

reported previously as hosts of C. michiganensis subsp. nebraskensis (Fig. 3.1, Fig. 3.2). 

Leaf reddening was more pronounced in these three species than is typically observed on 

corn (Fig. 3.1).  Bacterial streaming was consistently observed from all symptomatic 

tissue, suggesting that C. michiganensis subsp. nebraskensis was present at high 

concentrations within the tissue (Table 3.1). Proso millet and witchgrass developed 

symptoms inconsistently between experiments and between replications within an 

experiment. This inconsistency was also observed when symptomatic tissues were 

assessed for bacterial streaming.  

Establishment of pathogen populations within plants.  Hosts of C. michiganensis 

subsp. nebraskensis supported high populations of the bacterium 3 WPI. Each of the 

seven species identified as hosts by symptom development and bacterial streaming 

supported average population sizes greater than 10
7
 cfu/sample 3 WPI (Table 3.1, 3.3). 

Teosinte had the highest average number of cells three WPI, followed by corn, large 

crabgrass, big bluestem, annual ryegrass, little bluestem, and woolly cupgrass (Table 3.1, 
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Fig. 3.3). In proso millet and witchgrass, average number of cfu/sample of C. 

michiganensis subsp. nebraskensis was between 10
6
 and 10

7
.  

Survival of C. michiganensis subsp. nebraskensis in non-hosts. Barley, spring wheat, 

oat and winter ryegrass did not develop symptoms of infection or evidence of bacterial 

streaming. However, several crops and cover crops in the Poaceae, including barley, oat, 

spring wheat, and winter ryegrass supported between 10
6 

and 10
7
 cfu/sample of C. 

michiganensis subsp. nebraskensis 3 WPI. All plants species from the Poaceae supported 

at least 10
6
 cfu/sample regardless of the presence or absence of symptoms (Table 3.1, 

3.3). C. michiganensis subsp. nebraskensis also survived at higher numbers on non-host 

species in the Poaceae family longer than non-hosts from other plant families. Among 

the dicots tested, sunflower and common waterhemp supported about10
5 

cfu/sample of C. 

michiganensis subsp. nebraskensis 3 WPI. Soybean and buckwheat had population of 

about 10
3 

cfu/sample, and pigweed averaged about 10
2 

cfu/sample 3 WPI (Table 3.1, Fig 

3.3). None of the dicot species developed lesions, and bacterial streaming was never 

observed from tissue sampled near the inoculation points (Fig. 3.4). In the field, isolates 

of C. michiganensis subsp. nebraskensis were recovered from proso millet, spring wheat 

and barley. Symptoms as a result of C. michiganensis subsp. nebraskensis infection could 

not be evaluated due to the presence of other diseases. 

 

Discussion 

 Work by Ikley et al. (2015) was previously the most recent to expand the host 

range of C. michiganensis subsp. nebraskensis with their report that three weedy grass 
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species should be considered hosts. Two of those species, large crabgrass and annual 

ryegrass, were included in this present study, which supports their findings and shows 

that these species develop consistent symptoms, that bacterial streaming is always 

observed from symptomatic tissues, and that these species support average population 

sizes of C. michiganensis subsp. nebraskensis greater than 10
7
 cfu/sample. Those authors 

used symptom development, bacterial streaming, and lesion length to identify hosts. Ikley 

et al. inoculated plants by cutting the leaf tip and dipping them into inoculum. This 

allowed lesion length to be measured from the cut point down to where the lesion ended. 

In our study, we used a leaf puncture method to inoculate the plants. Since lesions 

observed in our study often radiated from multiple individual puncture wounds on leaves, 

and we could not determine whether lesions observed represented many small lesions or 

one continuous lesion. We could not use lesion length as a measure of disease severity to 

compare hosts and non-hosts.  

Three new species identified as true hosts in our study were woolly cupgrass, big 

bluestem and little bluestem. Woolly cupgrass is a weedy grass species that commonly 

inhabits corn fields in Minnesota. Our work suggests that woolly cupgrass may act as an 

inoculum reservoir along with large crabgrass, another important weedy grass species 

present in high populations in Minnesota. Together, controlling these species inside or 

near corn fields may be an important management consideration for Goss’s wilt. Future 

work should be geared towards determining if weed residues can support populations of 

C. michiganensis subsp. nebraskensis and act as a primary inoculum source in the spring. 

Big and little bluestem are native grass species that were once widespread across 

the Midwest. Much of the area previously inhabited by big and little bluestem is now 
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planted to corn and soybean. Our work suggests that both big and little bluestem are hosts 

of C. michiganensis subsp. nebraskensis. Given their current limited distribution, big and 

little bluestem are not likely important inoculum reservoirs for C. michiganensis subsp. 

nebraskensis, and thus are not as important for corn disease management compared to 

grassy weeds, such as woolly cupgrass and large crabgrass. However, the fact that these 

species react strongly to inoculation by C. michiganensis subsp. nebraskensis and can 

support high population sizes 3 WPI indicates that there may have been an association 

between C. michiganensis subsp. nebraskensis and big and little bluestem before corn 

and soybean dominated the landscape. Future work should address whether or not C. 

michiganensis subsp. nebraskensis isolates can infect and be collected from big and little 

bluestem in a natural setting. If isolates could be recovered, submitting them to a 

phylogenetic analysis compared to isolates from corn could reveal interesting data about 

the evolution and life history of C. michiganensis subsp. nebraskensis.  

There appear to be four categories of relationships between C. michiganensis 

subsp. nebraskensis and different plant species. True hosts are species that develop 

consistent lesions across time and space, produce consistent bacterial streaming from 

symptomatic tissues, and support average populations of C. michiganensis subsp. 

nebraskensis greater than 10
7 

cfu/sample 3 WPI. True hosts identified in this study and in 

previous work are corn, teosinte, eastern gamagrass, grain sorghum, shattercane, 

sugarcane, sudangrass, annual ryegrass, large crabgrass, Johnson grass, green foxtail, 

bristly foxtail, yellow foxtail, giant foxtail, woolly cupgrass, big bluestem and little 

bluestem (Schuster 1972, Ikley et al. 2015, Langemeier et al. 2015). Large crabgrass and 

woolly cupgrass are important weeds that commonly inhabit Minnesota corn fields, and 
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as such deserve consideration when managing Goss’s wilt. Annual ryegrass is a widely 

planted cover crop. It too deserves consideration when managing Goss’s wilt, as this 

cover crop may provide a living host in which C. michiganensis subsp. nebraskensis can 

overwinter to re-infect corn the following year.  

Proso millet and witchgrass were identified as weak or inconsistent hosts in the 

present study. These plants develop weak symptoms during particularly aggressive 

infections, and can show subsequent bacterial streaming from symptomatic tissues. 

However, symptom development and bacterial streaming is observed inconsistently. 

Regardless, these species can still maintain high numbers of C. michiganensis subsp. 

nebraskensis 3 WPI. Controlling proso millet and witchgrass in a field may also 

important for management of Goss’s wilt. It is likely that many weedy grasses can 

support populations of C. michiganensis subsp. nebraskensis well after inoculation. 

Therefore, controlling all grassy weeds is likely an important consideration for managing 

Goss’s wilt.  

Barley, spring wheat and oat are crops that are planted in high acreage in 

Minnesota. While these crops never produced symptoms or bacterial streaming after 

inoculation with C. michiganensis subsp. nebraskensis, they support between 10
6 

and 10
7
 

cfu/sample 3 WPI. Since bacterial streaming was not observed, these populations of C. 

michiganensis subsp. nebraskensis may be surviving epiphytically. Spring wheat is the 

third most important crop by acreage in Minnesota. Knowing that spring wheat can 

support high population sizes of C. michiganensis subsp. nebraskensis may be another 

important Goss’s wilt management consideration if farmers are considering rotating 
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wheat and corn, or planting spring wheat fields adjacent to corn fields. The same might 

be true for barley and oat. 

Each of the dicot species tested are considered non-hosts. These species never 

produced symptoms or bacterial streaming after inoculation with C. michiganensis subsp. 

nebraskensis. In addition, they support less than 10
6 

cfu/sample 3 WPI. However, the fact 

that C. michiganensis subsp. nebraskensis can survive in appreciable numbers nearly a 

month after inoculation suggests that these dicot species may play a role in Goss’s wilt 

epidemiology. In Minnesota, soybean is the second most important crop by acreage. We 

don’t know how long C. michiganensis subsp. nebraskensis can survive on soybean, 

however, it may be long enough to allow this pathogen to “jump” between corn fields 

using soybean as a transient host. The same could be true for sunflower, buckwheat, 

pigweed and common waterhemp. 

In a previous study, Clavibacter was reported to be among the most proficient 

genera of bacteria to colonize and persist on a range of agronomic crops and prairie 

plants (Zinniel et al. 2002). This broad ability to colonize and persist on a wide range of 

plants may give Clavibacter the ability to effectively jump from host to temporary host. 

Our work corroborates this finding.  

The results of the field studies in 2015 were inconclusive. This was primarily a 

result of the difficultly of controlling pests and pathogens in the experimental fields. An 

overgrowth of hardy weeds such as lambsquarter, pigweed and witchgrass made it often 

times difficult to visualize lesions on experimental plants due to overcrowding. In 

addition, grass crops, such as spring wheat, barley and oat were completely overtaken by 
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powdery mildews and rusts not long after the inoculation, making it difficult to not only 

determine point of inoculation, but also to monitor lesion development. Other species 

included in the field studies, such as fall panicum, reed canarygrass, and smooth 

bromegrass had a germination rate of 0%. Leaf samples were collected from inoculated 

plots, but C. michiganensis subsp. nebraskensis was often not detected given its slow 

growth in media compared to other species of gram positive epiphytic bacteria.  

Regardless of these pitfalls, C. michiganensis subsp. nebraskensis was still detected on 

proso millet, spring wheat, and barley 4 weeks after inoculation. 

