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Fusarium verticillioides is a mycotoxigenic pathogen of corn, capable of an intimate host 

association via asymptomatic endophytism and seed infection. Through production of fumonisin 

mycotoxins, this fungus threatens the industrial and agricultural uses of maize grain. Fumonisin 

consumption causes lethal diseases in livestock and is linked to esophageal cancers in humans, 

leading to mandatory regulation. The ubiquity of this pathogen and its close association with the 

host pose a significant challenge to chemical control strategies, presenting an opportunity for 

efficacious biological control. The work detailed here characterizes the interaction of F. 

verticillioides with a bacterial endophyte of maize and potential biocontrol agent, Bacillus 

mojavensis strain RRC101. Initial work resulted in the sequencing and annotation of the RRC101 

genome for biocontrol-relevant genes, identifying synthetase operons for surfactin and fengycin 

class lipopeptides. Further work identified the fengycins as primary antifungal secondary 

metabolites involved in antagonism of F. verticillioides. This antagonism generates severe 

hyphal deformation and lysis, accompanied by increased secondary metabolic activity. 

Subsequent analysis focused on evaluating the specificity of F. verticillioides response to 

lipopeptide challenge, through transcriptomic analysis of cultures exposed to individual classes 

and synergistic antagonism. Bioinformatic characterization of lipopeptide-responsive genes 



identified differential localization and functional enrichment across lipopeptide classes, 

suggesting nuanced perception of antagonism in F. verticillioides. These transcriptomic data 

revealed that antagonism induces putative core stress response genes, as well as those involved 

in maize colonization, indicating common stress pathways involved in microbial antagonism and 

maize colonization. Additionally, microscopic and biochemical phenotypes of antagonism were 

corroborated as genes involved in structural components and secondary metabolism were 

upregulated under antagonistic conditions. These data also provided support for apoptosis-

induction as a consequence of lipopeptide antagonism, suggesting an additional mechanism of 

action underlying this biological control. Together, these data illustrate the differential response 

of F. verticillioides to bacterial lipopeptides and characterize the subsequent response of this 

phytopathogen to antagonistic conditions. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Research Objectives 

The purpose of the proposed research was to characterize the molecular underpinnings of the 

biocontrol interaction between B. mojavensis and F. verticillioides, two endophytes of maize. 

Collectively, the experiments conducted were designed to fill knowledge gaps with regards to the 

mechanisms of antagonism by B. mojavensis and the response by F. verticillioides. Together, the 

data gathered should provide a better assessment of the biocontrol potential of B. mojavensis, and 

better inform the development of future biological control agents (BCAs) for pathosystems 

beyond maize. Broadly, the research described was guided by the following objectives: 

1. Evaluate the capability of Bacillus mojavensis RRC101 to produce lipopeptides and

identify their contribution to F. verticillioides antagonism (Chapter 2) 

2. Assess  the impact of lipopeptide challenge on cellular processes in F. verticillioides

(Chapters 3 and 4) 

Corn (Zea mays) is an economically significant crop, averaging an annual value of $66 

billion in the US alone from 2010-2014 (National Corn Growers Association, 2015). The world 

was projected to produce 961 million metric tons of corn from 2015-2016, with the top-

producing United States contributing 345 million tons (WAOB, 2016). Domestic corn 

consumption in the US was projected to be 12.4 billion bushels (299 million tons) from 2015 – 

2016, with fuel ethanol and animal feed utilizing approximately 5 billion bushels (140 million 
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tons) each (ERS, 2016). Beyond animal feed, the grain, in hundreds of cultivars, is a cultural and 

nutritional staple across Latin America and much of the developing world, making it an 

invaluable food source for humanity (Nuss and Tanumihardjo, 2010). 

Fusarium verticillioides (synonym F. moniliforme, teleomorph: Gibberella moniliformis 

Wineland) is a maize pathogen causing Fusarium ear and stalk rots as well as seedling blight. 

Despite its pathogenic habit, F. verticillioides can survive as a symptomless endophyte within 

vegetative tissues and maize kernels (Munkvold et al., 1997). Seed infection is a strong 

contributor to dissemination and success as a pathogen (Yates et al., 2003). F. verticillioides is 

well known for producing the fumonisin mycotoxins during maize colonization, and while they 

are known to be virulence factors, they have also been found in significant quantities in 

asymptomatic maize tissue (Bacon and Hinton, 1996; Bacon et al., 2008; Glenn et al., 2008). The 

Fusarium-maize relationship is further complicated by the fact that, when living endophytically, 

the fungus can act as a growth promoter or protectant against other pathogens (Yates et al., 1997; 

Lee et al., 2009). 

Quantifying yield losses due to disease caused by F. verticillioides is complicated by its 

ubiquity and insect-vectored nature; maintaining an uninfected control plot in field conditions is 

difficult. Studies evaluating disease severity and fumonisin concentration in natural- and 

artificially-inoculated outbreaks have demonstrated a correlation between disease severity and 

reduced yield, although, due to unintended natural infection, an uninfected control was 

unavailable (Presello et al., 2008). Further field experiments demonstrated a correlation between 

disease severity and fumonisin concentration in harvested grain, suggesting that the pathogen 

reduces both quantity and quality of potential maize harvests (Presello et al., 2007). 
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Fusarium verticillioides is one of several species of Fusarium that are known to produce 

the fumonisin mycotoxins. This family of toxins exists in a variety of series and isoforms, the 

most naturally prevalent being the carcinogenic, cytotoxic B series (FB1, FB2, FB3 etc), with FB1 

the most abundant of these isoforms (WHO, 2000). FB1 is the first discovered inhibitor of 

sphingolipid metabolism, with significant research applications. In mice, the toxin is both 

hepatocarcinogenic and nephrocarcinogenic, and fumonisin consumption has been shown to 

cause other animal diseases such as equine leukoencephalomalacia and porcine pulmonary 

edema (Kellerman et al., 1990; Haschek et al., 2001). All tested animals are susceptible to 

fumonisin mycotoxicoses, although swine and horses are especially sensitive due to the high 

content of contaminated maize in feeds. This is illustrated by outbreaks reported over the past 

decade (Morgavi and Riley, 2007).   Although fumonisin sensitivity varies by animal, all tested 

species suffered renal or liver toxicity, as well as increased cancer rates. 

As maize is a primary feed ingredient for meat and egg chickens, the risks and 

consequences of mycotoxin contamination have been rigorously evaluated (Murugesan et al., 

2015). Although birds in general are less sensitive than mammals to fumonisins, consumption of 

contaminated grain still poses a threat to poultry production, with turkeys more sensitive than 

chickens. Symptoms of fumonisin toxicosis in poultry include reduced animal weight and egg 

production, hepatotoxicity, immunosuppression and increased incidence of intestinal pathogens 

(D’Mello et al., 1999). As grain for poultry feed can harbor multiple mycotoxigenic species, and 

a given species may produce multiple mycotoxins, studies and meta-analyses regarding co-

contaminated feed are essential to properly evaluate food and feed security (Grenier and Oswald, 

2011). These analyses reveal interactions between aflatoxins and fumonisins in poultry, 

particularly synergistic effects on immunosuppression, reducing body weight gain and increased 
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pancreas weight. The ubiquity of mycotoxigenic fungi and the economic effects of feed 

contamination warrant surveillance and, where possible, mitigation of F. verticillioides infection 

and fumonisin contamination. 

Relative to the observed deleterious effects in livestock, fumonisins have only been 

recently associated with human illness.  Maize contaminated with F. verticillioides has been 

associated with both esophageal cancer in South Africa and the high rate of neural tube defects 

along the borders of Texas decades before the structures of the fumonisins were elucidated 

(Marasas et al., 1981; Sydenham et al., 1990). Both esophageal cancer and neural tube defects 

are now associated with this class of mycotoxins, which has been found in maize samples 

worldwide (Chu and Li, 1994; Hendricks, 1999; Marasas et al., 2004; Missmer et al., 2006). 

Additionally, cell-level cytotoxicity and apoptosis induction from fumonisin exposure have been 

observed in human and animal tissues, although this varies by tissue (Stockmann-Juvala and 

Savolainen, 2008). As a staple food, corn represents a major source of nutrition for both 

industrialized and developing nations; heavy fumonisin contamination of corn could have far-

reaching and severe consequences for import/export economics and human health and safety. 

Based on the “No Observed Effect Level” for renal toxicity (0.2 mg fb1/kg bodyweight) 

in rats and a safety factor of 100, the current World Health Organization “provisional maximal 

tolerable daily intake” for fumonisin B1 is 2 µg/kg body weight per day (2001). Based on animal 

toxicity studies, the US Food and Drug Administration suggests that the fumonisin levels in 

maize should not exceed 2 to 4 ppm (Administration, 2001; Voss et al., 2007). The European 

Union has imposed regulatory limits for total fumonisin at 4 ppm for whole maize grain, and 0.2 

to 2 ppm for any processed maize products (Commission, 2007). These regulatory limits lead to 
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rejection of maize harvests for food or feed use, and stringent restrictions threaten maize exports, 

particularly from the US (Miller et al., 1995; Wu, 2004; Dvorak et al., 2007). 

Currently, there are no efficient chemical means for managing ear rot caused by F. 

verticillioides, forcing a reliance on cultural methods such as crop rotation and residue removal  

(Czembor et al., 2010). Studies have shown a correlation between corn resistance to F. 

verticillioides and reduced fumonisin levels, suggesting that resistant lines may mitigate grain 

contamination (Presello et al., 2007; Presello et al., 2011). A comparison of conventional and 

organic farming methods revealed a roughly 10% difference in average fumonisin B1 levels in 

maize, suggesting that differences between these cultivation practices are not likely major 

determinants of fumonisin levels in grain production (Agustín et al., 2007). Due to the unclear, 

potentially beneficial, endophytic relationship between F. verticillioides and maize, proposed 

management strategies include introducing fumonisin-deficient F. verticillioides genotypes, or 

detoxifying fumonisins in planta and in postharvest processing, although detoxification 

strategies are complicated by the structural resilience of fumonisins (Duvick, 2001). 

Biological control is generally defined by Eilenberg et al as: “‘The use of living 

organisms to suppress the population density or impact of a specific pest organism, making it 

less abundant or less damaging than it would otherwise be” (Eilenberg et al., 2001). Biological 

control strategies can be divided into four categories: 

1. Classical – “The intentional introduction of an exotic, usually co-evolved, biological

control agent for permanent establishment and long-term pest control” 

2. Inoculation – “The intentional release of a living organism as a biological control agent

with the expectation that it will multiply and control the pest for an extended period, 

but not permanently” 
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3. Inundation – “The use of living organisms to control pests when control is achieved

exclusively by the released organisms themselves” 

4. Conservation – “Modification of the environment or existing practices to protect and

enhance specific natural enemies or other organisms to reduce the effect of pests” 

In the context of plant pathology, biological control can be defined as, “the purposeful utilization 

of introduced or resident living organisms, other than disease resistant host plants, to suppress 

the activities and populations of one or more plant pathogens.” This goal can be achieved using 

mechanisms that are grouped into three categories (Pal and Gardener, 2006): 

1. Direct antagonism includes parasitism or full predation of target organisms by the

biological control agent (BCA), as seen in the interaction between nematophagous fungi 

and their hosts. This type of activity is relatively nonspecific, and highly variable in 

efficacy, as parasitic or predatory lifestyles may be a response to nutrient deficiency. 

2. Mixed-path antagonism refers to the production of either waste products or secondary

metabolites as the means of control, primarily seen with bacterial BCAs. These 

metabolites can act directly as antibiotics or may impair pathogen lifestyles through 

avenues such as disrupting molecular signals to prevent germination or quorum sensing, 

thereby lowering pathogen fitness. 

3. Indirect antagonism is achieved through actions such as BCA exclusion of pathogens via

niche occupation, nutrient sequestration or activation of host defenses. 

These mechanisms are not mutually exclusive; it is hypothesized that some BCAs employ 

multiple strategies in target antagonism, for example producing an antibiotic while physically 

occupying space on a host root (Mousa et al., 2016). 
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Bacillus mojavensis, now known to inhabit soil, marine and phyllosphere environments, 

was first described in 1994 and differentiated from other Bacillus species by 16S rDNA data 

(Roberts et al., 1994). The B. mojavensis strain RRC101, isolated from a surface-sterilized maize 

seed, is known to colonize the maize rhizosphere and apoplast (Bacon and Hinton, 2002). 

RRC101 also reportedly demonstrates in vitro and in planta antifungal activity, particularly 

against mycotoxin-producing species such as F. verticillioides (Hinton and Bacon, 1995). Since 

its discovery, strains of B. mojavensis have been shown to also associate with coffee and sugar 

beet, suggesting a host range beyond grasses (Nair et al., 2002). A broad host range combined 

with antagonism towards phytopathogenic fungi suggest that B. mojavensis is a potential source 

of efficacious and versatile biocontrol agents. 

Bacterial lipopeptides are nonribosomally synthesized, comprised of a peptide ring bound 

to a variable-length fatty acid chain; the lipopeptides are divided into classes based upon their 

structure and composition, with further variation within each class (Figure 1.1) (Ongena and 

Jacques, 2008). These compounds are primarily studied in Bacillus and Pseudomonas, with 

fitness impacts such as enhanced motility and antibiosis, as well as a potential for improved 

nutrient acquisition (Raaijmakers et al., 2010). Lipopeptide antibiosis varies by lipopeptide class 

as well as target organism, with the working model of antagonism thought to be a result of 

membrane destabilization and pore formation. 

Antibiotic lipopeptides were first discovered in 1953, though their roles in both symbiotic 

and pathogenic plant-microbe interactions have been a growing research interest over the past 

decade (Heinemann et al., 1953; Ongena and Jacques, 2008). In addition to antifungal activity, 

bacterial lipopeptides have been demonstrated to be necessary for swarming motility and biofilm 

formation, particularly on plant roots (Fall et al., 2004). It is therefore probable that lipopeptide 
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production plays a significant role in host association and biological control activity of Bacillus 

mojavensis; lipopeptide synthesis has been observed for B. mojavensis RRC101 (a surfactin 

variant), and evidence suggests that one or more non-surfactin metabolites may be responsible 

for antagonism (Snook et al., 2009). 

In the context of plant-microbe interactions, lipopeptides contribute to crop protection 

through multiple mechanisms of action, with classes acting individually or synergistically 

(Figure 1.2).  These activities correspond with the aforementioned biocontrol mechanisms, but 

most can be classified as mixed-path or indirect antagonism. These mechanisms are thought to 

inflict less evolutionary pressure, theoretically prolonging their utility. Lipopeptides are 

biodegradable, biocontrol strategies incorporating these antibiotics would thus impose minimal 

disruption to local soil ecology. Additionally, since B. mojavensis has been observed to live 

within plant tissues, there is strong potential for directed activity against F. verticillioides. 

We hypothesize that Bacillus mojavensis produces additional lipopeptides, and that these 

lipopeptides are critical to F. verticillioides antagonism and maize colonization. 

To confirm lipopeptides as major contributors to B. mojavensis antifungal activity, we 

initially propose to annotate the genome of B. mojavensis strain RRC101. Understanding the role 

of B. mojavensis as a potential biocontrol agent requires an appreciation of the mechanism by 

which it antagonizes Fusarium verticillioides, putatively secretion of antifungal lipopeptides. To 

this end, the antifungal capability of RRC101-produced lipopeptides will be assessed for 

Fusarium verticillioides antagonism. 

Antibiosis, though one of the more straightforward biocontrol mechanisms, represents a 

complex interaction at the cellular level. In Fusarium verticillioides specifically, lipopeptide 

exposure has been shown to decrease secondary metabolite production, notably fumonisins (Hu 
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et al., 2009). Lipopeptides interfere with life processes in Podosphaera fusca and Sclerotinia 

sclerotiorum, particularly germination and sporulation, both of which are critical to plant 

pathogenesis (Romero et al., 2007). The most conspicuous fungal reaction to antibiotic exposure 

is one of arrested development (frequently visualized as a zone of inhibition on agar media), but 

transcriptional processes are not as well described. 

Experiments will be conducted using varied levels of lipopeptides to evaluate the 

existence of dose-dependent morphological responses, with a focus on conidial germination and 

vegetative growth. In addition, transcriptional analyses will be used to guide construction of 

deletion mutants to examine the roles of specific differentially activated genes in response to 

lipopeptide exposure. 
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Figure 1.1. Structures of representative members of the three predominant lipopeptide families 

synthesized by Bacillus species. [Reprinted with permission from (Ongena and Jacques, 2008)] 
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Figure 1.2. Overview of Bacillus lipopeptide interactions in the context of biological control of 

plant diseases. From left to right, the three photographs show bacterial spreading, fungal growth 

inhibition through the production of fungitoxic compounds by bacterial cells (blue) and leaf 

disease reduction following inoculation of the beneficial bacterium on roots. They illustrate how 

to get experimental indications about the potential involvement of one particular strain in the 

three phenomena schematically represented in (A), (B) and (C). Establishment of bacterial 

biofilms and microcolonies is represented by (A). (B) represents direct antibiosis that can be 

exerted by the established biocontrol strain toward pathogens sharing the same 

microenvironment. In (C), the arrows illustrate the emission of a signal following perception of 

the rhizobacterium at the root level. This signal moves throughout the entire plant leading to 

some systemic reinforcement allowing pathogen restriction at distal sites of infections (see Box 

3). [Reprinted with permission from (Ongena and Jacques, 2008)] 
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CHAPTER 2 

WHOLE-GENOME SHOTGUN SEQUENCE OF BACILLUS MOJAVENSIS STRAIN RRC101, 

AN ENDOPHYTIC BACTERIUM ANTAGONISTIC TO THE MYCOTOXIGENIC 

ENDOPHYTIC FUNGUS FUSARIUM VERTICILLIOIDES 

S.E. Gold*, A.A. Blacutt*, R.J. Meinersmann, C.W. Bacon. 2014. Genome Announcements. 