 

Conclusion 

 We observed four categories of interactions between C. michiganensis subsp. 

nebraskensis and inoculated plants. The first is true hosts, which produce consistent 

lesion development and bacterial streaming in addition to high numbers of bacteria per 

sample. Wooly cupgrass, big, and little bluestem have been identified as true hosts. The 

second category is weak hosts, which produce inconsistent lesions and bacterial 

streaming. The third category is non-hosts in the Poaceae, which do not develop 

symptoms after inoculation by C. michiganensis subsp. nebraskensis, but can still support 

high numbers of the pathogen 3 WPI. The final category is dicot non-hosts, which do not 

develop symptoms and did not support populations greater than 1X10
6 

cfu/sample of 

bacteria 3 WPI. The study highlights that C. michiganensis subsp. nebraskensis can 

survive on or in non-hosts. There wasn’t a single plant species from which C. 

michiganensis subsp. nebraskensis could not be recovered 3 WPI in the greenhouse. 
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Future research should seek to illuminate the survivability of C. michiganensis subsp. 

nebraskensis on non-hosts in the greenhouse and field, as well as differentiate between 

epiphytic and endophytic populations of C. michiganensis subsp. nebraskensis. 

Table 3.1. Presence or absence of lesions, presence of bacterial streaming, and 

populations of C. michiganensis subsp. nebraskensis detected in inoculated leaf samples 

for 18 plant species
a
 following inoculation in a greenhouse. 

   Population of pathogen detected 

(cfu/ml)
d 

Species Lesion  

3 

WPI
a
WPI

b 

Bacterial 

streaming
c 

1 WPI
 

2 WPI
 

3 WPI
 

Corn + + 10
8 

10
8 

10
8 

Teosinte + + 10
8 

10
8 

10
8 

Large crabgrass + + 0-10
8 

10
5
-10

8 
10

7
-10

8 

Big bluestem + + 10
6
-10

8 
10

5
-10

8 
10

5
-10

8 

Annual Ryegrass + + 10
5
-10

8 
10

6
-10

8 
10

6
-10

8 

Woolly Cupgrass + + 10
6
-10

8 
10

6
-10

8 
10

4
-10

8 

Little Bluestem + + 10
6
-10

8 
10

5
-10

8 
10

6
-10

8 

Spring Wheat - - 10
5
-10

6 
10

6
-10

7 
10

6
-10

7 

Proso Millet +/- +/- 0-10
8 

10
6
-10

8 
10

6
-10

7 
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Winter Ryegrass - - 10
5
-10

6 
10

6
-10

7 
10

5
-10

7 

Oat - - 10
4
-10

6 
0-10

6 
0-10

6 

Witchgrass +/- +/- 10
6 

10
6
-10

7 
10

5
-10

7 

Barley - - 10
5
-10

6 
10

4
-10

7 
10

5
-10

6 

Sunflower - - n/a 10
6
-10

7 
10

5
-10

7 

Common 

Waterhemp 

- - 0-10
4 

0-10
5 

10
4
-10

6 

Soybean - - 10
4
-10

6 
0-10

6 
0-10

5 

Buckwheat - - 0-10
4 

0-10
5 

0-10
5 

Pigweed - - n/a 10
5
-10

6 
0-10

6 

a
Results are a summary mean value from three experiments with two replications each 

conducted in a greenhouse.                                                                                               

b
(+) denotes that lesion development was consistent across all experiments and reps. (+/-) 

denotes inconsistent lesion development across experiments and reps. (-) denotes lesions 

were never observed.                                                                                                        

c
(+) denotes bacterial streaming 3 WPI was always observed from symptomatic tissue, 

(+/-) denotes bacterial streaming 3 WPI was inconsistently observed from symptomatic 

tissue, (-) indicates bacterial streaming was not observed 3 WPI.                                                                          

d
Range of population of C. michiganensis subsp. nebraskensis recovered (cfu/sample) 

from samples collected at 1, 2, and 3 WPI on each species                                                                                                                                                                                              



87 

 

                              

Figure 3.1. Typical leaf lesions observed in greenhouse grown plants of woolly cupgrass 

(A), big bluestem (B), and little bluestem (C) 3 weeks after inoculation with C. 

michiganensis subsp. nebraskensis. 
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Figure 3.2. Typical lesion on four grass species previously identified as hosts of  C. 

michiganensis subsp. nebraskensis: corn (A), annual ryegrass (B), teosinte (C) and large 

crabgrass (D) three WPI with C. michiganensis subsp. nebraskensis in a greenhouse 

experiment. 
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Figure 3.3. Average number [log (cfu/sample)] of C. michiganensis subsp. nebraskensis 

recovered from 18 plant species 3 weeks post inoculation. Error bars denote standard 

error. Graph represents mean data from three experiments with two replications per 

experiment. All species with populations at 3 WPI above the blue dotted line were 

considered hosts of C. michiganensis subsp. nebraskensis. All of the species above the 

blue dotted line showed consistent symptom development, bacterial streaming, and high 

populations of C. michiganensis subsp. nebraskensis across each experiment and 

replication. 
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Figure 3.4. Lack of lesion development for four non-host species: common waterhemp 

(A), sunflower (B), buckwheat (C) and soybean (D) 3 weeks post inoculation with C. 

michiganensis subsp. nebraskensis in a greenhouse experiment. 
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Chapter 4 

Effect of foliar fungicides on severity of Goss’s wilt and blight 

of corn 

Abstract 

Goss’s wilt and blight of corn, caused by the gram positive bacterial pathogen 

Clavibacter michiganensis subsp. nebraskensis, is the most important bacterial disease of 

corn in the Upper Midwest, reducing yield by up to 50%. As a result of disease pressure 

by fungal and oomycete pathogens, application of foliar fungicides to corn has been 

increasing since the 1940s, and is a widespread practice among corn growers in the U.S. 

The increased use of foliar fungicides in the past decade, and the potential ability of 

fungicides to reduce populations of endophytes that might inhibit the development of 

Goss’s wilt prompted this study. The goal of this study was to evaluate effects of 

fungicides on Goss’s wilt under field conditions in Minnesota. The objectives were to 1) 

determine if foliar fungicide applications influence severity of Goss’s wilt, and 2) 

determine if fungicide applications increase or decrease grain yield. We tested the effect 

of fungicides on Goss’s wilt by measuring yield and diseases severity in 2014 and 2015 

of corn plots planted in Rosemount, MN. Fifteen treatments, which varied by inoculation 

method, timing of inoculation, timing of fungicide application were applied to two corn 

hybrids with different disease susceptibility to Goss’s wilt.  Application of fungicide was 

associated with a significant increase in disease severity in one year of the two-year 

study, but there were no significant differences in yield associated with fungicide 
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applications in either year. This study provides evidence that application of fungicides 

may be associated with an increase in Goss’s wilt disease severity under some field 

conditions. Further studies are needed to define the specific environmental conditions and 

host-pathogen dynamics determining the outcome of fungicide use on severity of Goss’s 

wilt. 
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Introduction 

 Goss’s wilt and leaf blight is caused by the gram positive bacterium Clavibacter 

michiganensis subsp. nebraskensis. (Vidaver and Mandel 1974). This pathogen was first 

isolated from symptomatic corn (Zea mays L.) tissue in Nebraska in 1969, and caused 

disease and subsequent corn yield losses over the course of the 1970s (Schuster et al., 

1972). Yield losses resulting from Goss’s wilt were generally low throughout the 1980s, 

1990s and early 2000s until the disease reemerged in 2006. Goss’s wilt has been 

confirmed as far south as Texas and Louisiana, as far east as Indiana, as far west as 

Wyoming and Colorado, and as far north as Minnesota, North Dakota and Alberta, 

Canada (Friskop et al. 2014, Howard et al. 2015, Malvick et al. 2010, Korus et al 2011, 

Ruhl et al. 2009, Singh et al. 2015, Vidaver et al. 1981). Grain yield loss greater than 

50% due to this disease has been reported in severely infected fields (Clafflin et al., 

1999). Severe Goss’s wilt is most common following wind, rain and hail events because 

plant wounding is important in initiating epidemics (Clafflin et al., 1999).                  

 Most of the highly destructive corn diseases in the northern Corn Belt are caused 

by fungi, such as northern corn leaf blight (Wise et al. 2015). There are numerous species 

of fungi and oomycetes that infect all plant parts and at all stages of corn development 

(Wise et al. 2015). To combat potential damage caused by fungal infections, the use of 

systemic foliar fungicides has become an increasingly widespread practice. Between 

1960 and 2008, fungicide use in the US increased significantly from about 170 million 

pounds to over 400 million pounds of active ingredient (Fernandez-Cornejo et al. 2014). 

This correlated with an expansion of fungicide classes, which allowed for more specific 

control of plant pathogens and the transition to organic fungicides that were easier to 
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apply and less toxic to plants (Morton et al., 2008). Since 2006, application of foliar 

fungicide to corn has also increased. Yield increases have sometimes been observed after 

applications, even in the absence of foliar diseases. A meta-analysis of the effects of 

common foliar strobilurin-based fungicides between 2002 and 2009 in 14 states revealed 

that mean yield was sometimes significantly increased compared to untreated plots; 

however, in fields with low disease pressure the application cost were likely to negate 

any profit associated with increased yield (Paul et al. 2011).      

 C. michiganensis subsp. nebraskensis is a member of the diverse endophytic 

communities of fungi and bacteria associated with corn (McInroy et al. 1995, Zinniel et 

al. 2002). This pathogen can sometimes be detected as an asymptomatic epiphyte in 

advance of development of Goss’s wilt (Eggenberger et al. 2016). It is likely that rain 

events facilitate the spread of C. michiganensis subsp. nebraskensis populations to new 

areas, where inoculum proliferates until it reaches a disease-causing threshold 

(Eggenberger et al. 2016). Among the many fungal endophytes found to be associated 

with corn leaves, Acremonium zeae has been shown to have antimicrobial activity against 

C. michiganensis subsp. nebraskensis (Wicklow et al., 2008). A. zeae is the only fungal 

endophyte in corn reported, to our knowledge, to inhibit C. michiganensis subsp. 

nebraskensis, but other endophytic species could also potentially inhibit this pathogen by 

secreting antimicrobial compounds or by occupying niches on corn leaves.  In theory, 

foliar fungicides could reduce epiphytic populations of A. zeae on a corn leaf and reduce 

the potential inhibitory effects of A. zeae. No work has thus far been published that seeks 

to determine the effects of foliar fungicides on incidence or severity of Goss’s wilt.  

Anecdotal evidence obtained from communications with corn growers and consultants 
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since 2009 suggested that applications of fungicides may sometimes be associated with 

greater Goss’s wilt disease severity (D. Malvick, personal communication). At least two 

mechanisms might explain the field observations. The first is that fungicides might 

reduce epiphytic and endophytic populations of fungi that could inhibit C. michiganensis 

subsp. nebraskensis, and another is that fungicides may change the physiology of the 

plant to make it more susceptible to the pathogen. 

 The goal of this study was to evaluate effects of fungicides on Goss’s wilt under 

field conditions in Minnesota. The objectives were to 1) determine if foliar fungicide 

applications influence severity of Goss’s wilt, and 2) determine if fungicide applications 

increase or decrease grain yield, and 3) to determine if disease severity at a single late 

season disease assessment date reflected overall disease severity as measured using area 

under disease progress curves.  We tested the effect of fungicides on Goss’s wilt by 

measuring yield and diseases severity over the course of two growing seasons. 

Application of fungicide was associated with a significant increase in disease severity in 

one year of the two year study, but there were no significant differences in yield 

associated with fungicide applications in either year.  

 

Materials and Methods 

Field trials and experimental design. In 2014 and 2015, field studies were established 

at the University of Minnesota Outreach, Research, and Education (UMORE) facility 

located in Rosemount, MN. In both years, one susceptible and one partially resistant corn 

hybrid were included. In 2014, a susceptible Monsanto hybrid (MO1) and a resistant 
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Pioneer (P2) hybrid were used.  Studies in 2015 included the same susceptible variety, 

but a different resistant hybrid (P3) was used due to seed availability.  The experiment 

included 15 treatments with three replications arranged in a randomized complete block 

design (Table 4.1). Each 25 ft long plot contained four rows with 30” row spacing 

planted at 34,000 seeds/acre.  In both years, corn was planted in mid May. In 2014, V3 

inoculations took place on June 17
th

 and V6 inoculations took place on July 3
rd

. In 2015, 

V3 inoculations took place on June 16
th

, and V6 inoculations took place on June 30
th

.   

Inoculum preparation. A virulent strain (CIC251) of C. michiganensis subsp. 

nebraskensis was used in this study.  The strain was isolated from a symptomatic corn 

leaf collected from a corn field in Minnesota in 2009 and confirmed as C. michiganensis 

subsp. nebraskensis by16S rDNA sequencing (Malvick et al. 2010). Virulence of this 

strain was assessed by inoculating stalks of a susceptible corn variety at V3 and 

measuring whole plant necrosis two weeks post inoculation. CIC251 was stored in 

nutrient broth with 15% glycerol  at -80C.  The isolate was cultured on nutrient broth 

agar medium containing yeast extract and glucose (NBY) and supplemented with 0.1 

g/ml cyclohexamide in ethanol (Vidaver 1967). A single colony was selected after 3 days 

of growth at 25°C and streaked onto NBY agar. After 3 days of growth at 25°C, bacterial 

colonies from one plate were suspended in 3 liter of sterile saline (0.85% w/v NaCl) to 

develop inoculum suspensions containing approximately 1x10
8 

cfu/ml (O.D.620 = 0.1)  

(Curland 2011, unpublished poster). Silicon carbide (Fischer Chemical) was added (0.1% 

w/v) to the bacterial suspensions to facilitate plant wounding and infection. 

Plant inoculations. Plants were inoculated by foliar application of CIC251 with a 

motorized Solo 451 Mist Blower backpack sprayer (Solo USA, Newport News, VA). The 
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sprayer was brought to full speed and inoculum was applied by walking through each plot 

while swaying the boom of the sprayer back and forth at a sharp downward angle until 

the end of the plot had been reached. The same rows were then immediately inoculated 

again by walking in the opposite direction such that each plot was sprayed twice. Plants 

inoculated at V3 were approximately knee-high and allowed for a sharp downward angle 

of the sprayer boom. The angle was slightly flatter when inoculating the V6/V7 plants, 

which were about twice as tall.  

Fungicide applications. Fungicides were applied at either V6 one hour before 

inoculation, at V6 one hour after inoculation, at tasseling stage (VT), or in combinations 

of these application timings (Table 4.1). In both years, Stratego ® YLD fungicide (Bayer 

CropScience LP) was used for this study. This fungicide is a mixture of triazole 

(Prothioconazole, 2-[2-(1-Chlorocyclopropyl)-3-(2-chlorophenyl)-2- hydroxypropyl]-1,2-

dihydro-3H-1,2,4-triazole-3-thione) and strobilurin (Trifloxystrobin, (E,E)-alpha-

(methoxyimino)-2-[[[[1-[3- (trifluoromethyl)phenyl] ethylidene]amino]oxy]methyl]-, 

methylester) that has systemic and broad spectrum activity against many species of fungi 

in corn and soybean. Surfactants were not added to the fungicide solution sprayed on the 

plants. The fungicide was applied to the two center rows of each plot at a rate of 5 fl oz 

AI/acre in a volume of 20 gal/acre using a CO2 backpack sprayer with flat fan tips and a 

hand-held boom.  

Disease ratings. Disease severity ratings were taken weekly from July 15th to September 

2nd in 2014, and to August 26th in 2015 using three methods. The first was to assess the 

severity on leaves that were present when the plants were inoculated. Leaves inoculated 

at the V3 stage were at knee height, and leaves inoculated at the V6 stage were at chest 
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height. The observer would begin at the end of a plot and arbitrarily choose five leaves in 

each of the two center rows per plot. For each leaf, the area of necrosis due to Goss’s leaf 

blight was estimated as a percentage of the entire leaf. The second method was used after 

the infection had ascended the plant. The same 10 plants were evaluated as were used in 

the first method. The number of infected leaves above the ear with symptoms of Goss’s 

wilt was recorded as a fraction of the total number of leaves above the ear. The final 

measure of disease severity per plot was an overall score representing the percentage of 

necrotic leaf tissue vs. green tissue in a given plot. An observer would stand at the 

beginning of each plot and visually estimate this percentage. In 2014, a 1-5 scale was 

used, where 0 represented no disease, 1 represented 1-20%, 2 represented 20-40%, 3 

represented 40-60%, 4 represented 60-80%, and 5 represented 80-100% necrosis. In 2015 

a 1-10 rating scale was used representing 10% increments instead of 20%. In October, 

each plot was harvested with a plot combine and the grain yield was measured.  

Regression analysis was performed to determine the correlation between the three 

different types of severity ratings (percentage of necrosis on inoculated leaves, 

percentage of necrotic leaf tissue above the ear, and row score) and yield. Regression was 

also completed between data representing each severity rating method to determine if any 

data collections methods were redundant, and if so, to determine the most informative 

and efficient method. The three severity rating methods were highly correlated, with 

correlation coefficients between data representing the methods ranging from r=0.87 to 

r=0.89 in 2014, and between r=0.75 and r=0.89 in 2015. Area under the disease progress 

curves (AUDPC) were calculated for each of the severity methods and correlated to yield 

using regression analysis. Percentage of necrosis on inoculated leaves was most highly 
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correlated to yield, with a correlation coefficient of r=-0.55. Given that each of the 

severity rating methods were highly correlated, and percentage of necrosis on inoculated 

leaves above the ear was most correlated to yield, further data analysis was based on 

percentage of necrosis on inoculated leaves exclusively to represent disease severity. 

Statistical analyses. Microsoft
®
 Excel

®
 was used to compile disease severity and yield 

data from both years, and to calculate AUDPC. AUDPC values were calculated for each 

treatment using the equation:          
       

 
  

             (Madden et al. 

2007). The data set was imported into JMP Pro 12 Statistical Software package (SAS 

Institute Inc., Cary, NC).  The “fit model” function was used to perform an analysis of 

variance to determine treatment effects in both years using percentage leaf necrosis of 

inoculated leaves data transformed into AUDPC, as well as yield as response variables. 

Graphical output was compiled in Microsoft
®
 Excel

®
 and edited in Microsoft

®
 

Powerpoint
®
.  In addition to using AUDPC to measure disease severity over time, the 

difference in severity between treatments at a single assessment date was analyzed to 

determine if these data points reflected the same trends observed with the AUDPC data 

across the season. The single date assessments chosen for this comparison were August 

14
th

 in 2014 and August 12
th 

in 2015.  
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Results  

Influence of fungicide treatments on disease severity measured by AUDPC.  A 

significant effect of fungicide on AUDPC in 2014 was detected by ANOVA (Table 4.2). 

However, AUDPC was also significantly different between the 2014 and 2015 season 

(Table 4.2). The total AUDPC in 2014 for plots treated with fungicide was 1,229 and 641 

for untreated plots, and was approximately 800 for treated and untreated plots in 2015 

(Fig. 4.1, Fig. 4.2). Therefore, each year was analyzed individually. In 2014 the effect of 

fungicide on AUDPC was significant higher than untreated plots (Table 4.3) The level of 

resistance, fungicide timing, block, inoculation timing and fungicide application status by 

level of resistance were not significant effects on AUDPC in 2014 (Table 4.3).  In 

contrast, an ANOVA of 2015 AUDPC data yielded no significant categorical variables 

on disease severity, including fungicide application status and timing, level of resistance 

to Goss’s wilt, or fungicide application status by level of resistance (Table 4.4). Disease 

severity data representing plots inoculated at V3 were excluded from analysis in 2015 

because Goss’s wilt disease symptoms were not detected with this inoculation treatment. 