2(5):e01090-14. Reprinted with permission from the publisher. *Authors contributed equally to 

this work. 
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ABSTRACT 

Here we report the whole genome shotgun sequence of Bacillus mojavensis strain RRC101, 

isolated from a maize kernel. This strain is antagonistic to the mycotoxigenic plant pathogen 

Fusarium verticillioides, and grows within maize tissue, suggesting potential as an endophytic 

biocontrol agent. 
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Bacillus mojavensis strain RRC101, U.S. Patent 5,994,117; ATCC 55732 (1), was 

isolated from a maize kernel from Northern Italy. It was originally identified as Enterobacter 

cloacae and shown to grow endophytically and enhance the growth of corn seedlings (Hinton 

and Bacon, 1995). It is antagonistic to Fusarium verticillioides, a soil and seedborne 

mycotoxigenic fungus capable of asymptomatic endophytic growth in maize plants. B. 

mojavensis is very closely related to B. subtilis (Roberts et al., 1994), but is distinguishable, 

among other means, by its 16S rRNA sequence (Roberts et al., 1994; Bacon and Hinton, 2002). 

The RRC101 genome was prepared as an 8 kb paired-end library and sequenced using 454 

technology on a ¼ run through the Georgia Genomics Facility at the University of Georgia. 

According to RAST automated annotation of the sequence data and visualization in The SEED 

Viewer, the genome consists of 4,167,987 bp in 4 contigs and includes 4241 coding sequences 

with 55 possible missing genes. As there are no public B. mojavensis sequences included in 

SEED, the closest related public genome sequence was that of Bacillus subtilis subsp. subtilis 

strain 168 (Taxonomy ID: 224308). 

Operons for biosynthesis of antifungal compounds surfactin and fengycin, but not iturin 

were identified. Reciprocal BLASTs for antimicrobial lipopeptides, using Bacillus 

amyloliquefaciens FZB42 as a reference, led to identification (>92% identity) of operons 

corresponding to the surfactin and fengycin biosynthetic pathways. These identifications were 

bolstered by conserved synteny in the genes within and surrounding these operons. BLAST 

against the RRC101 genome using the bacillomycin (iturin) operon failed to identify 

significantly similar genes outside of the already identified fengycin or surfactin pathways, 

suggesting that RRC101 lacks the PKS-NRPS genes for bacillomycin synthetase and thus likely 

produces only the fengycin and surfactin class lipopeptides. Preliminary biochemical analyses 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=224308&lvl=3&lin=f&keep=1&srchmode=1&unlock
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have indicated that, indeed, several molecular variants of surfactin and fengycin are produced by 

strain RRC101 (Blacutt, A.A., unpublished).  Additionally, operons for biosynthesis of a 

bacillibactin-like siderophore, the antibiotic bacilysin and a number of polyketide synthetase 

genes similar to those involved in bacillaene production in FZB42 were also identified. 

RRC101 possesses a number of genes with likely relevance to rhizosphere competence 

and endophytism. Specifically, quercetin dioxygenase and acetoin reductase are likely involved 

in plant-microbe signaling (Chen et al., 2007), with the former degrading plant-produced 

antimicrobial root exudates (Ramos et al., 2006) and the latter having implications as producing 

a known plant growth promoting volatile compound likely contributing to the observed 

enhancement in maize (Hinton and Bacon, 1995) and Arabidopsis (Rath, M., unpublished). 

Further, while the endophytic trait of B. mojavensis RRC101 and other bacteria is likely 

multifactorial, the presence in the genome of genes typically involved in plant colonization, like 

pectin lyase, expansin, etc. provides mechanistic clues to endophytic competence (Georgelis et 

al., 2014). 

Nucleotide sequence accession number: The genome sequence of B. mojavensis RRC101 has 

been deposited at NCBI under the accession no. ASJT01000101.1 
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CHAPTER 3 

BACILLUS MOJAVENSIS RRC101 LIPOPEPTIDES PROVOKE PHYSIOLOGICAL AND 

METABOLIC CHANGES DURING ANTAGONISM AGAINST FUSARIUM 

VERTICILLIOIDES 

Blacutt, A. A., Mitchell, T. R., Bacon, C.W., Gold, S. E. 2016. Molecular Plant-Microbe 
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ABSTRACT 

The mycotoxigenic pathogen Fusarium verticillioides threatens the quality and utility of maize 

across industrial and agricultural purposes. Chemical control is complicated by the intimate 

endophytic lifestyle of the pathogen with its host. Bacillus mojavensis RRC 101, a maize-

endophytic bacterium, has been observed to reduce F. verticillioides disease severity and 

fumonisin accumulation when co-inoculated to maize. Genome sequencing and annotation 

identified a number of biocontrol-relevant pathways in RRC 101. Biochemical assays confirmed 

the presence and activity of surfactin and fengycin type lipopeptides, with fengycins responsible 

for antifungal activity against F. verticillioides. This antagonism manifests as inhibition of 

filamentous growth, with microscopy revealing hyphal distortions, vacuolization and lysis. F. 

verticillioides secondary metabolism also responds to antagonism, with lipopeptide challenge 

inducing greater fumonisin production and, in the case of fengycins, eliciting pigment 

accumulation at sites of inhibition. Together, these data suggest that lipopeptide and mycotoxin 

production are two opposing components of a biochemical interaction among maize endophytes, 

one beneficial and one pathogenic. 
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INTRODUCTION 

Fusarium verticillioides is a seed- and soil- borne fungal pathogen of maize, endemic to 

regions where its host is cultivated (Munkvold et al., 1997). F. verticillioides undergoes a period 

of asymptomatic endophytic growth, reportedly capable of benefitting the host until induced to 

grow pathogenically – a process theorized to be triggered by environmental stresses such as 

drought (Lee et al., 2009). Through infection and subsequent production of the fumonisin 

mycotoxins, F. verticillioides threatens all uses of corn: decreased ethanol yields, toxicity to 

livestock and links to human cancers and birth defects (Marasas et al., 1981; Bothast et al., 1992; 

USDA, 2001; Voss et al., 2002). Importantly, limits on acceptable fumonisin contamination for 

maize imports by other countries threaten maize exports from the United States (Miller et al., 

1995). 

The endemic nature of F. verticillioides, its close association with corn and its adaptation 

as a soil microbe render chemical controls impractical or prohibitively expensive, with little 

demonstrated control difference between organic and conventional farming practices (Agustín et 

al., 2007). Thus, the value of potential biological control agents to control F. verticillioides is 

readily apparent, provided that such biorationals are host-benign, persistent and efficacious in 

their control. With growing consumer awareness of sustainable, low-input agricultural methods, 

the need for well-understood, effective biological control agents is clear (Batte et al., 2007). 

Members of the genus Bacillus are heavily represented among biocontrol agents (BCAs), 

owing to the ubiquity of the genus and its members’ resilience and genetic tractability; these are 

typically strains of B. thuringiensis, B. amyloliquefaciens and B. subtilis (Cawoy et al., 2011). 

Several Bacillus BCAs have been observed to produce lipopeptide-type antibiotics, which are 

comprised of a peptide ring attached to a hydrocarbon tail of varying length and saturation 
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(Ongena et al., 2005; Ramos et al., 2006) (Fig. 1). Lipopeptides are amphiphilic molecules, 

exhibiting varying surfactant potency in addition to antibiotic activity (Ongena and Jacques, 

2008). Generally, these antibiotics are stable in a range of pH from 2 to 10 and retain activity 

after being heated to 100°C for 30 minutes, making them an extremely durable agent of 

biocontrol (Zhang et al., 2012). 

Bacillus mojavensis is a species closely related to B. subtilis, with most isolates 

originating from soil and rhizosphere samples (Roberts et al., 1994; Xu and Cote, 2003). B. 

mojavensis strain RRC 101 was isolated from a surface-sterilized maize kernel and has since 

been observed to internally colonize maize roots and aerial tissues (Bacon and Hinton, 2002). 

This endophytism is significant when taken with RRC 101’s reported ability to mitigate 

mycotoxin accumulation and disease inflicted by F. verticillioides, with antifungal activity 

observable in vitro (Hu et al., 2009; Bacon and Hinton, 2011a). RRC 101 has also been observed 

to promote growth in Arabidopsis, presumably due to metabolites secreted by the bacterium (M. 

Rath et al, personal communication). 

Collectively, B. mojavensis strains have been identified as producing members of each of 

the three predominant classes of lipopeptides; RRC 101 was previously described as producing 

surfactins, with initial reports describing them as essential to biocontrol in the maize - F. 

verticillioides pathosystem (Bacon and Hinton, 2011b; Ma et al., 2012). In addition to diverse 

lipopeptide production, B. mojavensis strains have been found to colonize coffee and cacao 

phyllospheres, suggesting another Bacillus species potentially rich in biocontrol agents 

intimately associated with their hosts, although multi-host colonization data have yet to be 

published (Nair et al., 2002; Melnick et al., 2008; Jacobsen, Jan. 2010). Endophytic colonization 
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of host plants could enable targeted, direct delivery of biocontrol activity and crop protection, a 

useful advance for low-input agriculture and integrated control practices (Batte et al., 2007).  

The work described here assesses biocontrol-relevant secondary metabolism genes 

present in the B. mojavensis RRC 101 genome, and identifies fengycins as the principle class of 

secondary metabolites responsible for in vitro antifungal activity against F. verticillioides. Under 

assay conditions, fengycin antagonism is primarily characterized by growth inhibition. 

Biochemical and microscopic analyses have identified that symptoms of antagonism in F. 

verticillioides involve hyphal swelling and explosive lysis along with significant alterations to 

secondary metabolism. These data describe the RRC101 – F. verticillioides biocontrol 

interaction as a molecular “conversation” among maize endophytes, with the lipopeptide 

antagonism from RRC101 prompting a secondary metabolic response from F. verticillioides’ in 

the form of pigment and fumonisin production. 

RESULTS 

The B. mojavensis RRC101 genome possesses biocontrol-relevant secondary metabolism 

pathways. 

RAST annotation and subsequent bidirectional BLAST to NCBI GenBank identified a 

number of biosynthetic clusters for endophytism- and biocontrol-relevant secondary metabolites 

(Table 1). Genomic regions with >85% identity to known surfactin and fengycin biosynthetic 

clusters were presumed to be lipopeptide synthetase operons. Other biocontrol-relevant 

secondary metabolite operons identified through sequence analysis include a catechol-type 

bacillibactin-like siderophore, the antibiotic bacilysin and a yet-unidentified polyketide synthase 

cluster resembling that of bacillaene (Weber et al., 2015). In addition to secondary metabolites, 

the RRC101 genome possessed a number of genes encoding products likely involved in host 
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colonization; these include several putative cell wall degrading enzymes and an expansin protein 

with high identity to one promoting root colonization in B. subtilis (Kerff et al., 2008). As B. 

mojavensis RRC 101 is currently genetically intractable, biochemical means were employed to 

assay activity of these secondary metabolite clusters. 

 B. mojavensis produces diverse fengycin isoforms responsible for in vitro antagonism of F. 

verticillioides. 

Primary C-18 fractionation of RRC101 culture supernatants yielded several antagonistic 

fractions, which were confirmed by HPLC-MS to be enriched for fengycin and surfactin 

lipopeptides (Fig. 2). To assess the antifungal contribution of individual lipopeptide classes, 

active primary fractions were pooled for secondary fractionation to produce isolated RRC101 

fengycins and surfactins. Utilizing the fragmentation patterns and nomenclature assigned by 

Pathak et al (2012), collision-induced dissociation (CID) fragmentation spectra of fengycins 

suggests that B. mojavensis RRC 101 produces several variants of fengycins A, B, and C (Table 

2, Fig. S1). Fengycin-containing preparations exhibited the same in vitro antibiosis as crude 

extracts, with purified surfactins lacking visible antagonism and failing to inhibit F. 

verticillioides growth (Fig. 3, inset). Antagonistic activity of secondary fractions closely 

followed total fengycin content (Fig. 4). 

Fengycin-mediated antagonism of F. verticillioides triggers aberrant hyphal morphology. 

Microscopy revealed that the leading edges of fengycin-challenged cultures exhibited 

hyphal aberrations, even at sub-inhibitory concentrations. The primary microscopic phenotype of 

fengycin exposure is altered hyphal morphology, characterized by a sinuous growth habit as well 

as presence of enlarged cell compartments, or “swellings” (Fig. 5). Swellings ranged from 

engorgement of conidia (average 8.60 ± 2.0 µm, untreated average 3.99 ± 0.67 µm; 100 
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measurements each) and hyphae to fully swollen intercalary or terminal “bulbs” (average 

dimensions: 23.22 ± 5.59 µm x 30.69 ± 0.70 µm) (Fig. 5). Swollen hyphal compartments were 

frequently observed to erupt by violent lysis; conidia were not observed to exhibit this behavior 

(Fig. 6, Fig. S2, Fig. S3). Symptoms of antagonism were primarily observed on colony surfaces 

proximal to antagonistic fraction spots, suggesting that such swellings are a direct consequence 

of fengycin exposure via diffusion. These observed effects are consistent with the current 

proposed mechanism of membrane permeabilization induced by lipopeptide activity (Deleu et 

al., 2008).  

Fengycin induced hyphal inflation involves cell wall expansion and extensive vacuolization 

ending in cell rupture. 

Observation of fengycin-induced bulbs in F. verticillioides strain M3125::GFP under 

fluorescence microscopy detected strong GFP signal within enlarged hyphae, suggesting that 

bulb formation involved inflation of the entire hyphal compartment. Fluorescent signal retention 

within cell wall boundaries suggested that fengycin-induced swelling was not immediately lethal 

to the cell and that the cell wall and plasma membrane had maintained integrity (Fig. 7c). Bulb 

formation was consistently accompanied by the presence of one or more enlarged organelles, 

putatively identified as vacuoles by CMAC staining (Fig. 7f). 

While bulbs initially exhibited significant GFP signal and are thus presumed 

metabolically active, lysis was frequently observed and confirmed using calcofluor and FM4-64 

stains. Calcofluor staining of cell walls highlighted post-rupture deformation of F. verticillioides 

compartments (Fig. 7b). Presumptively lysed hyphae frequently exhibited an intense red signal 

throughout the compartment, suggestive of an influx of FM4-64 owing to compromised 

membranes (Fig. 7d) (Druzhinina et al., 2011). These lysed structures exhibited little-to-no GFP 
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fluorescence; as sGFP has a reported half-life of 18 hours, this suggests cytoplasmic leakage and 

diffusion rather than degradation (Fig. 7c) (Ruijter et al., 2003). 

Lipopeptide challenges differentially alter F. verticillioides secondary metabolism. 

Second to growth inhibition, the most obvious symptom of fengycin-based antagonism is 

a band of brown-to-purple pigmentation at the antagonized colony edge (Fig. S4). Given that 

wild type coloration of F. verticillioides M3125 on PDA is orange-yellow, the color change is 

attributable to accumulation of either fusarubins (previously referred to as purple perithecial 

pigment in F. fujikuroi) or bikaverin (Medentsev et al., 2005; Studt et al., 2012). 

Lipopeptide-challenged F. verticillioides cultures accumulated fumonisins at higher 

levels than controls in a manner correlated with lipopeptide concentration (Table 3). Despite the 

lack of antifungal activity, the “high” rate (20x concentration) of surfactins provoked a 

statistically significant increase in total fumonisin content, whereas the lower (10x concentration) 

surfactin had no significant effect. To assess whether lipopeptide antagonism disrupted 

fumonisin export, plugs were compared to those taken directly outside of the colony growth; no 

statistically significant differences were observed between control and treatment groups for the 

ratio of colony internal/external fumonisins (not shown). These data suggest that the increased 

fumonisin accumulation is a genuine increase in production and not an artifact of impaired 

export. In addition to increased overall fumonisin content, the fengycin-challenged cultures 

exhibited slightly altered fumonisin isoform composition: The ratio of FB1 to total fumonisins 

(sum of FB1, FB2 and FB3) decreased as fengycin concentration increased. While the high-

surfactin treatment induced fumonisin accumulation equivalent to that of the low-fengycin (10x 

concentration) treatment, the distributions of fumonisin isoforms were statistically 

indistinguishable from controls. 
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LaeA is a transcription factor identified in Aspergillus as controlling secondary 

metabolism; in Fusarium, mutants for the orthologous LAE1 have previously been described as 

diminished in fumonisin and bikaverin expression (Bok and Keller, 2004; Butchko et al., 2011). 

Antagonism assays conducted with a ΔLae1 strain of F. verticillioides detected fumonisins at 

concentrations below the limit of quantitation across all treatments and controls (not shown). 

DISCUSSION 

The genus Bacillus contains a number of plant-associated biocontrol agents; B. 

mojavensis is among relatively few described species observed to exhibit endophytic growth 

traits, strain RRC101 in particular col onizes maize aerial tissues. Genomic data from confirmed 

endophytes may reveal common trends and elucidate the underpinnings of such associations with 

plant hosts, such as secretory system losses or the presence of hydrolytic enzymes (Reinhold-

Hurek and Hurek, 2011). Sequencing data revealed that the RRC 101 genome is replete with 

clues to the mechanisms of such associations (Gold et al., 2014). Several annotated genes in 

RRC101 are predicted to function similar to genes essential to host colonization in 

phytopathogenic and endophytic bacteria alike, notably pectate lyase and expansin (Table 1). 

Pectate lyase produced by phytopathogens facilitates host colonization through the primary 

activity of cell wall digestion; byproducts from such activity are known to modulate host defense 

pathways (Collmer and Keen, 1986; Wegener et al., 1996; Kovtunovych et al., 1999). Cell wall 

degrading enzymes and bacterial expansins (observed to enhance pliability of plant cell walls) 

produced by phytopathogens and B. subtilis, respectively, have been demonstrated to act on host 

cell walls to facilitate colonization; in the case of B. subtilis, expansin deletion impaired 

colonization of maize roots (Kerff et al., 2008; Georgelis et al., 2014). RRC101 possesses genes 

for synthesis of the hormones indole acetic acid and 2, 3-butanediol; these growth promoting 
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phytohormones have been observed in both beneficial and phytopathogenic bacteria (Spaepen 

and Vanderleyden, 2011). Annotation and study of gene repertoires in plant-associated microbes, 

particularly beneficial endophytes like RRC101, can aid in identifying functions involved in 

plant colonization strategies common to phyllosphere inhabitants. Knowledge of these 

colonization strategies will facilitate marker development for screening putative biocontrol 

agents and may prove useful in designing control strategies against current and future pathogens. 

Along with putative endophytism factors in the RRC101 genome are operons coding for both 

surfactin and fengycin synthetases, of which the latter are responsible for the in vitro antibiosis 

observed against F. verticillioides. 

Bacterial lipopeptide classes have conditionally efficacious antagonism potential, 

suggesting that activity of lipopeptide-based biocontrol is broadly dependent on both lipopeptide 

and target membrane compositions. Surfactins have demonstrated hemolytic properties as well as 

activity against enveloped viruses, some bacteria and mosquito larvae; fengycins and iturins are 

potently antifungal with varying activities against other organisms (Ongena and Jacques, 2008; 

Geetha and Manonmani, 2010). Target membrane sterol composition and lipid organization 

influence these interactions, as do the amino acid composition and lipid tail characteristics of the 

lipopeptides (Bonmatin et al., 2003). If activity is indeed determined by specific membrane and 

lipopeptide interactions, these variations could present selective pressure on the underlying 

synthetases and lead to variable antagonism repertoires at the species or even strain level. 

Antagonistic potency of RRC101 fengycin extracts against F. verticillioides does not 

perfectly follow the total fengycin content of fractions (Fig. 4). The reverse-phase fractioning, 

paired with this result, suggest that later eluting (more hydrophobic) fengycin isoforms possess 

greater antifungal activity against F. verticillioides in plate assays (Fig. 3, inset). This may be 
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due to differences in peptide and/or lipid composition resulting in improved agar diffusion or 

stronger isoform-specific activity against the fungal membrane. Lipopeptide-membrane specific 

activity has been observed among surfactins with regards to perception by plant hosts and 

subsequent defense induction (Jourdan et al., 2009). Given that both systems rely upon 

lipopeptide interactions with membranes, it is likely that an analogous preferential interaction 

exists for antifungal activity. Variation in lipopeptide composition is a result of nonribosomal 

peptide synthetases’ substrate promiscuity, which is in turn influenced by sequence diversity at 

the operon level (Shu et al., 2002; Daren Mueller, 2014). If such specialization is occurring 

within ecological niches, in-depth genetic and biochemical descriptions of the diversity of 

lipopeptide synthetases and their products become valuable tools in development of efficacious 

biocontrol strategies. An experimentally-relevant consequence of lipopeptide variability is added 

difficulty of separation and characterization of individual isoforms. Without tandem mass 

spectrometry, for example, a parent ion of 1492.6 m/z could represent C-18 fengycin A or C-16 

fengycin B. Though reverse phase HPLC fractioning was capable of separating the two classes 

of lipopeptides from one another, isoform-level separation would require higher-resolution 

techniques. Such capability is necessary to better evaluate the utility of specific lipopeptide 

isoforms, which would in turn enable more nuanced description of their structure-function 

relationships. 

Existing publications refer to surfactin-class lipopeptides as possessing antifungal activity 

(Maget-Dana et al., 1992; Bacon and Hinton, 2002). However, most available data describes 

synergistic activity when surfactin is applied in conjunction with antifungal agents, without 

substantial evidence for standalone efficacy. By contrast, the antifungal activity of fengycins and 

iturins produced by B. subtilis has been shown to compose most if not all of the antifungal 
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activity of the species’ lipopeptide arsenal, as appears to be the case in RRC101 (Ongena et al., 

2005). Although isolated RRC101 surfactins lacked detectable antifungal activity against F. 

verticillioides in vitro, evidence in other systems suggests that they may act indirectly in 

biological control. Surfactin production has been tied to root colonization and biofilm formation 

by Bacillus, and may serve to induce host defenses against pathogens (Fall et al., 2004; Henry et 

al., 2011). 

Hyphal bulbs resulting from fengycin exposure consistently contain at least one putative 

vacuole, as determined through CMAC staining, often representing the majority of the cell 

volume. Bulb formation and lysis are consistent with the current model of lipopeptide-based 

antagonism being a result of membrane destabilization through the formation of mixed micelles 

and pores. Structures induced by lipopeptides have been referred to as chlamydospores in F. 

solani f. sp. radicicola and F. graminearum (Li et al., 2012). In contrast, F. verticillioides’ lack 

of chlamydospore production is a diagnostic trait of the species (Leslie et al., 2006), and while 

fengycin-induced swellings bear a strong resemblance to chlamydospores, their irregular shape, 

heavy vacuolization and tendency to lyse suggest against this possibility. This divergence in F. 

verticillioides’ lipopeptide response extends to secondary metabolism responses to both 

surfactins and fengycins. 

Fusarium verticillioides fumonisin production responds differentially when exposed to 

each class of lipopeptides. The response to both classes tested was an increased production of 

fumonisins, with surfactins provoking a milder response. Fengycins uniquely affect not only 

concentration, but fumonisin composition: the increased accumulation of total fumonisins under 

fengycin challenge is accompanied by a proportional reduction of FB1. The biosynthetic 

pathway of fumonisins offers a possible explanation here; FB3 serves as a precursor in FB1 
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production, therefore disproportionate accumulation of FB3 may be a discrepancy in the 

activities of FUM1 and the converting enzyme, FUM3 (Butchko et al., 2006). This may be 

explained via enzyme kinetics, where the activity of FUM3 is being outpaced by upstream 

activity in the fumonisin pathway; however, surfactin-based induction can yield similar 

concentrations without significant perturbation of isoform composition (Table 3). 

Differential induction of secondary metabolite pathways suggests that lipopeptide 

perception and response in F. verticillioides is a nuanced physiological process. Experiments 

performed by Hu et al. observed a reduction in fumonisin under fengycin challenge, contrary to 

the relationship observed here (Hu et al., 2009).  Differences in assay conditions may explain the 

discrepancy: the work presented here employed lipopeptide challenges as extracts spotted and 

allowed to diffuse through agar media, whereas Hu et al. directly applied lipopeptides to a 

growing liquid culture, followed by incubation. In the experiments where lipopeptide exposure 

occurs via the gradual process of diffusion, these results suggest that, at lower concentrations, 

antagonistic lipopeptides induce F. verticillioides to mount a response through secondary 

metabolism, a recognized phenomenon among sub-inhibitory concentrations of antibiotics 

(Davies et al., 2006). Class-specific responses to lipopeptides suggest divergent mechanisms of 

perception and response in F. verticillioides when compared to observations in other fungi. 

Both lipopeptide classes produced by RRC101 induced increased fumonisin levels in F. 

verticillioides, with growth inhibition, pigment accumulation and hyphal distortion observed 

only following fengycin exposure. F. verticillioides colonies antagonized by fengycins 

accumulate brown-to-purple pigmentation at the leading edge. Pigment production is associated 

with stress responses in Fusarium species; synthesis of bikaverin (a naphthoquinone possessing 

limited antimicrobial activity) is induced by nitrogen limitation and acidic pH (Limón et al., 
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2010; Deshmukh et al., 2014). Genes for bikaverin synthesis in F. verticillioides are also 

coregulated with heat- and oxidative stress response genes through adenylyl cyclase (Medentsev 

et al., 2005; Choi and Xu, 2010). The species description for F. verticillioides states that 

chlamydospores are not produced, but enlarged hyphae reminiscent of pseudochlamydospores 

have been observed (Leslie et al., 2006). However, fengycin-induced bulbs resemble inflated 

bodies observed in F. graminearum when induced to produce tricothecenes (Menke et al., 2013). 

These F. graminearum “toxisomes” are themselves morphologically and functionally analogous 

to structures originally detailed in Aspergillus parasiticus during aflatoxin production (Chanda et 

al., 2009). In fengycin-challenged F. verticillioides, presence of these structures correlates with 

increased fumonisin production, but their lysis and general growth inhibition are incongruent 

with being a specialized structure, as is their absence during surfactin-induced fumonisin 

production. 

Hyphal vacuolization and death, both symptoms of fengycin antagonism, also resemble 

the process of autophagy as described by Pollack et al: a central autophagosome-containing 

vacuole appears and may fill an entire hyphal compartment undergoing cell death (Pollack et al., 

2009; Richards et al., 2010). Similarly, senescence in Podospora anserina is signaled by 

increased pigmentation, reduced aerial hyphae and abnormal hyphal morphology (Sharon et al., 

2009). As F. verticillioides undergoes such processes under fengycin challenge, induced 

senescence may be part of the response to fengycin antagonism. In Verticillium dahliae, cell 

death pathways were found to be upregulated under iturin antagonism, hinting at a role for such 

processes in biological control activity (Han et al., 2015). The surfactin-type lipopeptide 

WH1fungin from B. amyloliquefaciens WH1 has also been observed to induce apoptosis in yeast 

and Rhizoctonia (Qi et al., 2010). Induced apoptosis as a mechanism of antagonism has also been 
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proposed to exist in the case of Candida albicans where the fungus-produced isoprenoid quorum 

sensing molecule farnesol induces cell death in Fusarium and Aspergillus (Semighini et al., 

2008). 

Differential responses to lipopeptide challenge in F. verticillioides suggest the process of 

antagonism is more complex than direct lysis following plasma membrane pore-formation. Such 

nuance is supported by contrasting the fengycin and surfactin-shared response of fumonisin 

accumulation with the fengycin-specific morphological effects and putative bikaverin 

production. Both bikaverin and fumonisin biosynthetic genes are regulated by Lae1, with 

fumonisin gene expression dropping in deletants (Butchko et al., 2011). Surfactin challenge 

induces a more modest accumulation of fumonisin than fengycin, without any other effects of 

fengycin exposure, suggesting the action of a different perception mechanism rather than overt 

antagonism (Table 3). 

The fengycin-associated upregulation of secondary metabolism observed via fumonisin 

and pigment accumulation suggest that the response to fengycin antagonism may be at least 

partially Lae1–dependent . Under bioassay conditions, extracts from the tested ΔLAE1 strain 

produced no detectable fumonisin across all treatments, but retained pigment accumulation in 

response to fengycin (not shown). Assays performed by Butchko et al (2012) comparing wild-

type and ΔLAE1 strains of F. verticillioides demonstrated a reduction in fumonisin pathway 

expression at 6 days in liquid culture, but no significant differences in fumonisin production at 6 

or 11 days. The discrepancy observed between wild-type and ΔLAE1 fumonisin production 

described here may be explained by either alternative regulation of toxin production or the 

different culture conditions (PDA plates in this study; liquid Glucose-Yeast extract-Asparagine-

Malic acid (GYAM) medium used by Butchko et al). These data suggest that antagonism-
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induced fumonisin production relies on an LAE1-mediated pathway and highlight multifactorial 

control of fumonisin production. 

As specific lipopeptide class production has been shown to respond to the presence of 

target organisms, it is likely that selection pressures the antibiotic repertoire of a given strain to 

be effective against commonly-encountered microbes (Leaes et al., 2015). Since F. verticillioides 

and B. mojavensis RRC 101 have been observed to colonize maize endophytically, details of 

their antagonism and underlying mechanisms may produce insight into relationships and 

interactions of plant microbiota.  More detailed studies of the biochemical and transcriptional 

response of phytopathogens to biocontrol agents are necessary to better understand the 

mechanisms underlying complex microbial interactions taking place in the phyllospheres of 

maize and other economically important crops. As lipopeptide-producing Bacillus strains have 

been observed to aid nematodes in defense against pathogens (Iatsenko et al., 2014), such 

findings as presented may hold significance for microbiotic interactions beyond the realm of the 

phyllosphere. 

MATERIALS AND METHODS 

Microbe maintenance and culture conditions.  

Bacillus mojavensis RRC 101 (ATCC 55732) and Fusarium verticillioides M3125 wild 

type and M3125::GFP (carrying an integrated pCT74 plasmid conferring GFP expression) were 

kept at -80°C as 15% glycerol stocks prior to use (Andrie et al., 2005).  

Bacillus mojavensis RRC 101 was streaked to isolation on Luria-Bertani agar plates at 

30°C. Liquid cultures utilized Liu’s Modified medium at 30°C, shaken at 220 rpm for 72 hours 

(Ma et al., 2012). Fusarium verticillioides was cultured at 27°C on Acumedia potato dextrose 

agar (PDA) plates (Neogen, Lansing, MI). 
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Genome information. 

Details of the sequencing and assembly of the Bacillus mojavensis RRC 101 genome are 

detailed elsewhere; the assembly is available on GenBank under the WGS Project ASJT01 (Gold 

et al., 2014) and through PubSEED under organism number 1329377.3 (Overbeek et al., 2005). 

Bidirectional BLAST for secondary metabolism clusters was performed using the B. 

amyloliquefaciens FZB42 genome (CP000560), with supporting evidence provided through the 

antiSMASH web resource (Weber et al., 2015). Signal peptide identification was conducted 

through the Phobius web server (Lin et al., 2005). 

Preparation of crude extracts. 

Liquid cultures of RRC 101 were centrifuged for 30 minutes at 9803 x gand pellets 

discarded. Supernatants were brought to 50% methanol and applied to a Millipore PrepPak C18 

column (1” x 20”, packed with 11” Millipore Waters prep-pak 500/C18, 55-105 µm). Primary 

fractions were eluted with an A:B system of water:methanol + 1% formic acid, starting at 50:50 

and progressing in 10% increments (500 mL volumes) to 100% B. Fractions were dried in a 

Buchi E121 Rotavap and dissolved in methanol at 20X original culture concentration for 

bioassays and HPLC analysis. 

Antifungal fractions were further separated on a Hewlett Packard 1050 HPLC system 

using the same solvent system, progressing from 20% A (10% methanol + 1% formic acid) to 

100% B (methanol + 1% formic acid) over ten minutes and maintaining 100% B for 15 minutes, 

at a flow rate of 2mL/min and injection volume of 50 µL. Fractionation was conducted using an 

Agilent ZORBAX Eclipse XDB-C8 column (4.6 x 150 mm, 5 µm), with fractions collected in 

30-second intervals using a Gilson fraction collector. Fraction pools were concentrated based on 
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lipopeptide classes and dried by Rotavap before dissolving in methanol as 100X culture 

concentration. 

Analysis and identification of lipopeptides. 

Mass spectrometry analysis of RRC101 fractions was performed using the aforementioned 

column and solvent system, at a flow rate of 200 µL/min. HPLC-MS analyses of extracts were 

conducted using a Finnigan Micro AS, Finnigan Surveyor MS Pump Plus, and Finnigan LCQ 

Duo (Thermo Scientific). This analysis was conducted in positive ion mode utilizing an ESI 

source with 5kV spray voltage and a capillary temperature of 190°C. Other instrument 

conditions were maximized for sensitivity by “tuning” to a direct injection of surfactin A 

(Sigma-Aldrich). Samples were also analyzed on a Dionex UltiMate 3000 AS attached to a 

Dionex UltiMate 3000 UHPLC
+
 pump, in tandem with a Thermo Scientific LTQ XL. Conditions

were the same as above except the instrument was “tuned” by direct injection of iturin A (Sigma-

Aldrich). Commercially obtained Surfactin A (Sigma-Aldrich) was employed as a standard for 

retention and fragmentation patterns of surfactins, with previously published data used to guide 

fengycin characterization (Bie et al., 2009; Pathak et al., 2012). 

Antagonism assays. 

Fractions were screened for antifungal activity through a plate growth assay. Lipopeptide 

extracts (10x and 20x, as well as a methanol blank) were applied as 50 µL spots to the surface of 

PDA plates, with plates kept open in a sterile laminar-flow hood to fully evaporate the solvent. 

Five-millimeter plugs of 5-day old F. verticillioides plate cultures were placed central to extracts 

at a distance of 2 cm from any spot. Plates were wrapped with parafilm, inverted and incubated 

in the dark for 3 days at 27°C before evaluation. For microscopic evaluation, assays were 

conducted as described, with sterile dialysis membrane (14 kDa MWCO) overlaid prior to 
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inoculation; at the end of the assay, membranes were lifted from the plates, cut and transferred to 

glass slides for staining and visualization. 

Mycotoxin assays utilized wild-type strain M3125, with 5 mm plugs collected from the leading 

edges of colonies as well as the immediately adjacent uncolonized agar to account for potential 

differences in export efficiency as part of antagonism. Fumonisin extractions from 3-day old agar 

plugs were conducted using in 1:1 acetonitrile:water with 5% formic acid, shaken for 2 hours at 

room temperature as per Glenn et al (2008). Extracts were then diluted to 25% acetonitrile before 

quantitative analysis via LC-MS, using FB1, FB2 and FB3 standards for comparison. Statistical 

analyses were conducted using the R x64 statistical software environment (Ihaka and Gentleman, 

1996). 