A Student’s t-test comparing the AUDPC means of fungicide versus non-fungicide 

treated plots in 2014 yielded a p-value = 0.0059 (Fig. 4.2).  AUDPC means for fungicide 

and non-fungicide applied plots in 2015 were similar to those of the non-fungicide plots 

in 2014 (Fig 4.1). Fungicide treated plots in 2014 reached a peak severity as measured by 

average percentage of necrosis on inoculated leaves of almost double that of the other 

treatments. By September 2
nd

, 2014, V6 plots that received fungicide applications had an 

average disease severity of around 60%, while plots that received no fungicide 

applications had an average severity of around 30% (Fig. 4.2). In 2015, regardless of 
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whether or not fungicides were applied, disease severity peaked at around 25%. In 

addition, severity data within a single assessment date is much more variable in 2014 

than in 2015 (Fig 4.1.) 

Fungicide applications and yield. ANOVA of yield data as the response variable did not 

detect any significant effects of fungicide treatments on yield in either year of this study 

(Table 4.5). Although not statistically significant, in 2014 the fungicide treatments 

resulted in the lowest average yield (Fig. 4.3).  

Influence of fungicide application on disease severity ratings from a single 

assessment date.  A single late-season assessment date of disease severity provided 

results consistent with those based on disease progress curves and AUDPC.  For 

example, the effect of fungicide treatments on severity of Goss’s wilt again differed 

between the 2014 and 2015 seasons. On August 14
th

, 2014, fungicide treatments had 

significantly greater (p = 0.0034) disease severity than untreated plots as measured by 

average percentage of necrosis on inoculated leaves (Fig. 4.4). No significant differences 

were detected in 2015 between plots sprayed with fungicides and plots without fungicide 

applications. This is congruent with the results from the analyses based on disease 

progress curves and AUDPC (Fig. 4.4).  

 

Discussion 

 No significant differences on yield were detected between fungicide and non-

fungicide treated plots within a year, or between years. However, in 2015 we measured 

higher yields than in 2014, with fungicide-sprayed plots in 2014 having the lowest overall 
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yield. Increased disease pressure may have accounted for this slight discrepancy in yield 

for 2014. In addition, the late season rainfall may have bolstered yields in 2015. This 

observed difference in yield, applied to the acreage of corn that is affected by Goss’s wilt 

in the U.S., may warrant that fungicide application schedule be amended depending on 

weather factors, to reduce the possibility of inadvertent increases in Goss’s wilt severity. 

Other diseases were not observed in the experimental plots in either year of the study.  

 Since the experimental designs were nearly identical between 2014 and 2015, the 

different impacts of fungicide on Goss’s wilt between the years was likely due to 

environmental factors such as temperature, humidity, wind events, storms, or rainfall. 

The average monthly temperatures were very similar between 2014 and 2015 (Table 4.6). 

However, considerably more rain fell in May and June of 2014 as compared to 2015 

(Table 4.6).  In contrast, rainfall was higher in July, August, and September of 2015 than 

in 2014. It is possible that the timing of rainfall throughout the growing season can play a 

key role in Goss’s wilt severity determination and spread. Rainfall also could conceivably 

affect the significance of fungicides on Goss’s wilt severity. In 2014, plots in which 

fungicides were applied had significantly higher Goss’s wilt severity than plots that did 

not receive fungicides. In addition, overall disease pressure was greater in 2014 than in 

2015. Early season rainfall was the most obvious difference between 2014 and 2015, and 

may have been a key determinant in why different results were obtained between the two 

seasons. 

 In both 2014 and 2015, one susceptible and one resistance corn hybrid were used 

to determine if the fungicide interaction with Goss’s wilt severity was affected by the 

level of resistance. No significant difference was detected in disease severity between the 
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susceptible hybrids or the resistance hybrid in either year, although the different hybrids 

could have influenced disease development. In 2014, disease severity in fungicide treated 

plots was significantly higher than in the non-fungicide sprayed plots. The fungicide 

applications did not significantly affect disease severity. However, in 2014, plots that 

received fungicide applications at V6 and VT had greater disease severity than those that 

only received fungicides at a single time point (data not shown). This observed difference 

was not statistically supported and was not observed in 2015.  

 AUDPC allows a single number to be generated from data encompassing average 

severity over time. To use this method, many assessment dates need to be included 

throughout the months of disease progression.  As an alternative, we also evaluated the 

effects of fungicide on Goss’s wilt by measuring average severity at single assessment 

dates in mid-August. Dates in mid August were chosen as the representative mid to late-

season time points for two reasons: 1) it was the 42
nd

 out of 63 days post inoculation, 2) 

Goss’s wilt severity is commonly observed to spread after silking, and generally takes 

place around this time point and 3) in the beginning dates, data tended to be less variable, 

and at the end dates, Goss’s wilt symptoms were confounded by natural plant maturation 

and senescence in late August. Because results from AUDPC and single date assessments 

revealed the same trends, disease severity taken at a single time can be sufficient for 

some types of studies. 

   

 

 



106 

 

Conclusion 

 The goal of this study was to illuminate the effects of foliar fungicides on Goss’s 

wilt disease severity. We determined that fungicide application positively affected 

disease severity of Goss’s wilt in 2014; however, this outcome was not detected in 2015. 

We also determined that although plots that received fungicides produced less yield, as 

compared untreated plots in 2014, the difference was not statistically significant. Finally, 

we found that measuring disease severity at a single time point in mid-August reflected 

the trends from AUDPC, which included severity data from repeated assessment dates 

through the season. Future work seeking to study the effects of foliar fungicides on 

Goss’s wilt disease progression should consider testing the hypotheses in a variety of 

controlled environments. If a greenhouse inoculation method could be created that 

replicated the disease advancement as is observed in the field, testing environmental 

components such as temperature and humidity could completed.  Performing this 

research will be an important step in understanding the influence of fungicides on 

development of Goss’s wilt.  It might also provide an opportunity for measuring the 

effects of fungicides on microbial communities associated with C. michiganensis subsp. 

nebraskensis on corn leaves, such as potential bacterial inhibitors like A. zeae. 
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Table 4.1. Summary of the 15 treatments used to test the effect of fungicides on severity 

of Goss’s wilt and corn grain yield in 2014 and 2015. 

Treatment Hybrid
a 

Inoculation timing
b 

Fungicide timing
c 

1 MO1 V3 V6 

2 MO1 V3 VT 

3 MO1 V3 NI
d 

4 MO1 V6 V6 

5 MO1 V6 V6 

6 MO1 V6 VT 

7 MO1 V6 V6+VT 

8 MO1 V6 NI 

9 MO1 NI V6+VT 

10 P2/P3 V3 V6 

11 P2/P3 V3 VT 

12 P2/P3 V3 NI 

13 P2/P3 V6 V6+VT 

14 P2/P3 V6 NI 

15 P2/P3 NI VT 

a 
MO1 is listed as susceptible to Goss’s wilt, P2 and P3 are listed as resistant to Goss’s 

wilt                                                                                                                                 

b
(V3) three collar stage, (V6) six collar stage                                                                        

c
(V6) six collar stage, (VT) tasseling stage 
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d
NI in a column indicates that the treatment did not include C. michiganensis subsp. 

nebraskensis inoculation, or fungicide application, respectively. 

 

Table 4.2. Analysis of variance of AUDPC means based on percentage of necrosis on 

inoculated leaves from Goss’s wilt infection from July 15
th

 through September 2
nd

 in 

2014 and August 26
th

 in 2015.  

Source Degrees of freedom Prob > F 

Year 1 0.0141 

Block 2 0.1347 

Hybrid resistance 1 0.2729 

Fungicide application 1 0.0218 

Hybrid resistance x fungicide 

application 

1 0.4749 
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Table 4.3. Analysis of variance of AUDPC mean based on percentage of necrosis on 

inoculated leaves from Goss’s wilt infection from July 15
th

 to September 2
nd

 in 2014. 

Source Degrees of freedom Prob > F 

Block 2 0.4608 

 Hybrid Resistance 1 0.8641 

Inoculation timing 1 0.6828 

Fungicide application 1 0.0113 

Hybrid resistance x fungicide 

application 

1 0.5030 
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Table 4.4. Analysis of variance of AUDPC mean based on percentage of necrosis on 

inoculated leaves from Goss’s wilt infection from July 15
th

 to August 26
th

 in 2015. 

Source Degrees of 

freedom 

Prob > F 

Block 2 0.0368 

Hybrid resistance 1 0.0538 

Fungicide application 1 0.7026 

Hybrid resistance x fungicide 

application 

1 0.3969 
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Table 4.5. Analysis of variance of the effect of fungicides on yield (bu/ac) in plots 

infected with Goss’s wilt in 2014 and 2015.  