Digital photographs of assay plates were captured in a Protein Simple FluorChem HD2 system, 

with antagonism assayed digitally. Briefly, photo files were opened in silico (The GIMP 

Development Team, 1995) and the distance from colony center to leading edge proximal to each 

spot was measured. Antagonism was calculated as the percent difference in radial growth 

between a negative control (methanol) and the original fraction, with growth reduction from 

fractions averaged and treated as a percentage of reduction compared to the original antagonistic 

fraction: 

100 x (Negative control – 2° fraction) 

(Negative control – original antagonistic fraction) 

Staining and microscopy. 

Dialysis membrane sections from antagonism plate assays were transferred to microscope slides, 

flooded with stain solutions and incubated in the dark for 60 minutes at room temperature. 

Distilled water was used to rinse excess stain before visualization. Calcofluor white was used at a 
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concentration of 1 µg/mL to visualize fungal cell walls, CMAC (7-amino-4-

chloromethylcoumarin) for vacuole imaging at 100 µM and FM4-64 was used at 17 µM as a 

vital stain based on visualizing membrane permeability. 

Cultures were visualized using a Zeiss Axio Imager.A2 microscope, with an attached AxioCam 

ERc 5s for digital capture, using Zeiss Zen software for image processing. Fluorescence was 

observed using a Lumen Dynamics X-Cite 120Q Light source, with Zeiss Filter sets 20 

(Rhodamine; for FM4-64), 38 (cGFP) and 49 (DAPI; for Calcofluor and CMAC). 
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Table 3.1. Biocontrol-relevant genes in B. mojavensis RRC 101 

Metabolite/enzyme Role in Rhizosphere competence/biocontrol Reference PEG Number
b

Surfactin Biofilm and host colonization, host defense induction (Ongena and Jacques, 2008) 205 – 208 

Fengycin Antifungal activity (Ongena and Jacques, 2008) 1874 – 1881 

Subtilosin Bacteriocin antibiotic 3746 – 3753 

Bacilysin Antibiotic 3789 – 3785 

Bacillibactin Siderophore – iron sequestration/mineralization (Dertz et al., 2006) 3158 – 3162 

Quercetin dioxygenase
a

Protection from host flavonoids, rhizoplane colonization (Hirooka and Fujita, 2010) 4042, 4043 

Acetoin reductase Putative host growth promotion/defense induction (Ryu et al., 2004) 474, 1917 

Phytase
a

Nutrient availability, growth promotion (Idriss et al., 2002) 2048 

Expansin
a

Host wall manipulation, facilitates root colonization (Kerff et al., 2008) 1914 

Pectate Lyase
a

Facilitates host colonization, potential defense manipulation (Kovtunovych et al., 1999) 627, 1916 

a
 Putatively secreted as designated by Phobius 

b
 Genome 1329377.3 on PubSEED 
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Table 3.2. Observed Fengycin diversity in B. mojavensis RRC 101 

Fengycin Major Ions Peptide Sequence
a
 Lipid chain  lengths

A 1080, 966 EOrnYTEAPQYI 14 – 17 

A2 1066, 952 EOrnYTEAPQYV 16,17 

B 1108, 994 EOrnYTEVPQYI 15 – 19 

B2 1094, 980 EOrnYTEVPQYV 16,  17 

C 1008, 1122 EOrnYTEIPQYI 16 – 18 

a 
Bolded amino acid positions indicate differences between isoforms. 
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Table 3.3. Fumonisin production by M3125 in response to lipopeptide challenge 

 

 

 

 

 

 

 

Letters indicate groups significantly different via Tukey’s HSD at p < 0.05. Standard deviations in parentheses. 

Treatment Experiment 1 Experiment 2 Experiment 3 Average FB1% 

Control 19.6 (2.9) 
C
 18.5 (2.1) 

D
 17.1 (1.5) 

B
 60.41 

A
 

10x Surfactins 20.3 (1.4) 
BC

 21.5 (1.3) 
DC

 13.9 (4.0) 
B
 60.04 

A
 

20x Surfactins 28.7 (1.2) 
AB

 32.0 (4.1) 
C
 16.6 (2.9) 

B
 59.88 

A
 

10x Fengycins 30.5 (8.7) 
AB

 28.3 (2.8) 
BC

 25.1 (4.4) 
A
 58.56 

B
 

20x Fengycins 34.1 (4.2) 
A
 37.5 (3.1) 

A
 25.9 (2.0) 

A
 57.73 

B
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Figure 3.1. Chemical diagrams of the lipopeptides surfactin and fengycin A, produced by 

Bacillus mojavensis RRC 101. Amino acids comprising the peptide ring are denoted by their 

three-letter designations. 
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Figure 3.2. Total ion chromatogram of an antagonistic fraction (demonstrated in inset plate 

photo) as identified through HPLC-MS. Regions corresponding to fengycins and surfactins are 

underlined and labeled. Inset: Antagonism assay plate demonstrating antifungal activity of the 

depicted fraction (asterisk), as compared to methanol (Blank) and two inactive fractions (x); the 

effect of lipopeptide exposure on radial growth. 
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Figure 3.3. HPLC-MS spectra of collected RRC101 a) fengycin and b) surfactin fractions, with 

individual overlapping peaks representing the varied isoforms in each sample. Representative 

antagonism plates are inset to each of the spectra, with silhouettes of the respective fractions (in 

black) superimposed on that of the methanol control (white). The purified surfactins exhibited no 

significant antagonism, whereas the fengycins produced clear antagonism (indicated by the white 

arrow). 
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Figure 3.4. Correlation of antagonism with fengycin lipopeptides in RRC101 extract fractions. 

Secondary fractions were compared to the parent antagonistic fraction for growth reduction 

(triangles, solid line) and LC-MS-derived fengycin content as compared to the sum of all 

fractions (circles, dotted line). Dashed line = 0. 
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Figure 3.5. Morphological response of F. verticillioides to RRC101 lipopeptide challenge. A-C, 

Colony edges of F. verticillioides challenged by A) Negative control, showing normal hyphal 

growth and conidiation; B) Surfactin extracts, indistinguishable from controls; C) Fengycin 

extracts, showing sinuous hyphal growth (arrow) and bulbs (asterisk). Bar = 50 µm. Inset: Wild-

type conidia (left); conidia exhibiting fengycin-induced swelling (right) Bar = 10 µm. 
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Figure 3.6. An example of explosive lysis observed in F. verticillioides cultures challenged with 

RRC101 fengycins, suggestive of cell wall dissolution and membrane failure. Arrow = Hyphal 

bulb induced by fengycin challenge, asterisk = explosive lysis accompanied by hyphal ejecta. 
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Figure 3.7. Fluorescence microscopy of F. verticillioides bulbs produced under challenge from 

RRC101 fengycins. A) bright field image of hyphae; B) Calcofluor-labeled cell walls; C) 

Cytosolic GFP expression; D) intense FM4-64 staining indicative of destabilized and 

hyperpermeable membranes as a result of the fengycin treatment.  E&F) F. verticillioides hyphae 

under fengycin challenge exhibit vacuole-like organelle accumulation under DIC and fluorescent 

visualization of the vacuole-labeling dye CMAC, respectively. Bar = 20 µm. 
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CHAPTER 4 

TRANSCRIPTOMIC ANALYSIS REVEALS FUSARIUM VERTICILLIOIDES EXHIBITS 

DIFFERENTIAL RESPONSES TO BACILLUS MOJAVENSIS LIPOPEPTIDE CLASSES, 

INCLUDING A PUTATIVE STRESS RESPONSOME 

Blacutt, A.A., Glenn, A.E., Gold, S.E. For submission to Molecular Plant-Microbe Interactions
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ABSTRACT 

Fusarium verticillioides is an endophytic mycotoxigenic fungus whose primary threat to maize 

crop value is production of fumonisin mycotoxins. This threat is compounded by the intimate 

association of F. verticillioides with its host and the cost and limited efficacy and in chemical 

controls. The nature of this pathosystem is such that an efficacious biocontrol agent would be 

invaluable for crop protection. Bacillus mojavensis RRC101 was isolated from a maize kernel 

and confirmed to live endophytically in maize roots and aerial tissues. This bacterium is noted 

for its ability to reduce disease symptoms and toxin accumulation in coinoculation assays, as 

well as lipopeptide-mediated antifungal activity observed in vitro. This antagonism is 

accompanied by morphological defects and secondary metabolic changes in F. verticillioides, 

suggesting that lipopeptide antagonism provokes a change in the transcriptomic profile. These 

differential lipopeptide responses were evaluated through RNA sequencing of F. verticillioides 

cultures under lipopeptide antagonism, followed by functional categorization and comparison to 

deposited transcriptional data from earlier experiments with F. verticillioides and Neurospora 

crassa. The data generated from this work illustrate the diversity in lipopeptide response and 

support apoptosis induction as a mechanism of antagonism. Additionally, these data provide 

further support that ribosomal proteins act as underrated contributors to fungal success in the 

phytobiome, against antagonistic hosts and microbes alike. These results suggest fruitful avenues 

to investigate in fungal pathogen biology in terms of stress responses and subsequent modulation 

of gene expression. 
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INTRODUCTION 

Fusarium verticillioides is a mycotoxigenic pathogen of maize whose success and 

ubiquity is largely due to its ability to survive as an asymptomatic or even protective endophyte 

of its host (Lee et al., 2009). The fungus associates with corn throughout the host’s life cycle and 

colonizes all host tissues, from the rhizosphere to the phylloplane. As a pathogen, F. 

verticillioides causes seedling blight, ear and stalk rots, and is capable of seedborne 

dissemination via silk channel infection. Disease symptoms resulting from F. verticillioides 

infection threaten maize yields, but accumulation of fumonisin mycotoxins can be devastating to 

crop value and utility (Wu et al., 2011). Contaminated grain use, including fuel ethanol, animal 

feed and human consumption, is threatened by fumonisin contamination (Morgavi and Riley, 

2007). Endophytism and the hemibiotrophic lifestyle employed by F. verticillioides enables it to 

associate with maize and facilitates disease spread; field stubble is heavily colonized, providing 

inocula that infect subsequent crops. Given this close association and the challenges inherent to 

chemical control strategies, F. verticillioides management options are limited (Nguyen et al., 

2017). Biological control in the context of integrated pest management presents an alternative 

means of controlling plant disease with potentially reduced costs, environmental or otherwise, 

compared to chemical control strategies.  

Isolated from a maize kernel in 1996, Bacillus mojavensis RRC101 has been shown to act 

as a beneficial bacterial endophyte under controlled environmental conditions. The bacterium 

can reduce disease severity and mycotoxin accumulation in addition to promoting plant growth 

(Bacon and Hinton, 2011). Genome sequencing and annotation of RRC101 revealed the presence 

of operons for cyclic lipopeptide antibiotic synthetases (Gold et al., 2014). While the strain’s 

recalcitrance to transformation has precluded mutant testing, chromatography and bioassay of 
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culture extracts have allowed isolation and identification of fengycin-class lipopeptides as the 

primary antifungal metabolite against F. verticillioides, whereas previous efforts had credited 

this activity to surfactins (Snook et al., 2009; Blacutt et al., 2016). Biochemical assays identified 

differentially increased fumonisin production as a common response to lipopeptide challenges, 

but fengycins alone induce stronger secondary metabolic response, and a hyphal deformation-

and-lysis phenotype suggesting that F. verticillioides perceives and responds to lipopeptides in a 

class-specific manner. These results support commonly observed ranges of activity for 

lipopeptides, wherein their composition, and that of the target membrane, serve as “lock and 

key” determinants of disruptive potential (Bonmatin et al., 2003). 

The reported primary mechanism of successful lipopeptide antagonism is membrane 

permeabilization via integration and pore formation, leading to osmotic destabilization and death 

(Patel et al., 2014). The presence of bulb structures in fengycin-challenged F. verticillioides 

supports this hypothesis, as does their violent lysis. The previously observed secondary 

metabolic response to lipopeptide antagonism suggests an underlying transcriptomic response. 

Based on previous experiments, we hypothesized that F. verticillioides exhibits differential 

responses to specific lipopeptide classes, and that these responses are reflected by transcriptomic 

behavior. In order to better characterize the response to lipopeptide antagonism, RNA 

sequencing experiments were conducted using F. verticillioides cultures under lipopeptide 

challenge. Lipopeptide challenge in F. verticillioides induces structural genes as well as those 

involved in secondary metabolite synthesis, corroborating the previously observed 

morphological responses to antagonism. Transcriptomic data identified a proposed core stress 

response gene set, induced by a range of stressors.  This work comprises the first known 

transcriptomic description of a lipopeptide-challenged fungus, specifically an economically 



 

67 

 

significant mycotoxigenic phytopathogen, and its short-term response to exposure to lipopeptides 

common to bacterial biocontrol agents. 

 

RESULTS 

MIPS functional enrichment of responsive genes varies across lipopeptide treatments 

Fusarium verticillioides cultures were treated with aqueous lipopeptide treatments, either 

individual classes or as a combined preparation, in order to capture transcriptomic responses to 

antagonism. Solid-medium cultures were utilized to better reflect the hyphal growth habit 

exhibited during maize colonization, where these lipopeptides are encountered in biocontrol 

interactions. Genes determined to be differentially expressed via cummeRbund were compared 

across treatments to isolate genes unique in response to each class, referred to herafter as 

curation. Fusarium verticillioides transcriptional response varied strongly dependent on specific 

lipopeptide treatment (Figure 4.1). To better identify transcriptional regulation uniquely 

responsive to specific lipopeptide classes, these data have been curated into three unique, non-

overlapping bins, named for their inducers: Fengycin, Surfactin and Synergism (unique to 

combined fengycin and surfactin lipopeptide treatment) (Supplemental Figure 4.1). 

The F. verticillioides genome contains 15,869 open reading frames, of which roughly 

50% are unclassified (category 99) in the MIPS FunCat system (Ruepp et al., 2004). Across 

treatments, most of the lipopeptide-responsive genes belong to this category, with statistically 

significant enrichment in the fengycin group (Table 4.1, Supplemental Table 4.2). Fengycin 

antagonism in particular elicits a transcriptomic response with statistically significant enrichment 

for unclassified genes (MIPS category 99). Functional categories enrichmed under fengycin were 
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those involved in transport, protein degradation and polyketide metabolism. Downregulated 

genes under fengycin challenge were enriched for secondary metabolism, xenobiotic 

detoxification and metabolism of amino acids, (subcategories 01.20, 01.20.37 and 01.01, 

respectively). Proportionally, surfactin-responsive genes were more involved in cell transport, 

cell rescue/defense and environmental interactions, categories 20, 32 and 34 respectively. 

Surfactin-downregulated genes were too few to distinguish meaningful groupings beyond 

metabolism (Category 01) and unclassified (Category 99) genes.  

Genes upregulated uniquely in response to lipopeptide synergism (surfactin and fengycin 

together) primarily consisted of genes categorized as functioning in structural or catalytic roles 

(category 16) in addition to protein synthesis and modification (categories 12, 14 and 18). 

Additionally, numerous categories involved in adaptation to environmental conditions were 

found among synergism-upregulated genes (categories 10, 30, 32, 34 36, 40, 43).  Synergism-

downregulated genes were most prominently categorized in metabolism, protein fate and 

catalytic/structural proteins, cell transport and cell defense (01, 16, 20 ,14 32), with strong 

representation in energy production and transcription (02 and 11). As with fengycin-response, 

genes annotated as involved in protein synthesis (category 12) were solely upregulated.  

Lipopeptide responsive genes feature enrichment in specific gene ontology (GO) function 

and process categories 

Functional enrichment described the fengycin response as upregulating encoded 

functions such as endopeptidase, cellulase and oxidoreductase activity (Table 4.2). Most 

prominent among antagonism-downregulated genes were those annotated as symporters or 

transporters with several predicted to function in heme and tetrapyrrole binding. Process 
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enrichment highlighted proteolysis, catabolic (primarily TCA cycle) and structural genes as 

upregulated, with lipid metabolism and oxidative stress response downregulated. 

Synergism-induced genes were enriched for structural molecule function and peptidase 

and hydrolases, with single genes attributed to both sesquiterpene synthase and trichodiene 

synthase. Genes downregulated under lipopeptide synergism included those annotated as 

involved in antiporter activity and signal transduction. Metabolic processes in general, and 

specifically peptide metabolism, were upregulated, while, in contrast, processes related to lipid 

metabolism, single-organism processes and redox state were downregulated. 

Surfactin-induced gene response was functionally characterized as enriched for genes 

involved in catalytic activity, signal transduction and redox activity. Surfactin-upregulated genes 

were enriched in the processes of redox maintenance, stimulus response and signaling, as well as 

stress response. The most common functional annotations in genes downregulated under 

surfactin challenge were ion binding and the transfer of acyl groups. Surfactin-downregulated 

processes were predominantly characterized as involved in amino acid and small molecule 

biosynthesis. 

Localization of lipopeptide-responsive gene products varies by lipopeptide class 

Bioinformatically-determined localization patterns for the products of genes upregulated 

in response to lipopeptide challenge are illustrated in Figure 4.2. Twenty-nine percent of 

fengycin-induced genes are predicted to encode proteins acting extracellularly, representing an 

enrichment compared to the genome at large (17.78%). Nuclear-localized protein-encoding 

genes were more strongly respresented as fengycin-induced compared to other treatments, with 

very little downregulation of genes predicted to be localized to this compartment. Genes 

encoding proteins predicted to be secreted and membrane-localized were the most common 



 

70 

 

among those downregulated under fengycin challenge. Genes of uncertain localization 

represented 14% of upregulated and 3% of downregulated genes responding to fengycin.  

Surfactin-induced genes were mostly predicted to act in the cytoplasm (35%), with 

secreted proteins being underrepresented as compared to the F. verticillioides genome (7.94% vs 

17.78%). Surfactin response also possessed a higher proportion of putative membrane-localized 

proteins than the other two groups (25% compared to 16.6% for fengycin and 16.9% for 

synergism). Compared to the other gene groups, larger proportions were predicted to be localized 

to the plasma membrane, mitochondria and peroxisome. Genes downregulated in response to 

surfactin were mostly cytoplasmic as well, with comparatively strong representation of nuclear, 

mitochondrial and peroxisomal localization. Products with unknown localizations represented 

11% of both up and downregulated genes.  

Synergism-induced F. verticillioides genes, similar to those that are surfactin responsive, 

were as a plurality localized to the cytoplasm (39%), whereas regulation of membrane-localized 

proteins was more remniscient of fengycin response. Synergism-responsive genes were the only 

treatment group containing predicted vacuolar proteins, with one upregulated (FVEG_09934, 

hexose aminidase) and the other down (FVEG_11873, oxidoreductase).  

Lipopeptide challenge induces secondary metabolite biosynthetic pathways 

Across individual lipopeptide treatments, five polyketide synthase (PKS) domain-

containing proteins were upregulated (Table 4.3). Fumonisin and bikaverin response to 

lipopeptide antagonism was previously noted, and the corresponding PKS genes (FVEG_00316 

and FVEG_03379, respectively) were found to be moderately upregulated under lipopeptide 

challenge (Blacutt et al., 2016). Additionally, PKS genes for fusarin C and the antibacterial 

fusaric acid were both upregulated under antagonistic conditions (either fengycin or combined 
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synergistic treatment), with stronger induction under fengycin challenge as compared to the 

combined treatment. Additionally, two NRPS-PKS genes without known products were 

upregulated under lipopeptide treatment. Beyond PKS genes, MIPS functional characterization 

of genes upregulated under fengycin, synergism and surfactin conditions, respectively, identified 

6, 7, and 8 genes, respectively, categorized under secondary metabolism (MIPS category 1.20). 

Lipopeptide exposure induces genes involved in pathogenicity to maize 

Genes responsive to each of the lipopeptide treatments were compared to three F. 

verticillioides EST libraries containing genes involved in maize colonization, one for 

colonization of shoots and roots (FvI) one for colonization of maize kernels (FvJ) and a pair 

subtracted for genes upregulated in response to maize defense compounds (FvKL, see 

Supplemental Table 4.1) (Brown et al., 2005). Although no genes from the FvKL set were 

present in the three curated gene lists, two genes were found in the pre-curation data, responding 

to both the surfactin and combined treatments: FVEG_13933 (SAM-dependent 

methyltransferase, downregulated) and FVEG_10103 (cysteine hydrolase ycaC, upregulated).  

Of the genes characterized as antagonism-responsive, 32 (28 upregulated, 4 

downregulated) were present among EST libraries for shoot and root colonization (FvI) and 

maize kernel colonization (FvJ) (Tables 4.4 and 4.5, Supplemental Table 4.1). Thirteen of these 

genes were predicted to encode secreted products, with 11 of those having no known function, 

and those with predicted functions were mostly hydrolytic enzymes or involved in cell structure 

or signal transduction, with the exception of FVEG_03831 that encodes a bZIP transcription 

factor. Genes responding to combined lipopeptide treatment overlapped with 57 (42 upregulated, 

15 down) genes in FvI. Induced genes were largely degradative enzymes, with several encoding 

domains often involved in pathogenesis such as cell wall degrading enzymes. Additionally, a 
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putative N-acetyltransferase, several ATPases as well as two heterokaryon incompatability 

proteins and programmed cell death protein 6 were upregulated in response to lipopeptide 

synergy.  The putative bZIP transcription factor FVEG_07194 was also upregulated in both 

genesets. Among surfactin-responsive genes, 20 were found in the FvI EST library (18 

upregulated, 2 down). Genes upregulated under surfactin exposure were primarily 

dehydrogenase enzymes and signaling proteins but also included a fungalysin-type secreted 

metalloprotease. 

Genes in FvJ, representing those involved in colonizing maize kernels, overlapped with 

the antagonism and synergism-responsive genes, with none identified as surfactin-responsive 

(Table 4.5). From the antagonism group, a BYS1-domain containing protein (FVEG_03433), 

cerato-platanin (FVEG_03005) and a hypothetical protein (FVEG_00611) were upregulated. A 

protein kinase (FVEG_15889), hypothetical protein (FVEG_11387) and a fatty acid coA ligase 

involved in fumonisin production (fum10p, FVEG_00321) were all upregulated in response to 

lipopeptide synergism. 

Lipopeptide challenge induces genes in a shared stress response suite 

To further characterize lipopeptide responsive genes, comparison was made in FungiDB 

using data from another filamentous fungus, Neurospora crassa, which has numerous expression 

libraries characterizing abiotic stress responses (Basturkmen et al., 2008). EST data has been 

collected for N. crassa under oxidative, osmotic and heat stresses as well as glucose and nitrogen 

starvation. Based on syntenic orthology transformation from N. crassa data sets, F. verticillioides 

genes responsive to lipopeptide challenge were identified as likely responding to these stressors 

as well (Table 4.6). These F. verticillioides genes in turn overlapped in their putative response to 

stressors, with a set of 14 identified in the synergism group that were present across all five stress 
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conditions tested. These 14 genes were slightly elevated in transcript abundance and mostly 

encode ribosomal proteins (n = 8) along with a putative regulator of chromosome structure and a 

programmed cell death protein. Antagonism-responsive genes putatively responsive to osmotic 

and oxidative stress included those encoding structural proteins and a bZIP transcription factor 

(FVEG_03831) predicted to respond to all but one of the tested stressors (heat). Surfactin-

responsive genes showed no specific enrichment across stress categories but were predicted to be 

functionally involved in respiration and signal transduction. 

Apoptosis-related genes are upregulated under lipopeptide antagonism 

Genes upregulated in response to lipopeptide treatments were probed using a list of genes 

potentially involved in fungal apoptotic processes (Fedorova et al., 2005). Fengycin and 

synergism treatments, but not surfactin, induced additional cell-death related genes such as 

multiple putative HET protein-encoding genes, programmed cell death protein 6 and oxidative 

stress response genes (Table 4.7). An ortholog for the Aspergillus clavatus starvation-response 

transcription factor JlbA was found to be encoded by FVEG_07194. JlbA is responds to 

lipopeptide synergism, and in A. clavatus is involved in starvation-induced autophagy (Fedorova 

et al., 2005).  

DISCUSSION 

Fusarium verticillioides responds uniquely to lipopeptide classes 

Prior to filtering and categorization of genes, the specificity of genes responsive to 

lipopeptide exposure suggested differential responses to xenobiotic challenge from lipopeptide 

metabolites across chemical classes (Figure 4.1). Lipopeptides act synergistically, with combined 

treatment potentiating their membrane-disruptive effects (Patel et al., 2014). Our data show that 

the combined lipopeptide treatment induces a greater response of unique genes than either 
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lipopeptide alone. These data are consistent with observations of potentiation and suggest that 

fungi are capable of perceiving different lipopeptide classes and the degree of antagonism they 

inflict. Thus, the curation of lipopeptide-responsive genes into unique categories (Fengycin, 

Surfactin, Synergism, Supplemental Figure 4.1) serves to divide predicted functional responses 

into categories meaningful in the context of biological control.  

Functional diversity of genes responsive to challenge is defined by lipopeptide class 

MIPS functional categorization facilitates a limited description of the functions induced 

under varying lipopeptide challenge (Table 4.1). Based on the sole upregulation of categories 

concerned with protein expression and cell fate/cycle, F. verticillioides exhibits a clear state of 

stress and response under fengycin antagonism. This regulatory unidirectionality corroborates 

visual observations of antagonism, wherein culture growth is halted by fengycin-containing 

extracts and exhibit increased secondary metabolic activity. Antagonism via lipopeptide 

synergism is similarly stark, with significant enrichment of transport, cell rescue and virulence 

functions, indicative of a clear perception of antagonism coupled with a phenotype of recovery 

and retaliation.  

REVIGO is a tool that enables condensation of lists of gene ontology (GO) terms, which 

facilitates discussion by removing redundancy, and annotation data from lipopeptide response 

was processed in this manner (Table 4.2) (Supek et al., 2011). Among the annotated genes 

induced under antagonistic conditions (fengycin/synergism), degradative enzymes and those 

involved in redox maintenance are strongly represented. Notably, fengycin- and synergism 

responsive genes included those encoding general peptidases and peptidases acting on L-amino 

acids (GO terms 0008233 and 0070011). Such enzymes may be involved in hydrolyzing 

lipopeptide rings, which has been shown to abolish antimicrobial activity (Armelle et al., 2015). 
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This GO term does not appear in surfactin-responsive genes, suggesting these enzymes are 

directly responsive to antagonistic conditions, lending support to a recover and retaliate model of 

F. verticillioides response to lipopeptide antagonism (Figure 4.3). Functional representation in 

surfactin response is less diverse but unique in its own right, and while peptidases comprise a 

significant portion of GO-annotated genes, the response is apparently enriched for structural 

molecule activity and ribosomal constituents. This difference in composition underscores the 

lack of visible symptoms upon surfactin challenge, with hyphae visibly unchanged by surfactin 

exposure. These data suggest that surfactin does indeed inflict a level of stress on F. 

verticillioides, but not to the severity that fengycin is capable, either alone or in concert with 

surfactin. This potentiation of antagonism is evident in the fold-change data for PKS genes, 

representative of secondary metabolic involvement. For example, the increase in bikaverin PKS 

transcripts under combined lipopeptide antagonism suggests an additive effect compared to the 

individual treatments. 

Fengycin antagonism clearly induces a significant number of genes that are currently 

unclassified, across both MIPS (Category 99, 89 genes) and GO (GO:3674, 60 genes) functional 

analyses. Whether these genes comprise a range of unknown functions or are involved in 

competition-relevant pathways is uncertain, but their involvement in both lipopeptide 

antagonism and maize pathogenicity (Supplemental Table 4.4) suggest that they are a crucial part 

of F. verticillioides survival, and warrant functional characterization. Similarly, the involvement 

of ribosomal proteins in maize colonization and lipopeptide response is unexpected, although 

there is precedent. 

Ribosomal proteins function as structural components of ribosomes, with work in other 

systems implicating their differential regulation in stress response pathways (Zhou et al., 2015). 
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Given the information regarding these proteins in other systems and their involvement in 

response to antagonism response, ribosomal proteins likely play a subtle but significant role in 

the survival of F. verticillioides. Ribosomal proteins found in the FvI EST library may be 

involved in modulating F. verticillioides lifestyle from endophytic/saprophytic to pathogenic, 

either early in the process or in coping with the incurred environmental stress. 

Phenotypes of lipopeptide antagonism are corroborated by transcriptomic data 

As described in our previous work, hyphal deformation and explosive lysis are 

characteristic symptoms of lipopeptide antagonism, and this violent cell death is illustrative of 

membrane permeabilization as a mechanism of antagonism (Blacutt et al., 2016). These 

symptoms are corroborated by the number of structural proteins observed to be upregulated 

under both fengycin challenge and lipopeptide synergism, suggesting processes of cell wall 

repair or fortification. Upregulation of genes encoding membrane-integral proteins such as 

flotillin (FVEG_ 09802, Table 4.6) illustrate a perception of membrane perturbation under 

lipopeptide antagonism, especially given that this upregulation is not observed under surfactin 

challenge. 

Our previous work described the F. verticillioides response to lipopeptide challenge as 

including secondary metabolite accumulation, with surfactins and fengycins inducing fumonisin 

accumulation in varying magnitude, with fengycin antagonism accompanied by visible bikaverin 

accumulation (Blacutt et al., 2016). Here we showed the corresponding PKS genes for these 

metabolites were upregulated in class-dependent response to lipopeptide challenge. Surfactins 

and fengycins alike appear to induce accumulation of bikaverin transcripts, but the response to 

fengycin antagonism included both the fumonisin PKS and the FUM10 gene. Further, 

antagonistic conditions, but not surfactin exposure alone, induced PKS genes for the metabolites 
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fusarin C and fusaric acid, noted for their antibacterial activity (Bacon et al., 2006; Svendsen et 

al., 2016). These challenge-specific secondary metabolic responses support the hypothesis that 

these lipopeptides are uniquely perceived and differentiated by F. verticillioides, with 

correspondingly nuanced secondary metabolic responses. As sub-inhibitory concentrations of 

antibiotics and mycotoxins have been identified as signaling molecules, it’s possible that specific 

lipopeptide classes may act in part as cross-kingdom signaling molecules (Andersson and 

Hughes, 2014). 

Bikaverin’s function for F. verticillioides is uncertain, however, as a fungal secondary 

metabolite and potentially valuable natural product it has invited speculation and research 

(Limón et al., 2010). As a secondary metabolite produced by a pathogen in competitive niches, 

antimicrobial activity is an expected function. Experiments testing antimicrobial activity of 

bikaverin determined it is at least as effective as standard antibiotics against a range of clinically-

relevant bacterial pathogens (Deshmukh et al., 2014). In a more clinical context, pretreating 

neuronal cells with bikaverin confers strong protection for plasma membranes and mitochondria 

against H2O2 damage, suggesting a role as a countermeasure against oxidative stresses (and 

potential pharmaceutical value) (Nirmaladevi et al., 2014). These traits establish a likely bimodal 

role for bikaverin in response to lipopeptide antagonism, meaning it may function as a defensive 

molecule against oxidative stress while potentially acting offensively against the source of the 

insult. Fusarin C, possibly induced by some stress shared by host colonization and lipopeptide 

antagonism, has limited antibacterial activity but is considered mutagenic and carcinogenic 

(Svendsen et al., 2016). Fusaric acid possesses activity against some Bacillus strains, including 

those capable of lipopeptide production and biocontrol activity. Induced PKS and secondary 
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metabolic gene expression further supports the recover and retaliate model of antagonistic 

lipopeptide perception in F. verticillioides (Bacon et al., 2006). 

 

Lipopeptide antagonism induces genes involved in a putative Fusarium verticillioides stress 

responsome  
With a dearth of experimental annotation for genes in the F. verticillioides genome, much 

is to be gained through utilization of data from comparable, well-described systems. FungiDB, in 

addition to being a data repository, allows gene data from one organism to be “transformed” by 

orthology, with the ability to add stringency via limiting results to syntenic orthologs. Through 

this syntenic transformation, transcriptional data from other systems could be leveraged in 

characterizing the responses of F. verticillioides to lipopeptide challenge. Specifically, N. crassa 

data concerning response to discrete stressors (oxidative, osmotic, heat, glucose and nitrogen 

starvations) enabled more comprehensive functional description of the lipopeptide response in F. 

verticillioides.  

Stresses evaluated in these EST data can be divided into “extrinsic” and “intrinsic” 

categories, with glucose- and nitrogen starvation giving rise to intrinsic stress as opposed to the 

externalized oxidative, osmotic and heat-derived challenges, with some genes putatively acting 

across all tested stressors. Lipopeptide-responsive genes involved in response to extrinsic stress 

are more focused on structural maintenance and signal transduction, such as genes encoding 

cytoskeleton, wall and membrane associated proteins induced under antagonistic (fengycin, 

combined) treatment. The intrinsic stress response appears to involve degradative enzyme 

function, although it is unclear whether these enzymes are acting extracellularly or as part of an 

autophagic process. Given the current mechanistic model of lipopeptide antagonism, it is not 

surprising that genes induced under such challenge are strongly linked to oxidative and osmotic 
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stress, with significant overlap in heat-stress response (Deleu et al., 2008). Interestingly, the 

surfactin-responsive genes do not exhibit significant overlap with any specific stressor. This 

ambiguity suggests that nonantagonistic lipopeptide challenge, while clearly inflicting stress on 

F. verticillioides, lacks the severity required to induce observable antagonism on its own. As 

outcomes of lipopeptide-membrane interactions are dependent on specific composition of their 

participants, it is possible that the comparably mild stress induced by surfactin is due to 

inefficient or less disruptive membrane interactions. 

Across lipopeptide challenge, the osmotic and oxidative stress categories were most 

highly represented across lipopeptide challenge, with synergism induced genes shared with 

putative stress response being associated with at least these two stimuli (Table 4.6). In addition, 

14 genes present in the synergistic-antagonism set were expressed under all five tested stress 

conditions. These genes likely comprise part of a core “responsome” for F. verticillioides, 

involved in response to both extrinsic and intrinsic stressors via universal functions. The term 

“responsome” has been used to refer to the secondary metabolic profile of an organism under a 

given stimulus (Bachmann, 2014). Our work suggests expanding the definition to encompass a 

comprehensive modeling of the cell processes underlying responses to environmental stress 

stimuli. In the spirit of the original definition, it should be noted that products of two of the PKS 

genes (FVEG_11932, FVEG_05537) induced under fengycin challenge are yet unknown, and 

may prove to be novel metabolites. Following putative identifications based on N. crassa data 

and differential response to lipopeptide challenge, components of this proposed responsome 

serve to elucidate nuances involved in fungal perseverance against environmental challenges. 