Source Degrees of freedom Prob > F 

Year 1 0.1098 

Block 2 0.3183 

Resistance 1 0.7821 

Fungicide application 1 0.6665 

Hybrid resistance x fungicide 

application 

1 0.1875 
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Table 4.6. Weather data from the Rosemount Agricultural Experiment Station from May-

October in 2014 and 2015
a 

 2014  2015 

Month 

Average 

Temperature 

(°C) 

Total 

Precipitation 

(cm) 

 Average 

Temperature 

(°C) 

Total 

Precipitation 

(cm) 

May 14.0 8.6  13.9 5.8 

June 20.2 8.9  19.8 4.8 

July  20.2 4.1  21.5 6.9 

August 21.6 1.8  19.8 6.9 

September 16.4 1.27  18.7 8.4 

October 9 3.6  10.3 2.5 

a
 U.S. Climate Data, June-October 2014 and June-October 2015, Rosemount Agricultural 

Experiment Station. usclimatedata.com 
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Figure 4.1. Comparison of the disease progress curves in corn inoculated with C. 

michiganensis subsp. nebraskensis as measured by percentage of necrosis on inoculated 

leaves in 2014 (A), and 2015 (B). Solid lines denote plots that were sprayed with 

fungicides, and dashed lines denote unsprayed plots. 
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Figure 4.2. Disease severity as measured by AUDPC, of Goss’s wilt in corn inoculated 

with C. michiganensis subsp. nebraskensis and treated with fungicides in 2014 (A) and 
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2015 (B). The average disease severity of several fungicide application timings were 

combined and represented together, including fungicide timings at V6, VT, and plots 

treated at V6 and VT. Error bars denote standard error and an asterisk denotes significant 

difference as measured by the Student’s t-test (t = 0.0059). 

 

 

Figure 4.3. Yield (bu/ac) for plots that received fungicides and unsprayed plots in 2014 

and 2015. The average disease severity of several fungicide application timings were 

combined and represented together, including fungicide timings at V6, VT, and plots 

treated at V6 and VT. Error bars indicate standard error. 
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Figure 4.4. Comparison of Goss’s wilt severity corn inoculated at V6 and treated with 

and without fungicide at a single assessment date. Disease was measured as average 

percentage necrosis on inoculated leaves on August 14, 2014 (A) and August 12, 2015 

(B). The average disease severity of several fungicide application timings were combined 

and represented together, including fungicide timings at V6, VT, and plots treated at V6 
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and VT.  Error bars indicate standard error and asterisk denotes a significant difference as 

measured by the student’s t-test (t=0.0034).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



118 

 

References 

Clafflin, L. E. 1999. Goss’s bacterial wilt and blight. Pages 4-5 in: Compendium 

 of Corn Diseases, 3rd Ed. D. G. White, ed. American Phytopathological Society, 

 St. Paul, MN, USA. 

Eggenberger, S., Diaz-Arias, M.M., Gougherty, A.V., Nutter, F.W., Sernett, J., 

 and Robertson, A.E. 2016. Dissemination of Goss’s wilt of corn and epiphytic 

 Clavibacter michignanensis subsp. nebraskensis from inoculum point sources. 

 Plant Dis. 100: 686-695. 

Fernandez-Cornejo, J., Nehring, R, Osteen, C., Wechsler, S., Martin, A., Vialou, 

 A. 2014. Pesticide use in U.S. agriculture: 21 selected crops, 1960-2008.  

 USDA-ERS Economic Information Bulletin 124.  

Friskop, A., Kinzer, K., McConnell, M., Liu, Z., Korus, K., Zimmerman, A., and 

 Jackson, T. 2014. First report of Goss’s bacterial leaf blight and wilt of corn 

 caused by Clavibacter michiganensis subsp. nebraskensis in North Dakota. Plant 

 Dis. 98: 1739. 

Howard, R.J., Harding, M.W., Lynn, J., Kawchuk, L.M., and Rasmussen, N.M. 

 2015. First Report of Goss’s bacterial wilt and leaf blight on corn caused by 

 Clavibacter michiganensis subsp. nebraskensis in Alberta, Canada. Plant Dis. 

 99: 1034. 

Korus, K.A., Timmerman, A.D., French-Monar, R.D., and Jackson, T.A. 2011. 

 First report of Goss’s bacterial wilt and leaf blight (Clavibacter michiganensis 

 subsp. nebraskensis) of corn in Texas. Plant Dis. 95: 73. 

Madden, L.V., Hughes, G., and van den Bosch, F. 2007. The study of plant disease 

 epidemics. APS Press St. Paul, MN, USA. 

Malvick, D., Syverson, R., Mollov, D., and Ishimaru, C.A. 2010. Goss’s bacterial 

 blight and wilt of corn caused by Clavibacter michiganensis subsp. 

 nebraskensis occurs in Minnesota. Plant Dis. 94: 1064. 

Mclnroy, J. A., & Kioepper, J. W. 1995. Population dynamics of endophytic 

 bacteria in field-grown sweet corn and cotton. Can J  Microbiol. 41: 895-901. 

Morton, V. and Staub, T. 2008. A short history of fungicides. Online, APSnet 

 Features doi: 10.1094/APSnetFeature-2008-0308. 



119 

 

Paul, P. A., Madden, L. V, Bradley, C. A., Robertson, A. E., Munkvold, G. P., 

 Shaner, G., Esker, P. 2011. Meta-analysis of yield response of hybrid field 

 corn to foliar fungicides in the U.S. Corn Belt. Phytopathology 101: 1122-1132.  

Ruhl, G., Wise, K., Creswell, T., Leonberger, A., and Speers, C. 2009. First report 

 of Goss’s bacterial wilt and leaf blight on corn caused by Clavibacter 

 michiganensis subsp. nebraskensis in Indiana. Plant Dis. 93: 841. 

Schuster, M.L. 1972. Leaf Feckles and Wilt, A New Corn Disease. 27
th

 Annual 

 Corn and Sorghum Research Conference 176-191. 

Singh, R., Hollier, C., Burks, T., and Frazier, R. 2015. First report of Goss’s wilt 

 of corn caused by Clavibacter michiganensis subsp. nebraskensis in 

 Louisiana. Plant Dis. 99: 1268. 

Vidaver, A. K., & Mandel, M. 1974. Corynebacterium nebraskense, a new, 

 orange-pigmented phytopathogenic species. Int J Syst Bacteriol. 24: 482–485.  

Vidaver, A.K. 1967. Synthetic and complex media for the rapid detection of 

 fluorescence of phytopathogenic pseudomonads: effect of the carbon source. Appl 

 Microbiol. 15:1523-1524. 

Vidaver, A.K., Gross, D.C., Wysong, D.S., and Doupnik, J.R. 1981. Diversity of 

 Corynebacterium nebraskense strains causing Goss’s bacterial wilt and blight of 

 corn. Plant Dis. 65: 480–483. 

Wicklow, D.T. and Poling, S.M. 2008. Antimicrobial activity of pyrrocidines from 

 Acremonium zeae against endophytes and pathogens of maize. Phytopathology 

 99: 109-115. 

Wise, K. and Mueller, D. 2011. Are fungicides no longer just for fungi? An analysis  

 of foliar fungicide use in corn. APSnet Features. doi:10.1094/APSnetFeature-

 2011-0531 

Zinniel, D.K., Lambrecht, P., Harris, N.B., Feng, Z., Kuczmarski, D., Higley, P., 

 Ishimaru, C.A., Arunakumari, A., Barletta, R.G., and Vidaver, A.K. 2002.  

 Isolation and characterization of endophytic colonizing bacteria from 

 agronomic crops and prairie plants. Appl Environ Microbiol. 68: 2198-2208 

 

 

 



120 

 

Comprehensive Bibliography 

 

1. Agarkova, I. V, Lambrecht, P. A., & Vidaver, A. K. 2011. Genetic diversity and 

 population structure of Clavibacter michiganensis subsp. nebraskensis. 

 Can J  Microbiol. 57: 366-374. 

2. Ahmad, A., Mbofung, G.Y., Acharya, J., Schmidt, C.L., Roberston, A.E. 2015. 

 Characterization and comaprison of Clavibacter michiganensis subsp. 

 nebraskensis strains recovered from epiphytic and symptomatic infections 

 of maize in Iowa. PLOS One 10: 

 e0143553.doi:10.1371/journal.pone.0143553. 

3. Almeida, N.F. Yan, S., Cai, R., Clarke, C.R., Morris, C.E., Schaad, N.W., 

 Schuenzel, E.L., Lacy, G.H., Sun, X., Jones, J.B., Castillo, J.A., Bull, 

 C.T., Leman, S., Guttman, D.S., Setubal, J.C., Vinatzer, B.A. 2010. 

 PAMDB, a multilocus sequence tyoing and analysis database and website 

 for plant-associated microbes. Phytopathology 100: 208-215. 

4. Bentley, S.D., Corton, C., Brown, S.E., Barron, A., Clark, L., Doggett, J., Harris, 

 B., Ormond, D., Quail, M.A., May, G., Francis, D., Knudson, D., Parkhill, 

 J., Ishimaru, C.A. 2008. Genome of the Actinomycete plant pathogen 

 Clavibacter michiganensis subsp. sepedoncicus suggests recent niche 

 adaptation. J Bacteriol. 190: 2150-2160. 

5. Biddle, J.A., McGee, D.C. and Braun, E.J. 1990. Seed transmission of 

 Clavibacter michiganense subsp. nebraskense in corn. Plant Dis. 74: 908-

 911. 

6. Bull, C.T. and Koike, S.T. 2015. Practical benefits of knowing the enemy: 

 modern molecular tools for diagnosing the etiology of bacterial diseases 

 and understanding the taxonomy and diviersity of plant-pathogenic 

 bacteria. Annu Rev of Phytopathol. 53: 157-180. 

7. Carlson, R.R., Randall, R., and Vidaver, A.K. 1982. Bacterial mosaic, a new 

 corynebacterial disease of wheat (Triticum aestivum). Plant Dis. 66: 76–

 79. 

8. Carson, M.L. and Wicks III, Z.W. 1991. Relationship between leaf freckles and 

 wilt severity and yield losses in closely related maize hybrids. 

 Phytopathology 81: 95-98. 

9. Chapman, B.A. and Chang, J.T. 2000. Biopython: python tools for computational 

 biology. ACM SIGBIO Newsletter 20: 15-19. 

10. Clafflin, L. E. 1999. Goss’s bacterial wilt and blight in: Compendium of Corn 

 Diseases, 4th Ed. D. G. White,G.P. Munkvold, ed. American 

 Phytopathological Society St. Paul, MN, USA. 