Genes responsive to lipopeptide challenge as well as maize colonization represent 

“multifunctional” stress response genes which may prove valuable targets for management 
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purposes. For example, FVEG_02548 is a putative component of the “mediator complex” and is 

induced under fengycin antagonism, four of the five compared stressors (all except nitrogen) and 

colonization of maize shoots and roots. In Candida glabrata, inhibition of the activator-mediator 

interaction restored azole sensitivity in resistant strains (Nishikawa et al., 2016). 

Genes shared in maize colonization and antagonism response imply common 

environmental stresses 

In selecting stress-response genes that may be targeted for management purposes, it is 

logical to consider those that are also involved in host colonization, such as those present in the 

FvI EST data set provided by Brown et al. (Brown et al., 2005). The secretion of cerato-platanin, 

a known phytotoxic peptide, suggests that pathogenicity and stress response are linked in F. 

verticillioides. Levels of oxidative and osmotic stress may serve as inducers of the pathogenic 

state in the same manner as nitrogen starvation has been demonstrated to induce fumonisin 

production (Kim and Woloshuk, 2008). Coregulation of stress and pathogenicity genes may also 

be a result of stress inherent to growth in the host apoplasm, where colonizers contend with 

nutrient scarcity and oxidative stress. It may be that these putative stress response genes serve to 

protect fungal growth during the endophytic portion of its lifestyle as it colonizes a comparably 

inhospitable environment. This may explain the upregulation of genes like FVEG_03433, a 

homolog of BYS1, in maize colonization EST libraries. This protein is linked to a morphological 

change in the pathogen Blastomyces dermatitidis, whereby higher temperatures prompt BYS1 

protein accumulation and differentiation from filamentous to yeast-like unicellular growth (Bono 

et al., 2001). As FVEG_03433 is upregulated in both FvI and FvJ EST libraries, it is possible 

that this protein is involved in the endophyte/pathogen “lifestyle switch” in F. verticillioides. In 

B. dermatitidis, this change is dependent on temperature, suggesting that external stress stimuli 
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akin to those inflicted by lipopeptide antagonism may be involved in lifestyle modulation in F. 

verticillioides, for example the oxidative stress inflicted by host-produced H2O2. Similarly, the 

bZIP transcription factor FVEG_03831 may also be involved in determining F. verticillioides 

lifestyle. The bZIP family of transcription factors is associated with stress response and virulence 

across pathogenic fungi, and the FVEG_03831 is induced by fengycin antagonism and present in 

the FvI library (Guo et al., 2010). While JlbA is also a bZIP transcription factor, the targets of 

FVEG_03831 are unknown and, given its presence in both maize colonization and fengycin 

antagonism, it may be involved in regulating common processes such as the “offensive” protein 

functions such as secreted hydrolases, secondary metabolism and virulence-associated peptides 

like cerato-platanin and LysM-related effectors.  

LysM domains typically bind fungal cell wall constituents like chitin, and through this 

activity are thought to act by masking the presence of the fungus to evade host defenses or 

exogenous chitinase activity (Kombrink and Thomma, 2013). This masking, combined with 

hydrolase secretion and the secondary metabolic response to antagonism, suggest an ‘offensive’ 

expression pattern shared by both antagonism-response and maize colonization. This concept of 

pathways multitasking across stimuli is further supported by the common accumulation of 

“defensive” transcripts, for genes involved in coping with environmental stresses, either through 

detoxification, maintenance of a redox state or the more dramatic apoptotic processes. 

Lipopeptide antagonism induces genes putatively involved in programmed cell death 

Although the direct mechanism of cyclic lipopeptides is membrane permeabilization 

leading to lysis, there is significant evidence that antagonism is also accomplished through 

induction of cell death processes (Table 4.7) (Han et al., 2015). Indeed, previous microscopic 

examination observed heavy vacuolization under fengycin challenge as part of the antagonism 
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phenotype, and this is a classical sign of autophagy under apoptotic processes (Saupe, 2000; 

Blacutt et al., 2016). Heterokaryon incompatibility proteins are classically involved in 

self/nonself recognition for filamentous fungi, and when incompatible hyphae fuse, genes are 

induced and lead to the programmed cell death that gives rise to the “barrage zone” phenotype 

(Paoletti and Clavé, 2007). Functions for many of these genes are unknown, although het-c, het-d 

and het-e act in an allelic manner to determine anastomosis outcomes, and het-e (upregulated 

under lipopeptide synergism) at least appears to function in a recognition/signal transduction 

capacity. FVEG_11873, homologous to apoptosis-inducing factor (AIF2) is downregulated in 

response to synergistic antagonism. As an AIF ortholog is known to regulate apoptosis in a 

caspase-independent pathway in yeast, FVEG_11873 is potentially a regulator of apoptotic 

processes in F. verticillioides (Modjtahedi et al.; Wissing et al., 2004). 

Ribosomal proteins induced by synergistic antagonism likely play a role in cell death. In 

higher eukaryote systems these proteins respond to stress and provide a level of regulation for 

proliferation, differentiation and induction of cell death (Naora and Naora, 1999). Here, cancer 

research provides illumination as to the roles of these genes: the S14 type proteins, which were 

expressed in the FvI library and responsive to lipopeptide synergism, are tumor suppressors 

through activation of p53, which leads to cell cycle arrest and death (Zhou et al., 2015). 

Filamentous fungi have been found to possess a p53-like gene responsive to nutrient starvation, 

suggesting this mode of programmed cell death induction may be intact in lower eukaryotes 

(Katz et al., 2013).  Ribosomal proteins upregulated under lipopeptide antagonism and maize 

colonization are homologous to those causing the cell death-implicated human disease Diamond-

Blackfan Anemia, but their involvement with fungal apoptosis cell death pathways is less clear. 

In addition to HET proteins and the ambiguous involvement of ribosomal proteins, the aptly-
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named programmed cell death protein 6 is known to promote apoptosis through interaction with 

caspase via signaling pathways (Lee et al., 2005). Overall, exposure to fengycin antagonism 

leads to cell lysis and programmed cell death through clearly observed signaling pathways 

activated under antagonistic conditions. 

Simultaneous exposure to multiple classes of lipopeptides produces a synergistic effect, 

potentiating antagonism (Maget-Dana et al., 1992). The transcriptomic response of F. 

verticillioides to fengycin and surfactin synergism suggests that this effect is specifically 

perceived in target organisms. Synergism-responsive genes were the largest curated set, at 239 

genes compared to the 187 of the fengycin group and 81 for surfactin. As these curated sets are 

all unique, the size of the synergism set illustrates the breadth and specificity of F. verticillioides 

response to lipopeptide antagonism. There are two possible mechanisms by which this 

perception differs: Synergistic antagonism may be uniquely perceived by F. verticillioides, or 

combined lipopeptide challenge activates a higher threshold of stress response as compared to 

either the fengycin or surfactin treatments. That all 14 of the proposed responsome genes are 

induced under synergism response alone suggests that combined lipopeptide exposure inflicts 

unique stress on F. verticillioides, as opposed to an increased level of the same stresses applied 

by fengycin or surfactin alone. Synergistic lipopeptide antagonism and its effects on the target 

organism may be better characterized through more fine-tuned experiments, such as those testing 

the minimum inhibitory concentration for each contributing class. Better understanding of the 

specific conditions underlying synergistic antagonism will enable characterization of the nature 

of such antagonism and its value in biological control. 

Together, these data illustrate the diversity and conservation in F. verticillioides 

responses to exogenous stressors inherent to the niche of the phytopathogen. The nuances 
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observed in these data may find application beyond this pathosystem Just as work done in higher 

eukaryotes and cancer biology contributes to characterization of ribosomal proteins and those 

involved in apoptotic processes, lipopeptide-response data can also be used to characterize genes 

currently lacking annotation. As observed in the fengycin- and synergism-responsive gene sets 

(Table 4.1), unclassified genes comprise the majority of antagonism response in F. 

verticillioides. As the roles of these genes are yet unclear, characterization of their functions 

contributes to understanding the repertoire of environmental fitness genes in the F. verticillioides 

genome.  

Transcriptomic analyses provide a global snapshot of cell processes, potentially 

describing mechanisms underlying observed phenotypes while providing support and direction 

for further avenues of investigation. In the described work, RNA-sequencing revealed the global 

response prompted by microbial antagonism against F. verticillioides, a known endophyte and 

mycotoxigenic pathogen of maize. Curation of lipopeptide-responsive genes enables focused 

analysis on processes determining F. verticillioides survival in the phyllosphere. These processes 

predictably include stress responsive genes and secondary metabolic pathways, and these data 

also corroborate apoptosis as a contributor to biocontrol activity. The overlap among genes 

involved in both antagonism and maize pathogenesis suggests novel targets for management 

approaches.  

Ongoing experiments, guided by functional annotation, focus on deletion of genes likely 

significant in perception and response to lipopeptide antagonism, specifically structural proteins 

and a secreted LysM effector potentially responsible for evasion of chitinase activity (Appendix 

2). Generation and characterization of these deletants will assist in describing genes essential to 

F. verticillioides success as a pathogen and general maize inhabitant. Deletion targets also 
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include transcription factors and genes encoding chromatin-modifying enzymes, which may 

identify central components of the F. verticillioides regulatory network involved in rhizosphere 

competition as well as implicating epigenetic regulation in the survival strategy of this 

phytopathogen. Such information will hopefully contribute to foundational knowledge for 

understanding basic microbial ecology applicable beyond the maize phytobiome.  

MATERIALS AND METHODS 

Extract prep and culture conditions 

Lipopeptide treatments were prepared by drying methanolic B. mojavensis RRC101 

supernatant extracts and resuspending in 1/5
th 

concentration
 
Potato Dextrose Broth, to a final 

concentration of 200 ppm as determined by LC-MS using lipopeptide standards (LipoFabrik, 

Villeneuve-d'Ascq, France). F. verticillioides strain FRC-M3125 5-day liquid cultures were 

harvested for conidia via cheesecloth filtration, followed by pelleting and washing with reverse-

osmosed H2O. Conidia were finally suspended at 1.5 x 10
6
 conidia/mL. Five microliters of 

conidial suspensions were spotted onto the center of Potato Dextrose Agar plates before 

incubation for 5 days, at 27 °C in the dark. Lipopeptide solutions (100 µL) were applied to 

colony edges and allowed to dry for five minutes in a laminar flow hood. Cultures were then 

incubated for six hours in the dark at 27 °C. After incubation, treated colony edges were excised 

and flash frozen in liquid nitrogen for RNA extraction. Each treatment was composed of three 

biological replicates. 

RNA extraction, library preparation and sequencing 

One-hundred milligrams of each homogenized culture sample was extracted for total 

RNA using the Norgen Biotek plant/fungi total RNA kit and manufacturer’s protocol (Thorold, 

ON, Canada). RNA quality (RIN value > 7.0) was determined via Agilent RNA Nano 6000 
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Chips on an Agilent 2100 bioanalyzer. Messenger RNA was isolated via poly-T magnetic bead 

purification before libraries were created using the Illumina TruSeq v2 library kit and 

manufacturer’s protocol. Libraries were indexed via available adapters and quantified via 

fluorimetry before pooling for sequencing. Paired-end reads (length = 36 bp) were generated by 

the University of Georgia Genomics Facility using an Illumina NextSeq instrument, with a mean 

16.8 million reads per sample (Supplemental Table 4.3). 

Sequencing data processing 

Reads were uploaded to the University of Georgia Galaxy server for trimming, quality 

control and analysis. The Fusarium verticillioides genome file was downloaded in FASTA 

format from NCBI (Assembly GCF_000149565.1), and the annotations 

(GCF_000149555.1_ASM14955v1) in GFF (General Feature Format) format. Reads were 

mapped to the F. verticillioides genome via Tophat (v2.0.14); transcript assembly was conducted 

through Cufflinks (v2.21) (Supplemental Table 4.4). Cuffdiff (v2.2.1.3) output files were 

downloaded and analyzed via cummeRbund (v2.13.1) (Goff et al., 2012). 

Categorization of genes and FungiDB analysis 

Through use of the ‘getSig’ cummeRbund function, genes significantly differentially expressed 

over control (q < 0.05) were compared across treatments to assess potential synergistic or 

counteracting effects of lipopeptide classes. Preliminary functional annotation was conducted 

using the MIPS FunCat server (Ruepp et al., 2004). Genes without signal peptides for secretion 

or transmembrane domains were submitted for localization prediction via the MultiLoc2 (Blum 

et al., 2009). Localization enrichment was calculated using Fisher’s exact test, based on 15869 

total genes (as found in FungiDB), 2821 with signal peptides, 3934 membrane proteins (3044 

with transmembrane domains, 890 with signal peptides and transmembrane domains) (Rivals et 
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al., 2007). Gene Ontology analysis was conducted via the FungiDB platform, under the 

parameters of “Biological Process” and “Molecular Function” with a significance threshold of q 

≤ 0.05. 
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Table 4.1. MIPS functional categorization reveal differential trends in genes responsive to specific lipopeptide classes 

x
 Numbers in parenthesis are total unique genes for a given condition. 

y
 Bold numbers indicate subcategories enriched in lipopeptide response as compared to the F. verticillioides genome, via Fisher’s 

Fengycin Synergism Surfactin 

Functional Category 
Upregulated 

(157)
x

Downregulated 

(30) 

Upregulated 

(148) 

Downregulated 

(91) 

Upregulated 

(63) 

Downregulated 

(18) 

01 Metabolism 28
y

8 22 27 20 6 

02 Energy 3 1 9 6 2 

10 Cell cycle and DNA processing 4 4 5 2 

11 Transcription 2 3 6 3 

12 Protein synthesis 2 13
z

1 

14 Protein fate (folding, modification, destination) 13 12 5 7 1 

16 Protein with binding function or cofactor requirement 21 4 32 16 19 4 

18 Regulation of metabolism and protein function 3 4 2 4 1 

20 Cellular transport, transport facilities and routes 16 5 12 16 15 1 

30 Cellular communication/signal transduction  5 5 5 5 2 

32 Cell rescue, defense and virulence 13 4 16 16 12 1 

34 Interaction with the environment 8 1 7 7 9 

36 Systemic interaction with the environment 2 1 

38 Transposable elements, viral and plasmid proteins 1 

40 Cell fate 6 4 4 

42 Biogenesis of cellular components 13 7 3 5 1 

43 Cell type differentiation 4 3 2 3 

99 Unclassified proteins 89 19 65 35 24 9 
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exact test. 

z
 Underlined numbers are for categories determined by MIPS FunCat to be statistically enriched under lipopeptide response.
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Table 4.2. Gene ontology classifications for genes induced by lipopeptide challenge, as 

abbreviated by REVIGO 

Term ID GO Term (Function) Genes 

Fengycin   

GO:0003674 Molecular_function 60 

GO:0043168 Anion binding 14 

GO:0036094 Small molecule binding 14 

GO:0070011 Peptidase activity, acting on L-amino acid peptides 7 

GO:0008233 Peptidase activity 7 

GO:0031177 Phosphopantetheine binding 2 

GO:0072341 Modified amino acid binding 2 

GO:0033218 Amide binding 2 

GO:0015095 Magnesium ion transmembrane transporter activity 1 

GO:0016639 Oxidoreductase, acting on CH-NH2 donor, NAD/NADP acceptor 1 

GO:0003989 Acetyl-coa carboxylase activity 1 

GO:0005544 Calcium-dependent phospholipid binding 1 

GO:0008810 Cellulase activity 1 

GO:0004075 Biotin carboxylase activity 1 

GO:0016885 Ligase activity, forming carbon-carbon bonds 1 

GO:0004198 Calcium-dependent cysteine-type endopeptidase activity 1 

Surfactin 
  

GO:0003824 Catalytic activity 25 

GO:0016491 Oxidoreductase activity 13 

GO:0004871 Signal transducer activity 5 

GO:0050662 Coenzyme binding 5 

GO:0060089 Molecular transducer activity 5 

GO:0016773 Phosphotransferase activity, alcohol group as acceptor 4 

GO:0016209 Antioxidant activity 3 

GO:0004601 Peroxidase activity 3 

GO:0016684 Oxidoreductase activity, acting on peroxide as acceptor 3 

GO:0008236 Serine-type peptidase activity 2 

GO:0016830 Carbon-carbon lyase activity 2 

GO:0017171 Serine hydrolase activity 2 

GO:0016872 Intramolecular lyase activity 1 

GO:0004506 Squalene monooxygenase activity 1 

Synergism 
  

GO:0003735 Structural constituent of ribosome 13 

GO:0005198 Structural molecule activity 13 

GO:0070011 Peptidase activity, acting on L-amino acid peptides 5 

GO:0008233 Peptidase activity 5 
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GO:0017171 Serine hydrolase activity 3 

GO:0045482 Trichodiene synthase activity 1 

GO:0004360 Glutamine-fructose-6-phosphate transaminase activity 1 



 

94 

 

Table 4.3.  Lipopeptide challenge induces PKS genes corresponding to secondary metabolites in 

Fusarium verticillioides 

  
log2(fold change over control) 

Gene ID Product Fengycin Surfactin Combined 

FVEG_03379 Bikaverin 0.80 0.66 1.29 

FVEG_11086 Fusarin C 1.19 ns* 0.74 

FVEG_11932 Unknown 1.20 ns ns 

FVEG_12523 Fusaric acid 1.20 ns 0.45 

FVEG_00316 Fumonisin 0.62 ns ns 

FVEG_05537 Unknown ns ns 1.04 

*ns = Not significantly differentially expressed.
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Table 4.4. Lipopeptide-responsive genes with predicted functions found in the FvI EST library
x