11. Croce, V., Pianzzola, M.J., Durand, K., González-Arocs, M., Jacques, M.A., Inés 

 Siri, M. 2016.  Multilocus sequence typing reveals high variability  among 

 Clavibacter michiganensis subsp. michiganensis strains affecting tomato 

 crops in Uruguay. Eur J Plant Pathol. 144: 1-13. 



121 

 

12. Davis, M.J., Gillaspie Jr., A.G., Vidaver, A.K., Harris, R.W. 1984. Clavibacter: a 

 new genus containing some phytopathogenic coryneform bacteria, 

 including Clavibacter xyli subsp. xyli sp. nov., subsp.nov. and Clavibacter 

 xyli subsp. cynodontis subsp. nov., pathogens that cause ratoon stunting 

 disease of sugarcane and bermudagrass stunting disease. Int J Syst 

 Bacteriol. 34: 107-117. 

13. Dreier, J., Meletzus, D., Eichenlaub, R. 1997. Characterization of the plasmid 

 encoded virulence region pat-1 of phytopathogenic Clavibacter 

 michiganensis  subsp. michiganensis. Mol Plant Microbe In. 10: 195-206. 

14. Drummond, A.J., Suchard, M.A., Xie, D. and Rambaut, A. 2012. Bayesian 

 phylogenetics with BEAUti and the BEAST 1.7 Mol Biol Evol. 29: 1969-

 1973. 

15. Dye, D.W. and Kemp W.J. 1977. A taxonomic study of plant pathogenic 

 Corynebacterium species. New Zealand J Agric Res. 20: 563-582. 

16. Eggenberger, S., Diaz-Arias, M.M., Gougherty, A.V., Nutter, F.W., Sernett, J., 

 and Robertson, A.E. 2016. Dissemination of Goss’s wilt of corn and 

 epiphytic Clavibacter michignanensis subsp. nebraskensis from inoculum 

 point sources. Plant Dis. 100: 686-695. 

17. Eichenlaub, R. and Gartemann, K.H. 2011. The Clavibacter michiganensis 

 subspecies: molecular investigation of gram positive bacterial plant 

 pathogens. Annu Rev Phytopathol. 40: 445-464. 

18. Faeth, S.H. and Fagan, W.F. 2002. Fungal endophytes: common host plant 

 symbionts but uncommon mutualists. Integr Comp Biol. 42:360-368 

19. Fernandez-Cornejo, J., Nehring, R, Osteen, C., Wechsler, S., Martin, A., Vialou, 

 A. 2014. Pesticide use in U.S. agriculture: 21 selected crops, 1960-2008.  

 USDA-ERS Economic Information Bulletin 124.  

20. Francisco, A.P., Bugalho, M.F., Ramirez, M., and Carrico, J.A. 2009. Global 

 optimal eBURST analysis of multilocus typing data using a graphic 

 matroid approach. BMC Bioinformatics 10:152 

21. Friskop, A., Kinzer, K., McConnell, M., Liu, Z., Korus, K., Zimmerman, A., and 

 Jackson, T. 2014. First report of Goss’s bacterial leaf blight and wilt of 

 corn caused by Clavibacter michiganensis subsp. nebraskensis in North 

 Dakota. Plant  Dis. 98: 1739. 

22. Gartemann, K.H., Abt, B., Bekel, T., Burger, A., Engemann, J., Flugel, M., 

 Gaigalat, L., Goesmann, A., Grafen, I., Kalinowski, J., Kaup, O., Krause, 

 L, Linke, B., McHardy, A., Meyer, F., Pohle, S., Ruckert, C., Schneiker, 

 S., Zellermann, E.M., Puhler, A., Eichenlaub, R., Kaiser, O. and Bartels, 

 D. 2008. The genome sequence of the tomato-pathogenic actinomycete 

 Clavibacter michiganensis subsp. michiganensis NCPPB382 reveals a 

 large island involved in pathogenicity. J Bacteriol. 190: 2138-2149. 

23. Gartemann, K.H., Blom, J., Dreiseikelmann, B., Fluegel, M., Jaenicke, S., Linke, 

 B., Sczcepanowski, R., Wittmann, J., Goesmann, A., Puehler, A., 

 Eichenlaub, R. and Rueckert, C. 2015. The genome sequence of the 



122 

 

 maize-pathogen Clavibacter  michiganensis subsp. nebraskensis. 

 Unpublished. 

24. Gonzalez, A.J. and Trapiello, E. 2014. Clavibacter michiganensis subsp. phaseoli 

 subsp. nov., pathogenic in bean. Int J Syst Evol Micr. 64:1752-1755. 

25. Gross, D.C. and Vidaver, A.K. 1979. Bacteriocins of phytopathogenic 

 Corynebacterium species. Can J Microbiol. 25: 367-374. 

26. Hagborg, W.A.F. 1970. A device for injecting solutions and suspensions into 

 thin leaves of plants. Can J Bot. 48: 1135-1136. 

27. Halebian, S., Harris, B., Finegold, S.M., Rolfe, R.D. 1981. Rapid method that aids 

 in distinguishing gram-positive from gram-negative anaerobic bacteria. J 

 Clin Microbiol. 13: 444-448. 

28. Hellmich, R.L. and Hellmich, K.A. 2012. Use and impact of Bt maize. Nature 

 Education Knowledge 3: 4. 

29. Hilton, S.A. 2000. The Canadian Phytopathological Society / Canadian plant 

 disease survey - disease highlights. Can Plant Dis Surv. 80: 1-151. 

30. Howard, R.J., Harding, M.W., Lynn, J., Kawchuk, L.M., and Rasmussen, N.M. 

 2015. First Report of Goss’s bacterial wilt and leaf blight on corn caused 

 by Clavibacter michiganensis subsp. nebraskensis in Alberta, Canada. 

 Plant Dis. 99: 1034. 

31. Ikley, J.T., Wise, A.K., and Johnson, W.G. 2015. Annual ryegrass, johnsongrass, 

 and large crabgrass are Alternative Hosts for Clavibacter michiganensis 

 subsp. nebraskensis, Causal Agent of Goss's wilt of Corn. Weed Sci. 63: 

 901-909. 

32. Jackson, T. A.  2007. Reemergence of Goss’s wilt and blight of corn to the 

 Central High Plains. Plant Health Prog. doi:10.1094/PHP-2007-0919-01-

 BR. 

33. Jacques, M. A., Durand, K., Orgeur, G., Balidas, S., Fricot, C., Bonneau, S., 

 Mathis, R. 2012. Phylogenetic analysis and polyphasic characterization of 

 Clavibacter michiganensis strains isolated from tomato seeds reveal that 

 nonpathogenic strains are distinct from C. michiganensis subsp. 

 michiganensis. Appl and Environ Microbiol. 78: 8388–8402.  

34. Jahr, H., Bahro, R., Burger, A., Ahlemeyer, J., and Eichenlaub, R. 1999. 

 Interactions between Clavibacter michiganensis and its host plants. 

 Environ Microbiol. 1: 113–118. 

35. Jahr, H., Dreier, J., Meletzus, D., Bahro, R., Eichenlaub, R. 2000. The endo-beta-

 1,4-glucanase celA of Clavibacter michiganensis subsp. michiganensis is 

 a pathogenicity determinant required of induction of bacterial wilt in 

 tomato. Mol Plant Microbe In. 13: 703-714. 

36. Jones, J.B. and Chun,W. 2001. Laboratory guide for identification of plant 

 pathogenic bacteria, third edition (Eds. N.W. Schaad, J.B. Jones, and W. 

 Chun). American Phytopathological Society, St. Paul, MN, USA. 

37. Korus, K.A. 2011. Evaluating commercially available diagnostic tests for the 

 detection of Clavibacter michiganensis subsp. nebraskensis, cause of 

http://www.ncbi.nlm.nih.gov/pubmed/24554636


123 

 

 Goss’s  bacterial wilt and blight in corn. Theses, Dissertatoins, and Student 

 Research in Agronomy and Horticulture Paper 22. 

38. Korus, K.A., Timmerman, A.D., French-Monar, R.D., and Jackson, T.A. 2011. 

 First report of Goss’s bacterial wilt and leaf blight (Clavibacter 

 michiganensis  subsp. nebraskensis) of corn in Texas. Plant Dis. 95: 73. 

39. Laine, M.J., Haapalainen, M., Wahlroos, T., Kankare, K., Nissinen, R., Kassuwi, 

 S., Metzler, M.C. 2000. The cellulase gene encoded by the native plasmid 

 of Clavibacter michiganensis ssp. sepedonicus plays a role in virulence 

 and contains an expansin-like domain. Physiol Mol Plant. P 57: 221-233. 

40. Langemeier, C. B., Jackson-ziems, T. A., Pathology, P., & Kruger, G. R. 2014. 

 Four common Setaria species are alternative hosts for Clavibacter 

 michiganensis  subsp. nebraskensis, causal agent of Goss’s bacterial wilt 

 and blight of corn. Plant Health Prog. 15: 57-60. 

41. Louws, F.J., Schneider, M., and de Bruijin, F.J. 1997. Assessing the genetic 

 diversity of microbes using repetitive sequence-based PCR (rep-PCR). 

 Nucleic Acid Amplification Methods for the Analysis of Environmental 

 Microbes 63-94. Edited by G. Toranzos, Lancaster, P.A.: Technomic 

 Publishing, Chicago, IL, USA. 

42. Lu, Y., Hatsugai, N., Katagiri, F., Ishimaru, C.A., and Glazebrook, J. 2015. 

 Putative serine protease effectors of Clavibacter michignanensis induce a 

 hypersensitive response in the apoplast of Nicotiana species. Mol Plant 

 Microbe In. 28: 1216- 1226 

43. Madden, L.V., Hughes, G., and van den Bosch, F. 2007. The study of plant 

 disease epidemics. APS Press St. Paul, MN, USA. 

44. Magness, J.R., Markle, G.M. and Compton, C.C. 1971. Food and feed crops of 

 the United States. Interregional Research Project IR-4, IR Bul. 1.   

45. Maiden, M.C., Bygraves, J.A. Feil, E., Morelli, G., Russel, J.E., Urwin, R., 

 Zhang, Q., Zhou, J., Zurth, K., Caugant, D.A., Feavers, I.M., Achtman, 

 M., Spratt, B.G. 1998. Multilocus sequence typing: a portable approach to 

 the identification of clones within populations of pathogenic 

 microorganisms. P Natl Acad Sci USA. 95: 3140-3145. 

46. Mallowa, S.O., Mbofung, G.Y., Eggenberger, S.K., Den Adel, R.L., Scheiding, 

 S.R., and Robertson, A.E. 2015. Infection of maize by Clavibacter 

 michignanensis subsp. nebraskensis does not require severe wounding. 

 Plant Dis. 100: 724-731. 

47. Malvick, D., Syverson, R., Mollov, D., and Ishimaru, C.A. 2010. Goss’s bacterial 

 blight  and wilt of corn caused by Clavibacter michiganensis subsp. 

 nebraskensis occurs in Minnesota. Plant Dis. 94: 1064.   

48. Manzer, F., Genereux, H., 1981. Ring rot. In: Hocker, W.J. (Ed.), Compendium of 

 Potato  Diseases. American Phytopathological Society St. Paul, MN, USA, 

 pp. 31–32. 

49. McCulloch, L., 1925. Aplanobacter insidiosum n. sp., the cause of an alfalfa 

 disease. Phytopathology 15: 496–497. 



124 

 

50. Mclnroy, J. A., & Kioepper, J. W. 1995. Population dynamics of endophytic 

 bacteria in field-grown sweet corn and cotton Can J Microbiol. 41: 895-

 901. 

51. Mergaert, J., Verdonck, L., and Kersters, K. 1993. Transfer of Erwinia ananas 

 (synonym, Erwinia uredovora) and Erwinia stewartii to genus Pantoea 

 emend  as Pantoea ananas (Serrano 1928) comb. nov. and Pantoea 

 stewartii (Smith 1898) comb. nov. respectively, and description of 

 Pantoea stewartii subsp. indologenes subsp. nov. Int J Syst Bacteriol. 43: 

 162-173. 

52. Miller, S., Derksen, R., and Riedel, R. 2002. Why fungicides fail. American 

 Vegetable Grower 50: 12-13. 

53. Millet, M.B. Bassler, B.L. 2001. Quorom sensing in bacteria. Annu Rev 

 Microbiol. 55: 165-199. 

54. Morton, V. and Staub, T. 2008 A Short History of Fungicides. Online, 

 APSnet Features. doi: 10.1094/APSnetFeature-2008-0308. 

55. Mudgett, M.B. 2005. New insights to the function of phytopathogenic bacterial 

 type III effectors in plants. Annu Rev Plant Biol. 56: 509-531. 

56. Ngong-Nassah, E.N., Carson, M.L., and Wicks, Z.W. 1992. Inheritance of 

 resistance to leaf freckles and wilt caused by Clavibacter michiganense 

 subsp. nebraskense in early maturing maize inbred lines. Phytopathology 

 82:142–146. 

57. Paul, P. A., Madden, L. V, Bradley, C. A., Robertson, A. E., Munkvold, G. P., 

 Shaner, G., Esker, P. 2011. Meta-analysis of yield response of hybrid field 

 corn to foliar fungicides in the U.S. Corn Belt. Phytopathology 101: 1122-

 1132.  

58. Rambaut, A., Suchard, M.A., Xie, D., and Drummond, A.J. 2014. Tracer v1.6, 

 Available from http://beast.bio.ed.ac.uk/Tracer 

59. Reddy, K.N. and Nandula, V.K. 2012. Herbicide resistant crops: history, 

 development and current technologies. Indian J Agron. 57: 1-7. 

60. Robertson, A.E. 2008. Goss’s wilt prevalent in Western Iowa. Integrated Crop 

 Mangement News Paper 791. 

61. Rosqvist, R., K. Magnusson, and H. Wolf-Watz. 1994. Target cell contact triggers 

 expression and polarized transfer of Yersinia YopE cytotoxin into 

 mammalian cells. EMBO J. 13: 964-972. 

62. Rozas, J. and Rozas, R. 1995. DnaSP, DNA sequence polymorphism: an 

 interactive program for estimating population genetics parameters from 

 DNA sequence data. Comput Applic Biosci. 11: 621-625. 

63. Ruhl, G., Wise, K., Creswell, T., Leonberger, A., and Speers, C. 2009. First report 

 of Goss’s bacterial wilt and leaf blight on corn caused by Clavibacter 

 michiganensis  subsp.  nebraskensis in Indiana. Plant Dis. 93: 841.   

64. Schaefer, C.M. and Bernardo, R. Genome association mapping of flowering time, 

 kernel composition, and disease resistance in historical Minnesota maize 

 inbreds. Crop Sci. 53: 2518-2529.   

65. Schuster, M.L. 1972. Leaf Feckles and wilt, A New Corn Disease. 27
th

 Annual 

 Corn and Sorghum Research Conference 176-191. 

http://beast.bio.ed.ac.uk/Tracer


125 

 

66. Schuster, M.L., 1975. Leaf freckles and wilt of corn incited by Corynebacterium 

 nebraskense.  Neb Agr Sta Res Bul. 270. 

67. Singh, A., Andersen, A.P., Jackson-Ziems, T.A., and Lorenz, A.J. 2016. Mapping 

 quantitative train loci for resistance to Goss’s bacterial wilt and leaf blight 

 in North American maize by joint linkage analysis. Crop Sci. 56: 1-8. 

68. Singh, R., Hollier, C., Burks, T., and Frazier, R. 2015. First report of Goss’s wilt 

 of corn caused by Clavibacter michiganensis subsp. nebraskensis in 

 Louisiana. Plant Dis. 99: 1268. 

69. Stork, I., Gartemann, K.H., Burger, A., and Eichenlaub, R. 2008.  A family of 

 serine proteases of Clavibacter michiganensis subsp. michiganensis: chpC 

 plays a role in colonization of the host plant tomato. Mol Plant Pathol. 9: 

 599-608. 

70. Strider, D., 1969. Bacterial canker of tomato caused by Corynebacterium 

 michiganense: a literature review and bibliography. NC Agr Exp Sta Tech 

 Bul. 193. 

71. Stuckey, R.E., Niblack, T.L., Nyvall, R.F., Krausz, J.P., Horne, C.W. 1991. Corn 

 disease management. National Corn Handbook 4: 1-8. 

72. Suparyono and Pataky, J.K. 1989. Influence of host resistance and growth stage 

 at the time of inoculation on Stewart’s wilt and Goss’s wilt  development 

 and sweet corn hybrid yield.  Plant Dis. 73: 339-345. 

73. Tancos, M.A., Lange, H.W., Smart, C.D. 2015. Characterizing the genetic 

 diversity Clavibacter michiganensis subsp. michiganensis population in 

 New York. Phytopathology 105: 169-179. 

74. USDA Econimic Research Service. 2014. Corn. Retrieved on 25 May 2014 from 

 http://www.ers.usda.gov/topics/crops/corn/.aspx#.U43wSvldX5Q. 

75. USDA Foreign Agrictultural Service. 2014, World Corn Production, 

 Consumption  and Stocks. Retrieved on 25 May 2014 from 

 http://apps.fas.usda.gov/psdonline/psdgetreport.aspx?hidReportRetrievalN

 ame=BVS&hidReportRetrievalID=459&hidReportRetrievalTemplateID=

 7. 

76. USDA Natural Resources Conservation Service. Zea mays L. ssp. mays- Corn. 

 Retrieved on 25 May  2014 from 

 http://plants.usda.gov/core/profile?symbol=ZEMAM2.  

77. USDA-NASS. 2015. Acreage. Retrieved on June 21, 2016 from 

 http://www.usda.gov/nass/PUBS/TODAYRPT/acrg0615.pdf. 

78. van Rossum, G. 1995. Python tutorial. Technical Report CS-R9526, Centrum 

 voor Wiskunde en Informatica (CWI), Amsterdam, Netherlands. 

79. Vidaver, a. K., & Mandel, M. 1974. Corynebacterium nebraskense, a new, 

 orange-pigmented phytopathogenic species. Int J Syst Bacteriol. 24: 482–

 485. 

80. Vidaver, A.K. 1967. Synthetic and complex media for the rapid detection of 

 fluorescence of phytopathogenic pseudomonads: effect of the carbon 

 source. Appl Microbiol. 15: 1523-1524. 

http://www.ers.usda.gov/topics/crops/corn/.aspx#.U43wSvldX5Q
http://apps.fas.usda.gov/psdonline/psdgetreport.aspx?hidReportRetrievalN%09ame=BVS&hidReportRetrievalID=459&hidReportRetrievalTemplateID=%097
http://apps.fas.usda.gov/psdonline/psdgetreport.aspx?hidReportRetrievalN%09ame=BVS&hidReportRetrievalID=459&hidReportRetrievalTemplateID=%097
http://apps.fas.usda.gov/psdonline/psdgetreport.aspx?hidReportRetrievalN%09ame=BVS&hidReportRetrievalID=459&hidReportRetrievalTemplateID=%097
http://plants.usda.gov/core/profile?symbol=ZEMAM2


126 

 

81. Vidaver, A.K. and Lambrecht, P.A. 2004. Bacteria as plant pathogens. The Plant 

 Health Instructor DOI: 10.1094/PHI-I-2004-0809-01. 

82. Vidaver, A.K., Gross, D.C., Wysong, D.S., and Doupnik, J.R. 1981. Diversity of 

 Corynebacterium nebraskense strains causing Goss’s bacterial wilt and 

 blight of corn. Plant Dis. 65: 480–483. 