Gene ID Annotation log2(fold change) 

Fengycin 

FVEG_01545 Major Facilitator Superfamily 0.660139 

FVEG_01656 Glutamate carboxypeptidase 1.20388 

FVEG_03005 Cerato-platanin 1.37928 

FVEG_03607 Proline dehydrogenase 0.75226 

FVEG_03831 bZIP transcription factor 0.845299 

FVEG_03910 WW domain, protein binding 0.537912 

FVEG_06203 Putative cell wall mannoprotein 1.43445 

FVEG_06844 Putative cell surface protein 0.72481 

FVEG_07480 Lipid binding protein, DUF500 1.41616 

FVEG_08403 Eukaryotic aspartyl protease 0.631619 

FVEG_08821 Glycosyl hydrolase family 61 1.01654 

FVEG_09406 putative BYS1 1.59814 

FVEG_10258 Cell wall protein phiA
y

2.48641 

FVEG_10303 Bacterial NAD-glutamate dehydrogenase 0.836384 

FVEG_10818 Annexin 1.77763 

FVEG_11282 4F5 protein family 0.718699 

FVEG_12879 Putative phosphatidylinositol phosphate kinase 1.86405 

Synergism 

FVEG_00381 Ribosomal protein S21e 0.527629 

FVEG_00566 S8e: ribosomal protein S8.e 0.586556 

FVEG_00851 Ribosomal protein S19 0.638235 

FVEG_00904 Programmed cell death protein 6 0.499845 

FVEG_01326 Glucosamine-fructose-6-phosphate aminotransferase 0.418887 

FVEG_01770 Type C endoglucanase -inf 

FVEG_02245 ATP synthase D chain, mitochondrial (ATP5H) 0.412382 
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FVEG_02859 Putative endoglucanase 0.713294 

FVEG_04071 Common central domain of tyrosinase 0.45377 

FVEG_04370 Carbon-nitrogen hydrolase 0.661581 

FVEG_04403 Dynamin family 0.455198 

FVEG_04675 Putative hydrolase 0.420521 

FVEG_04843 CFEM domain - putatively involved in pathogenesis 0.698923 

FVEG_05516 Acetyltransferase (GNAT) domain 0.511719 

FVEG_06552 Amidase 0.62694 

FVEG_06822 Polysaccharide deacetylase involved in osmoregulation 2.21973 

FVEG_07030 Ribosomal protein S10p/S20e 0.57346 

FVEG_07194 bZIP transcription factor JlbA, responsive to starvation 1.54344 

FVEG_07976 Ribosomal protein L4/L1 family 0.483898 

FVEG_07980 Ribosomal protein S14p/S29e 0.66802 

FVEG_08105 Chitin synthesis regulation, resistance to congo red 0.79038 

FVEG_09773 Amino acid permease 0.840669 

FVEG_09796 Serine hydrolase (FSH1) 0.876595 

FVEG_09934 Glycosyl hydrolase family 20, catalytic domain 0.491788 

FVEG_10117 0048419 Growth Factor Receptor domain 0.708883 

FVEG_10294 RanBP1 domain 0.462164 

FVEG_10863 Peptidase inhibitor I9 1.09508 

FVEG_11169 Ribosomal protein S24e 0.669947 

FVEG_12201 Domain of unknown function (DUF4267) 1.35235 

FVEG_12280 Trypsin-like peptidase domain 0.496357 

FVEG_13030 ATPase family associated with various cellular activities (AAA) 0.713554 

FVEG_13197 Putative HET-E-1 0.668595 

FVEG_14112 CVNH domain - involved in pathogenesis 0.558782 

FVEG_16675 Heterokaryon incompatibility protein (HET) 1.73185 

Surfactin FVEG_00098 Semialdehyde dehydrogenase, NAD binding domain 0.84792 
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FVEG_00225 NADH(P)-binding 0.664437 

FVEG_02717 Putative cell surface protein involved in stress response 1.14133 

FVEG_04017 Putative cell surface protein 0.725479 

FVEG_04168 Protein kinase domain 1.17933 

FVEG_07303 PAS fold 1.63677 

FVEG_07427 Aldehyde dehydrogenase family 0.505239 

FVEG_08809 Major Facilitator Superfamily 2.1524 

FVEG_09294 Cytochrome P450, putative oxygenase 0.882892 

FVEG_10078 Hemerythrin HHE cation binding domain 1.38799 

FVEG_11286 C2 domain 0.912736 

FVEG_11955 Catalase-related immune-responsive 0.453002 

FVEG_12768 GMC oxidoreductase 1.84115 

FVEG_13102 short chain dehydrogenase 0.837966 

FVEG_13198 Caleosin related protein 0.656462 

FVEG_13630 Fungalysin/Thermolysin Propeptide Motif 0.570278 
 

x
 Expressed during colonization of maize roots and shoots 

y
 Proteins in bold are predicted to be secreted.
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Table 4.5. Lipopeptide-responsive genes found in the FvJ EST library
x

GeneID Annotation log2(fold change) 

Fengycin 

FVEG_00611 Uncharacterized hypothetical protein -0.571 

FVEG_03005 Cerato-platanin 1.37928 

FVEG_03433 BYS1 function unknown, involved in pathogenicity
y

1.21124 

Synergism 

FVEG_00321 Fatty acid coA ligase, FUM10 -0.6495 

FVEG_11387 Uncharacterized hypothetical protein -0.5217 

FVEG_15889 Protein kinase domain 0.71057 

x
 EST library containing genes expressed during maize kernel colonization. 

y 
Genes in bold are predicted to encode secreted proteins. 
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Table 4.6. Lipopeptide challenge induces genes involved in a putative conserved stress ‘responsome’ in Fusarium verticillioides 

 
    N. crassa stressor

x 

 
Gene ID Annotation Oxidative Osmotic Heat Nitrogen Glucose 

 
FVEG_00522 ATPase family associated with various cellular activities (AAA) X 

  

 
FVEG_01031 Copper/zinc superoxide dismutase (SODC) X X 

 
X X 

 
FVEG_01712 Metal transporter, similar to Cu

+
 resistance protein X X X 

 

 
FVEG_02548 Involucrin-like, Med15 signal transducer domain X X X 

 
X 

 
FVEG_03607 Proline dehydrogenase X X 

 
X X 

Fengycin FVEG_03831 bZIP transcription factor X X 
 

X X 

(8.02%)
y FVEG_03910 WW domain X X X 

 
X 

 
FVEG_05556 ATP-grasp domain X 

   

 
FVEG_06203 Putative cell wall mannoprotein  X 

    

 
FVEG_06789 Ankyrin repeat X 

    

 
FVEG_06844 SH3 domain, putative cytoskeleton protein X X X 

 
X 

 
FVEG_07105 MIF4G domain X X X 

  

 
FVEG_09652 Calpain family cysteine protease X 

  
X 

 

 
FVEG_09802 SPFH domain / Band 7 family (flotillin) X 

 
X 

 
X 

 
FVEG_12969 Protein of unknown function (DUF1399) X 

 

 
  Fengycin totals (out of 15) 11 9 7 6 7 

 
FVEG_00566 S8e: ribosomal protein S8e 

z X X X X X 

 
FVEG_00851 Ribosomal protein S19 X X X X X 

 
FVEG_00904 Programmed cell death protein 6 X X X X X 

 
FVEG_01326 SIS domain X X X X X 

 
FVEG_01367 Ribosomal protein L36e X X X X X 

 
FVEG_01392 Ribosomal protein S28e X X X X 

 

 
FVEG_02245 ATP synthase D chain, mitochondrial (ATP5H) X X X X X 
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FVEG_04370 Carbon-nitrogen hydrolase X X X X 

Synergism FVEG_04519 Ribosomal L38e protein family X X X X X 

(9.21%) FVEG_04675 Putative hydrolase X X X X 

FVEG_05220 UBA/TS-N domain X X X 

FVEG_05445 Large tegument protein domain PHA03247 X X 

FVEG_06021 Thiazole biosynthesis protein ThiG X X X X X 

FVEG_07976 Ribosomal protein L4/L1 family X X X X X 

FVEG_07980 Ribosomal protein S14p/S29e X X X X X 

FVEG_09564 Ribosomal protein S5, C-terminal domain X X X X X 

FVEG_09801 Uncharacterized hypothetical protein X X X X X 

FVEG_10294 
RanBP1 domain, regulator of RCC1 chromatin 

regulator X X X X X 

FVEG_11169 Ribosomal protein S24e X X X X X 

FVEG_13030 
ATPase family associated with various cellular activities 

(AAA) X X X X 

FVEG_15956 Protein tyrosine kinase X X X 

FVEG_15957 Aurora kinase ARK1, regulator of cell shape X X X 

Synergism totals (out of 22) 22 22 19 17 17 

FVEG_02123 Serine carboxypeptidase X 

FVEG_02125 PAS domain S-box protein X X X X 

FVEG_02248 Uncharacterized hypothetical protein X X X 

FVEG_02717 Putative cell surface protein involved in stress response X X 

FVEG_04168 Protein kinase domain X X X 

Surfactin FVEG_07133 Uncharacterized hypothetical protein X X X 

(14.81%) FVEG_07303 PAS fold X 

FVEG_10078 Hemerythrin HHE cation binding domain X 

FVEG_10672 FMN-dependent dehydrogenase X 

FVEG_10717 Thi4 family X X 

FVEG_10718 CarR_dom_SF: lycopene cyclase domain X 
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FVEG_13102 Short chain dehydrogenase X       

  
Surfactin totals (out of 12) 4 6 4 6 3 

x
 F. verticillioides orthologs for N. crassa stress-responsive genes were identified via FungiDB’s transformation by orthology tool, 

limited to syntenic orthologs to increase stringency.  

y
 Parentheses beneath each group name represent the portion putative stress-response genes comprise of the total curated group. 

z Bolded genes are proposed to comprise part of the F. verticillioides responsome. 
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Table 4.7. Lipopeptide antagonism induces genes in Fusarium verticillioides predicted to be involved in apoptosis 

Group Gene ID Gene annotation log2(fold change) 

Fengycin 

FVEG_01031 Cu/Zn Superoxide dismutase 0.63478 

FVEG_03347 Lipoxygenase 1.56172 

FVEG_05861 Glycine rich, putative stress response (DUF1399) 2.08665 

FVEG_05888 Heterokaryon incompatibility protein (HET) 2.58291 

FVEG_07105 MIF4G domain 0.8171 

FVEG_08793 Ankyrin repeat-containing protein 0.97638 

FVEG_09652 Calpain family cysteine protease 1.54385 

FVEG_11221 Peroxidase 2.21633 

FVEG_11872 Heterokaryon incompatibility protein (HET) 0.98093 

FVEG_11981 Glutathione S-transferase, N-terminal domain (detoxification) 2.19056 

FVEG_17301 Heterokaryon incompatibility protein (HET) 2.50609 

Synergism 

FVEG_00851 Ribosomal protein S19 - derepressor of PCD 0.63824 

FVEG_00904 Programmed cell death protein 6 0.49985 

FVEG_07194 bZIP transcription factor JlbA 1.54344 

FVEG_07980 Ribosomal protein S14p/S29e - activates p53 0.66802 

FVEG_11822 Heterokaryon incompatibility protein (HET) 2.11144 

FVEG_13197 Putative HET-E-1 0.6686 

FVEG_13265 Heterokaryon incompatibility protein (HET) inf 

FVEG_16329 Heterokaryon incompatibility protein (HET) 1.76645 

FVEG_16665 Heterokaryon incompatibility protein (HET) 1.96485 

FVEG_16675 Heterokaryon incompatibility protein (HET) 1.73185 

FVEG_16844 Heterokaryon incompatibility protein (HET) 1.14488 
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FVEG_17256 Heterokaryon incompatibility protein (HET) 1.72683 

FVEG_17421 Heterokaryon incompatibility protein (HET) 0.98182 
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Figure 4.1. Venn diagram illustrating the overlap of genes (prior to curation) differentially 

expressed (up- and downregulated) in response to fengycin, surfactin and combined lipopeptide 

challenges. Numbers indicate genes determined to be significantly differentially expressed in 

respective pairwise comparisons. 
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Figure 4.2. Lipopeptide response in Fusarium verticillioides varies in putative localization of A) 

Fengycin-, B) Surfactin-, and C) Synergism responsive gene products. Dark bars indicate 

percentage of total genes upregulated. Light bars represent percentage of total downregulated 

genes. 
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Figure 4.3. A graphical representation of the “Recover and Retaliate” model of cLP antagonism response in Fusarium verticillioides. 

Predicted gene functions upregulated under fengycin antagonism are listed under their respective categories, with ‘Recover’ referring 

to genes with products acting on structural components, and ‘Retaliate’ referring to secreted compounds likely involved in counter-

antagonism and pathogenesis. The responsome refers to the putative core stress response genes as described through comparison to 

Neurospora crassa EST data. The antagonism phenotype of cell death following vacuolation is included as well (shaded 

compartment). 
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Supplemental Table 4.1. EST libraries used in analysis of lipopeptide responsive genes in Fusarium verticillioides 

Library Details Reference 

FvI Genes expressed during colonization of maize shoots and roots 

(Brown et al., 2005) FvJ Genes expressed during colonization of maize kernels 

FvKL Subtraction library, responsive to maize phytochemicals, specifically BOA 

Oxidative stress N. crassa cultures one hour after exposure to oxidative stress 

(Basturkmen et al., 2008) 

Osmotic stress N. crassa cultures one hour after growth in 0.68M NaCl  

Heat stress N. crassa cultures after one hour growth at 45 °C  

Glucose deprivation N. crassa after one hour growth in glucose-free medium  

Nitrogen deprivation N. crassa after one hour growth in nitrogen-deprived medium 
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Suppplemental Table 4.2. Cuffdiff parameter summary exported from the UGA Galaxy server 

Parameter Setting 

Library normalization method geometric 

Dispersion estimation method per-condition 

False Discovery Rate 0.05 

Min Alignment Count 7 

Use multi-read correct TRUE 

Perform Bias Correction Yes 

Reference sequence data history 

Using reference file GCA_000149555.1_ASM14955v1_genomic.fna 

Include Read Group Datasets Yes 

Include Count Based output files Yes 

apply length correction cufflinks effective length correction 

Additional Parameters for single end reads? No 

Set Advanced Cuffdiff parameters? No 
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Supplemental Table 4.3. Read information from the cuffdiff output file “read_groups.info” 

Condition Replicate Total reads Internal scale 

Control 0 1.28E+07 0.852059 

Control 1 1.54E+07 1.03167 

Control 2 1.66E+07 1.14785 

Surfactin 0 1.13E+07 0.651169 

Surfactin 1 1.51E+07 0.917635 

Surfactin 2 2.33E+07 1.59324 

Fengycin 0 9.13E+06 0.438824 

Fengycin 1 2.27E+07 1.41889 

Fengycin 2 1.70E+07 1.00528 

Combined 0 2.38E+07 1.46371 

Combined 1 1.84E+07 1.20718 

Combined 2 1.64E+07 1.03447 
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Supplemental Table 4.4. Lipopeptide responsive hypothetical proteins found in the FvI EST 

library 

Fengycin Surfactin Synergy 

FVEG_03080 FVEG_08139 FVEG_03069 

FVEG_03081 

 

FVEG_03305 

FVEG_04051 

 

FVEG_05442 

FVEG_06335 

 

FVEG_05579 

FVEG_05862 

 

FVEG_06460 

FVEG_11065 

 

FVEG_07424 

FVEG_08575 

 

FVEG_16568 

FVEG_04758 

  FVEG_12191 

  FVEG_02548 

  FVEG_10770 

  FVEG_00611 
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Supplemental Figure 4.1. FungiDB strategies used for curation of gene lists for downstream analysis. Treatments are referred to by 

single letter symbols, where C = control, S = Surfactin, F = Fengycin and D = Combined. Gene lists are based on differential response 

between treatments, where FvD represents genes determined by ‘getSig’ in cummeRbund to be differentially expressed between 

fengycin and combined treatment. 
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CHAPTER 5 

CONCLUSIONS 

The history of developing biological control agents (BCAs) is fraught with examples that 

promised early results that then failed to maintain efficacy upon scaling to the less-controlled 

conditions of the greenhouse or field. Given these challenges, it may be useful to focus less on 

any specific agent and more on the basic mechanisms underlying successful biological control 

events. These data can then be leveraged for future development and deployment of BCAs, 

through improvements in screening and selection, or the more direct route of genetic 

transformation to literally build a better BCA. The work detailed in this dissertation has thus 

approached the biocontrol interaction between B. mojavensis RRC 101 and F. verticillioides with 

a focus on identifying elements responsible for the interaction as well as the consequences of 

antagonism. This interaction has been characterized via microscopic, biochemical and 

transcriptomic analyses. 

Building on advancements in affordability and accessibility of -omics technologies, the 

phytobiomes initiative led by the American Phytopathological Society focuses on knowledge 

gaps in plant-microbe systems (Leach and APS, 2015). Many of these gaps are specifically 

applicable to biocontrol interactions, such as those involving phytobiome community 

interactions and their underlying mechanisms. Initial reductionist experiments that focused on 

simplification of microbial interactions such as detailing the effects of individual lipopeptide 

classes and their susceptible targets, are thus useful in filling gaps towards understanding the 
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complexities of plant-associated microbial interactions overall. These data can be bolstered 

through incorporating results from experiments in other systems through sequencing repositories. 

Transcriptomic analyses facilitate the investigation of phytopathogenically-relevant 

systems through generating massive datasets. With these data come the inherent challenge of 

determining significance within a biological system. Biological significance is approximated in 

this work via direct and indirect comparisons to datasets available through FungiDB, a web-

based repository and analysis platform. Specifically, comparing lipopeptide-responsive genes to 

orthologous stress response genes in Neurospora crassa, as well as those involved with maize 

colonization in F. verticillioides confer increased value to all data sets involved. Such data 

analyses outline basic networks of multifunctional genes as well as generating circumstantial 

data for which hypotheses can be generated and tested. Through such tools, description and 

analysis of transcriptomic data becomes streamlined and more accessible for future correlational 

meta-analysis. Results from those studies, such as the putative identification of the F. 

verticillioides responsome, can then be used to guide experimental design with the goal of 

confirming and characterizing these biological phenomena. 

The work described in this dissertation details the interaction between Fusarium 

verticillioides and one isolate of Bacillus mojavensis, RRC101. However, through genomic 

description of RRC101 and the use of lipopeptide extracts in antagonism assays, these data can 

be applied across systems in a consistent manner. As illustrated, transcriptional data can be 

transformed to identify targets in other significant fungi, be they pathogens of plants or animals. 

Further, the identification of ribosomal proteins as putatively involved in stress responses and 

apoptosis in F. verticillioides suggests a potential system to model cell processes relevant to 

human diseases. To support this assertion, iturins and fengycins have both been demonstrated to 
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inhibit tumor cells through oxidative stress and induction of apoptosis, the same mechanisms 

identified in fungi, including the work described here with F. verticillioides (Yin et al., 2013; 

Dey et al., 2015).  

As cyclic lipopeptides are antibiotics commonly produced by members of the genera 

Bacillus and Pseudomonas, their mechanisms of action should remain consistent across 

pathosystems, dependent on specific membrane/lipopeptide class interactions, as previously 

observed. Within lipopeptide classes, differential activity has been confirmed for isoforms, 

suggesting that the biosynthetic idiosyncracies of a given strain may confer an advantage in 

antagonism, with practical consequences for BCA development. As the genus Bacillus is home 

to many proprietary BCAs, descriptions of their mechanisms of action are expected to better 

inform research and development of more efficacious products, such as those capable of 

inhibiting a diverse range of pathogens. In turn, these products serve to supplement or ideally 

supplant traditional chemical management in integrated systems, with an end goal of maximal 

crop protection at a minimal cost to consumers as well as the environment. 
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APPENDIX A 

EVALUATION OF BIOCONTROL POTENTIAL IN THE BACILLUS MOJAVENSIS RRC101 

GENOME  

Sequencing the Bacillus mojavensis genome provides new data relevant to the ongoing 

task of identifying traits desirable in biological control agents. Genes relevant to biocontrol can 

be divided into functional categories representative of the requirements for persistent and 

efficacious disease suppression: environmental adaptation, host interactions and antagonism. 

Currently, B. mojavensis RRC101 remains recalcitrant to transformation, preempting 

mutagenesis-based analysis. Regardless of current limitations, identification and compilation of 

genes underpinning these traits can provide foundational data for future development of effective 

biocontrol strategies. In fact, RRC101 genome sequencing revealed the presence of a fengycin 

biosynthetic operon, leading to the isolation of these lipopeptides, not surfactins as previously 

thought, as responsible for antifungal activity against Fusarium verticillioides. 

The Global Biotic Interactions (GloBI) service collects data regarding biological 

interactions between species. This collected data is easily visualized, demonstrating the range of 

plant hosts that B. mojavensis is known to colonize (Figure A1.1) (Poelen et al., 2014). This host 

diversity suggest that B. mojavensis possesses a robust repertoire of genes facilitating host 

colonization. Using sequence data and results of studies in other Bacillus species, it is possible to 

select a list of genes likely involved in rhizosphere competence and the establishment of 

endophytism (Table A1.1). 

Establishment of a Biological Control Agent (BCA) in sufficient population in a host 

system necessitates rhizosphere competence, mechanisms of which can be hypothesized based 



121 

on genome annotation data and experimental data in related systems (Table A1.2). Intuitively, 

given the nature of the rhizosphere, detoxification of xenobiotics, nutrient acquisition and stress 

compensation are important gene functions. Oxidative stress, specifically, is encountered in both 

the soil as well as within plant tissues. RRC101 possesses six catalase genes, and this 

redundancy is characteristic of symbiotic and pathogenic microbes adapting to rhizosphere and 

phyllosphere colonization. For example, flavohemoproteins such as the RRC101 nitric oxide 

dioxygenase are known in other systems to scavenge nitric oxide, and during colonization of a 

host this activity may work to protect the colonizer from stress as well as modulate host defense 

activity mediated by NO (Boccara et al., 2005). RRC101 is a confirmed endophyte of maize, 

implying a proficiency at breaching cell walls and gaining access to the apoplasm. Accordingly, 

RRC101 possesses genes encoding proteins responsible for hydrolysis of cell wall components, 

including two putative pectate lyase genes. Similarly, RRC101 possesses a cell wall loosening 

expansin, which is known to promote maize root colonization in B. subtilis (Kerff et al., 2008). 

Once the host has been colonized, the B. mojavensis RRC101 genome suggests potential 

for strong plant beneficial activity. Growth promotion via phytohormone production is the most 

direct form of this beneficial activity, with synthases for 2,3-butanediol and IAA common among 

plant-associated Bacillus species. Other indirect forms of benefit include defense induction 

mechanisms such as quinolinate synthesis and p-aminobenzoic acid; byproducts from enzymatic 

degradation of the plant cell wall are also known to induce protective defense pathways. Here, 

again, lipopeptides contribute to biocontrol activity, and the surfactins are known SAR inducers 

and can mitigate severity of subsequent pathogen attack. 

While the majority of my work focused on the antifungal activity of fengycins, the 

RRC101 genome suggests antagonistic potential beyond these lipopeptides (Table A1.3). 
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Production of subtilosin, bacilysin and bacillaene all function as tools of antagonism against 

differing ranges of Gram-positive rhizobacteria, contributing towards establishment of B. 

mojavensis populations necessary for effective biocontrol. RRC101 possesses a putative quorum 

quenching lactonase; these enzymes are described in other systems as disrupting quorum sensing 

of gram negative rhizosphere inhabitants; this function defuses virulence gene regulation by a 

number of plant pathogens (Chen et al., 2013). 

Surfactins are antibacterial and well-characterized as essential for swarming motility and 

host colonization, serving multiple roles in biological control establishment (Ongena and 

Jacques, 2008). The surfactin operon for B. mojavensis RRC101 is 87% identical to that of B. 

subtilis ssp spizizenii w23, suggesting potential diversity in the operons for nonribosomally 

synthesized metabolites. LC-MS analysis of RRC101 supernatants revealed the presence of less 

common surfactins, specifically a Val7 surfactin and another putative noncanonical surfactin, 

supporting the hypothesis that genetic diversity in synthetic operons drives secondary metabolic 

diversity in Bacillus (Figure A1.2). This diversity poses a significant avenue for improvement 

and development of BCA agents, given that functionality is dictated by the composition of 

secondary metabolites (Schneider et al., 1998). 

Genetic modification presents an opportunity for directed improvement of BCAs; these 

efforts can be aided through the compilation of genetic diversity at loci directly involved in 

biocontrol-relevant processes (Schneider et al., 1998; Dietel et al., 2013; Wu et al., 2015). 

Identifying genes relevant to biocontrol can expedite screening assays and selection. 

Additionally, data regarding genetic diversity around these loci can be used to improve existing 

BCAs through targeted mutagenesis. Genomic data from demonstrated BCAs like B. mojavensis 

RRC101 is thus capable of supplementing adaptable methods for identifying and “pyramiding” 
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preferential traits into given BCAs, the end goal being highly customizable tools for disease 

management across pathosystems. 
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Table A1.1. B. mojavensis RRC 101 Genes putatively involved in competition and colonization within the rhizosphere * denotes 

signal peptide) 

  

Gene Function Role 

pelB Pectate lyase* Cell wall degrading enzyme (CWDE) 

 Pectate lyase* High homology to Erwinia sp. CWDE 

YoaJ Expansin* Cell wall loosening 

XynA Xylanase* CWDE 

bglA Endo-B-1,3-1,4 glucanase (licheninase)* CWDE 

AbnA Arabinan endo-1,5-alpha-L-arabinosidase* CWDE 

YxiA Arabinan endo-1,5-alpha-L-arabinosidase* CWDE 

Phy Phytase Plant growth promotion 

Bglc Endo-1,4-beta glucanase* CWDE, cellulase, phytase 

3.2.1.8 Endo-1,4-beta xylanase* CWDE 

AbrB Transition state Regulatory protein Regulatory Protein 

nadA, nadC Quinolinate synthetase, Quinolinate phosphoribosyltransferase Plant growth promotion 

PabAB Para-aminobenzoate synthase Defense induction 

alsD alpha acetolactate decarboxylase Acetoin synthesis 

alsS Acetolactate synthase Acetoin synthesis  

bdhA Acetoin reductase 2,3 butanediol synthesis 

YsnE N-acetyltransferase Indole acetic acid synthesis 

* Denotes signal peptide 
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Table A1.2. Bacillus mojavensis genes likely involved in rhizosphere competence 

  
Gene Function Role 

BesA DhbA-DhbF Bacillibactin siderophore Iron sequestration 

EfeUOB Ferrous iron transporter Iron absorption 

YxaG Quercetin dioxygenase Detoxification of antibacterial flavonols 

VanZ Teicoplanin resistance family protein Antibiotic resistance 

PhnP Beta lactamase Antibiotic resistance 

RhaD Rhamnulose-1-phosphate aldolase Host-derived carbon utilization 

 Manganese superoxide dismutase Oxidative stress tolerance 

 Iron superoxide dismutase Oxidative stress tolerance 

ohrARB Organic hydroperoxide resistance protein Oxidative stress tolerance 

Multiple (6) Catalases: clades 1-3 and manganese Oxidative stress tolerance 

hmp Flavohemoglobin/Nitric oxide dioxygenase Nitric oxide detoxification 
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Table A1.3. Secondary metabolites likely involved in competition and biocontrol activity 

Genes Function Role 

AlbA-AlbG, SboA Subtilosin synthesis Bacteriocin, limited bactericidal activity 

SrfAA-AD Surfactin synthetase  Antibacterial, essential for swarming motility, defense induction 

FenA-E Fengycin synthetase  Antibiotic, antifungal 

Bac Bacilysin Antibacterial, limited antifungal activity 

BaeA-BaeS Bacillaene synthesis Bacteriostatic protein synthesis inhibitor 

YtnP Secreted lactonase Disruption of quorum sensing among rhizosphere competitors 

ESAT/ESX Type VI Secretion system Protein secretion, virulence role in animal systems 
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Figure A1.1. Diversity of hosts from which confirmed Bacillus mojavensis has been recovered, 

as compiled by GloBI. 
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Figure A1.2. Main ion fragmentation evidence of a [Val7] surfactin produced by Bacillus 

mojavensis RRC101. Based on fragmentation analysis conducted on the typical surfactin, the 

primary ions (685, 671) are known to represent peptides corresponding to positions 2-7 of the 

amino ring. The mass shift evident in fragmentation data identifies a substitution of valine for 

leucine in position 7. 
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APPENDIX B 

ANTAGONISM-RESPONSIVE GENES IN FUSARIUM VERTICILLIOIDES SELECTED FOR 

MUTAGENESIS 

The wealth of data gathered from transcriptomic analysis provides a snapshot into the cell 

processes underpinning lipopeptide response in Fusarium verticillioides. Further work focuses 

on characterizing individual genes’ contributions to the response, through deletion analysis. Five 

candidate genes were selected based on their predicted functions and upregulation under 

antagonism (Table A2.1). Deletants are hypothesized to exhibit readily observable phenotypes in 

subsequent bioassays. These targeted genes and their predicted phenotypes are detailed below. 

FVEG_03803 

The putative sirtuin FVEG_03803 belongs to the SIR2 superfamily responsible for 

deacetylation of proteins, including histones. Acetylation and methylation states of histones have 

been shown to act in epigenetic regulation of gene expression, with these modifications reliable 

indicators of transcriptional activation and/or silencing (Li et al., 2011). Histone modifications 

have been linked to global regulation of secondary metabolism and virulence processes in F. 

graminearum and F. verticillioides, and given the functions of other genes induced by 

lipopeptide challenge, it is possible that such modifications play a role in response to antagonism 

as well (Visentin et al., 2012). If this protein does indeed act to modify histones, there should be 

an appreciable phenotype evident in bioassay experiments as disrupted gene silencing would 

produce a cascade of differential regulation. As FVEG_03803 is a putative class III sirtuin 

(SIRT5), according to studies in higher eukaryotes it likely functions mitochondrially, with the 

potential of regulating energy generation or apoptosis induction. In mammals, SIRT5 proteins 



 

132 

 

colocalize with cytochrome c and mediate “apoptosis inducing factor,” suggesting a role in 

apoptotic processes (Gertz and Steegborn, 2010). The deletion phenotype for FVEG_03803 may 

involve apoptotic processes or differential regulation under antagonism. Both can be evaluated 

under bioassay conditions, with microscopy or MS
2
 analysis for secondary metabolites. 

Localization data, as well as transcriptional evidence for apoptosis markers under antagonistic 

conditions, may also provide information as to the function of this protein.  

FVEG_08663 

FVEG_08663, unlike other selected targets, possesses no known functional domains. 

This gene is conserved in F. graminearum and F. oxysporum, and is flanked by a hypothetical 

protein and a MFS transporter (FVEG_08662 and FVEG_08664). The predicted protein bears 

low identity ( <30%) to the Candida albicans adhesin-like cell wall protein HYR1, involved in 

resistance to phagocyte killing (Luo et al., 2010). Phagocytes can kill by exposure to oxidants; 

the signal peptide suggesting extracellular involvement and the conservation among two plant 

pathogens suggest this protein may be involved in colonization or other stress response. In 

addition to microscopy under lipopeptide antagonism, mutants will be assayed for pathogenicity 

effects and resistance to oxidative stress.  

FVEG_08797 

FVEG_08797 encodes a putative transcription factor. Given that F. verticillioides 

undergoes global regulatory shifts under lipopeptide challenge, this transcription factor is likely a 

significant contributor to that response. FVEG_08797 possesses only one syntenic ortholog in 

Fusarium species, FOXG_09669 in F. oxysporum, and neither is affiliated with a specific 

pathway or function. The gene is flanked by an oxidoreductase and a predicted transferase 

(FVEG_08796 and FVEG_08798), offering no specific clues to the function of this transcription 
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factor. Deletants will be assayed for differential response to lipopeptide challenge, 

microscopically and biochemically, with transcriptional data collected to attempt identification 

of FVEG_08797 targets. 

FVEG_10818 

Although comparatively little is known about fungal annexins such as the one putatively 

encoded by FVEG_10818, these proteins are distributed throughout eukaryotes and known to 

bind Ca
2+

 and phospholipids such as those present in the plasma membrane (Khalaj et al., 2015). 

Members of this protein family are involved in membrane organization and related processes, 

most notably the regulation of ion channels. Based on work with deletion mutants in Aspergillus 

fumigatus and Dictyostelium discoideum, these proteins may function in conjunction with stress 

response pathways. This is corroborated by experiments in other eukaryotes. Given that 

lipopeptide antagonism is thought to involve membrane permeabilization and is accompanied by 

oxidative and osmotic stresses, this protein is a natural response to fengycin antagonism. Work 

on orthologous genes in other fungi suggests that deletion of FVEG_10818 will not present a 

phenotype under normal culture conditions, but rather under stress such as lipopeptide challenge, 

where mutants will likely exhibit decreased structural stability.  

FVEG_12324 

LysM domain-containing proteins, such as those encoded by FVEG_12324, function in 

phytopathogens by binding cell wall components to evade detection by host chitin receptors, but 

may also act to protect hyphae from chitinase activity (Kombrink and Thomma, 2013). Another 

potential function involves binding not chitin but peptidoglycan. It is hypothesized that a subset 

of these effectors could bind bacterial competitors in a manner similar to antibodies, offering a 

competitive advantage in the rhizosphere. Further, a BLASTP query using FVEG_12324 
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returned F. oxysporum autolysin, belonging to a group of proteins involved in autolytic 

breakdown of senescent hyphae. The implication of apoptosis in lipopeptide antagonism suggests 

that this protein may be involved in either response to antagonism or the process of cell death 

induced by fengycin exposure. If FVEG_12324p is involved in pathogenesis, it is possible that 

deletants will be impaired in their ability to cause disease on corn. If this protein functions as part 

of the autophagic process, the phenotype may be evaluated microscopically under 

antagonistic/apoptotic conditions, with a focus on cell structure in mutants as compared to the 

wild type. 
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Table A2.1. Fusarium verticillioides genes responsive to lipopeptide challenge selected for deletion analysis to characterize the 

phenotype of antagonism 

   
log2(fold change) from Control 

Gene PFAM Description Fengycin Surfactin Double 

FVEG_03803 PF02146.12 Putative sirtuin involved in large-scale transcriptional regulation 1.58 ns 1.43 

FVEG_08663 Unknown Conserved in F. graminearum & F. oxysporum, low identity to adhesin 2.32 ns 1.94 

FVEG_08797 PF11951.3 Fungal specific transcription factor domain 1.52 ns 1.03 

FVEG_10818 PF00191.15 Annexin, likely involved in stress response 1.85 ns 1.93 

FVEG_12324 PF01476.15 Secreted LysM-containing protein, BLAST match to autolysin 3.08 -1.01 2.84 

 

 

 