83. Wicklow, D. T., & Poling, S. M. 2009. Antimicrobial activity of pyrrocidines 

 from Acremonium zeae against endophytes and pathogens of maize. 

 Phytopathology 99: 109–15. 

84. Wicklow, D. T., Poling, S. M., & Summerbell, R. C. 2008. Epidemiology and 

 occurrence of pyrrocidine and dihydroresorcylide production among 

 Acremonium zeae populations from maize grown in different regions, Can 

 J Plant Pathol.  30: 425–433. 

85. Wise, K. and Mueller, D. 2011. Are fungicides no longer just for fungi? An 

 analysis of foliar fungicide use in corn. APSnet Features. 

 doi:10.1094/APSnetFeature-2011-0531. 

86. Wise, K., & Mueller, D. 2015. Corn disease loss estimates from the United  

 States  and Ontario, Canada. Purdue Extension Publication BP-96-14-W: 

 1-4. 

87. Wysong, D. S., Doupnik Jr, B., and Lane, L. 1981. Goss’s wilt and corn Lethal 

 Necrosis- can they become a major problem? 36
th

 Annual Corn and 

 Sorghum Research Conference. 104-129. 

88. Wysong, D. S., Vidaver, A. K., Stevens, H., and Stenberg, D. 1973. Occurence 

 and spread of an undescribed species of Corynebacterium pathogenic on 

 corn in the western corn belt. Plant Dis Rep. 57: 291-294. 

89. Yasuhara-Bell, J. and Alvarez, A.M. 2015. Seed-associated subspecies of the 

 genus  Clavibacter are clearly distinguishable from Clavibacter 

 michiganensis subsp.  michiganensis. Int J Syst Evol Micr. 65: 811-826. 

90. Zaluga, J., Stragier, P., Baeyen, S., Haegeman, A., Van Vaerenbergh, J., Maes, 

 M., De Vos, P. 2015. Comparative genomic analysis of pathogenic and 

 non-pathogenic Clavibacter strains reveals adaptations to their lifestyle. 

 BMC Genomics 15: 392 

91. Zhu, X., Reid, L., Presello, D., and Woldermarian, T. 1999. Corn Pest Survey. 

 Report. Agriculture and Agri-Food Canada Research Branch. Available 

 from http://www.onatariocorn.org/pest-studyAAFC.htm [Accessed on 17 

 June 2014]. 

92. Zinniel, D.K., Lambrecht, P., Harris, N.B., Feng, Z., Kuczmarski, D., Higley, P., 

 Ishimaru, C.A., Arunakumari, A., Barletta, R.G., and Vidaver, A.K. 2002.  

 Isolation and characterization of endophytic colonizing bacteria from 

 agronomic crops and prairie plants. Appl Environ Microbiol. 68: 2198-

 2208. 

 

 

http://www.onatariocorn.org/pest-studyAAFC.htm


127 

 

 

 

Appendix 1: Clavibacter michiganensis subsp. nebraskensis as 

asymptomatic corn epiphyte 

Introduction 

 Recently, Goss’s wilt of corn has reemerged as the most important bacterial 

pathogen of the upper Midwest and bordering corn-producing regions (Wise et al., 2012). 

C. michiganensis subsp. nebraskensis has now been isolated from corn tissue as far south 

as Texas (Korus et al., 2011) and Louisiana (Singh et al., 2015), as far east as Indiana 

(Ruhl et al., 2009) and Michigan (Howard et al., 2015), and far west as Wyoming and 

Colorado (Vidaver et al., 1981) and as far north as Minnesota (Malvick et al., 2010) and 

North Dakota (Friskop et al., 2014). Goss’s wilt is caused by the gram-positive 

bacterium, Clavibacter michiganensis subsp. nebraskensis, which can cause up to 50% 

yield loss in fields with high severity (Vidaver and Mandel, 1974) (White et al., 1990). 

Severe Goss’s wilt infection has been shown to be most common following wind and hail 

storms, implying that injury to the corn plant is an important step in Goss’s wilt 

progression (Clafflin et al., 1999). Goss’s wilt lesions are characterized by long necrotic 

blemishes, that develop between the margin of the leaf and the midvein, with a 

distinguishable “freckled” appearance. Symptoms tend to move up a plant once leaf 

infection begins. In 1986, Smidt and Vidaver suggested that Clavibacter had an epiphytic 

phase, whereby the bacteria were present but disease symptoms not yet observable. They 
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were able to recover C. michiganensis subsp. nebraskensis from inoculated corn tissue at 

least 2 weeks before symptoms were observed (Smidt and Vidaver, 1986). Work 

completed in 2015 corroborates this hypothesis by showing that C. michiganensis subsp. 

nebraskensis does move from its source point in a field before the onset of symptom 

development (Eggenberger et al., 2015).  

 The objective of this study was to determine if epiphytic populations of C. 

michiganensis subsp. nebraskensis were present on asymptomatic corn plants in 

Minnesota.  In the fall of 2014, samples of asymptomatic corn leaves were obtained from 

fields across Minnesota within fields with a history of Goss’s wilt. The tissues were 

processed and serial dilutions were performed in an attempt to recover trace populations 

of C. michiganensis subsp. nebraskensis that may be present as epiphytes in the field. A 

single isolate was recovered that was gram positive and tested positive for Clavibacter in 

a species-specific immunoassay.  

 

Materials and Methods 

 From August until October of 2014, a total of 72 samples of asymptomatic corn 

leaves collected from fields across Minnesota with a history of Goss’s wilt were received. 

For the first 36 samples received chronologically, leaves were stored at 4°C until 

processed. A sterile scalpel was used to cut about 2 square inches of corn leaf tissue, 

including the midvein length-wise, from the sample. This 2 square inch piece was further 

divided into about 4 or 5 smaller pieces and placed into a 1.5 ml microfuge tube 

containing 1 ml 0.85% (w/v) NaCl. The sample was vortexed at high speed for 15 
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seconds, and then placed on a mechanical rocker oscillating at low speed for 5 minutes to 

encourage the removal of potential bacteria from the corn leaf tissue and into the buffer. 

The original 36 samples and additional 36 samples were also processed using a slightly 

different protocol. The entire corn leaf sample was cut into small pieces using a sterile 

scalpel and nearly three quarters of the tissue was placed into a 50 ml Falcon tube 

containing 40 ml of 0.85% NaCl. Samples were then placed in a Branson 2510 Sonicator 

for 5 minutes on the highest setting to encourage the removal of the bacteria from the 

corn leaf tissue. Serial dilution plating was then performed for the sample in successive 

1.5 ml microfuge tubes at 1x     through 1x    . Once serial dilutions were complete, 

tubes representing the 1x     through 1x     were vortexed for 5 seconds and 100 µl of 

the resulting solution was plated on nutrient broth with yeast (NBY) and glucose 

amended with 0.1 g/ml cyclohexamide with three repetitions per concentration. This 

protocol was used for all of the 36 initial samples. After 5 days of incubation at 25.5°C, 

each plate was visual inspected for any small, apricot or yellow, circular and slightly 

raised colonies typical of C. michiganensis subsp. nebraskensis. Colonies fitting this 

description were then subjected to a gram test using 3% potassium hydroxide (Schadd et 

al. 2001). Presumptive gram positive colonies were then collected using a sterile cotton 

swab and placed into an Agdia Immunostrip® test specific to C. michiganensis.  

 

Results and Discussion 

 Isolation of C. michiganensis subsp. nebraskensis from asymptomatic corn tissue 

has been reported in both Nebraska (Vidaver and Mandel, 1974) and Iowa (Ahmad et al., 
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2015). An epiphytic phase proceeding symptom development has been proposed to be 

importance in the epidemiology of Goss’s wilt (REF). One major obstacle when 

screening for C. michiganensis subsp. nebraskensis on asymptomatic corn leaf tissue was 

the presence of numerous other bacterial species on corn leaves.  Many grew faster on 

NBY media than C. michiganensis subsp. nebraskensis. By 5 days of growth, it was 

difficult to find representative C. michiganensis subsp. nebraskensis colonies. There were 

many other gram positive bacterial colonies matching the characteristics of C. 

michiganensis subsp. nebraskensis.  Approximately 50 samples were tested for C. 

michiganensis, but resulted in a negative reaction using the Agdia Immunostrips®. 

Among these tested, only a single colony tested positive using the Agdia Immunostrips®. 
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Appendix 2: Greenhouse Spray Inoculation Protocol 

In an attempt to corroborate findings of the fungicide field study with greenhouse work, 

we attempted to develop an inoculation protocol to test the effect of fungicides on Goss’s 

wilt disease progression in the greenhouse. In order to best represent C. michiganensis 

subsp. nebraskensis infection in the field, it was imperative that the inoculation method 

be based on a spray protocol, as opposed to direct wounding. Since the experiment was to 

test the ability of foliar fungicides to affect Goss’s wilt disease progression, it was 

thought that an inoculation method based on wounding would circumvent effects of the 

fungicides. Over the course of 2014, numerous iterations of the experiment were 

attempted on susceptible and resistant corn varieties in the greenhouse and severity and 

incidence data was recorded. Combinations of the following treatments were tested to 

attempt to replicate Goss’s wilt disease progression in the field: a CO2 powered sprayer; a 

motorized, gas-powered backpack sprayer made by Solo Inc., with and without the 

addition of silicon carbide at a concentration of 1g/L of inoculum, with and without the 

addition of surfactant, and with and without the addition of a humidity component 24 and 

48 hours after inoculation. In every experiment, disease incidence was high, but disease 

severity was very low and inconsistent. Since the fungicide study depended on our ability 

to obtain consistent severity data similar to the level observed in field studies, greenhouse 
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iterations of the fungicide study were never pursued, opting instead for the greenhouse 

space to be used for the host range study. 

 

 

 

 

 

 


