
 

ABSTRACT 
 

SCRUGGS, ANDREW C. Improving Management of Sweetpotato Postharvest Diseases 
through Integrated Strategies. (Under the direction of Dr. Lina Quesada-Ocampo). 
 

Sweetpotato (Ipomoea batatas) is an important crop in many developing countries 

around the world. There also has been a recent rapid increase in sweetpotato consumption in 

the United States.  North Carolina produces over half of the nation’s sweetpotatoes, but 

numerous postharvest diseases may limit production in NC.  Two of the most common 

postharvest diseases are Fusarium root rot and Rhizopus soft rot.  While Fusarium solani is 

considered the primary causal agent of Fusarium root rot, numerous other Fusarium species 

have been reported to infect sweetpotato.  The diversity of Fusarium species infecting 

sweetpotatoes in NC is unknown and the epidemiological factors that promote Fusarium root 

rot in sweetpotato remain unexplored.  In addition, the lack of labeled and effective 

fungicides for control of Fusarium root rot in sweetpotato creates the need for integrated 

strategies to control disease.  A survey of Fusarium species infecting sweetpotato in NC 

identified six species contributing to disease, with F. solani as the primary causal agent.  The 

effects of storage temperature (13, 18, 23, 29, and 35ºC), relative humidity (80, 90, and 

100%), and initial inoculum level (3, 5, and 7 mm-diameter mycelial plug) were examined 

for progression of Fusarium root rot caused by F. solani and F. proliferatum on Covington 

sweetpotatoes. Fusarium root rot was significantly reduced (P<0.05) at the lowest 

temperature (13°C), relative humidity level (80%), and initial inoculum level.  Sporulation by 

F. proliferatum also was reduced under the same conditions.  Qualitative mycotoxin analysis 

of roots infected with F. proliferatum revealed the production of fumonisin B1.  This study is 

a step towards characterizing the etiology and epidemiology of Fusarium root rot in 



 

sweetpotato, which allows for improved disease management recommendations to limit 

postharvest losses to this disease. 

Rhizopus soft rot, caused primarily by Rhizopus stolonifer, is also one of the most 

common postharvest diseases of sweetpotato and is often considered the most devastating.  

Traditionally, Rhizopus soft rot has been effectively controlled using postharvest dips in 

dicloran fungicides; however, due to changes in market preferences use of this fungicide is 

now limited.  This, along with the lack of labeled and effective fungicides for control of 

Rhizopus soft rot in sweetpotato, creates the need for integrated strategies to control disease.  

The effects of storage temperature (13, 23, and 29ºC), relative humidity (80, 90, and 100%), 

and initial inoculum level (3, 5, and 7 mm-diameter mycelia plug) were examined for 

progression of Rhizopus soft rot, caused by R. stolonifer, on Covington sweetpotatoes.  

Percent decay due to Rhizopus soft rot infection was significantly reduced (P<0.0001) at the 

lowest temperature (13°C) but was not impacted by changes in relative humidity or initial 

inoculum level (P>0.05).  Sporulation of R. stolonifer also was reduced at 13°C.  High 

relative humidity (>95%) significantly increased sporulation of R. stolonifer and sporulation 

also increased as initial inoculum level increased.  Efficacy of chlorine dioxide (ClO2) 

fumigation, UV-C irradiation, and postharvest dips in alternative control products also were 

investigated for control of Rhizopus soft rot.  Static ClO2 treatments were effective in 

reducing sporulation of treated roots, but had no significant impact on incidence of Rhizopus 

soft rot.  UV irradiation at 3.24 KJ/m2 one hour after inoculation as well as dips in aqueous 

ClO2 and StorOx 2.0 significantly (<0.05) reduced disease incidence.  Understanding the 

epidemiological factors favoring Rhizopus soft rot and identifying alternative control 

strategies allows for improved recommendations to limit postharvest losses in sweetpotato.   
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CHAPTER I. 

Literature Review 

Importance of sweetpotato 
 

 Sweetpotato (Ipomoea batatas) is a member of the morning glory family of plants, 

the Convolvulaceae.  It originated in Central America and was domesticated approximately 

5000 years (Austin 1988).  The sweetpotato was quickly dispersed around the world and is 

now being cultivated on all continents except Antarctica.  Throughout history, the 

sweetpotato has played important roles in combatting famines and provides a staple crop for 

many parts of the world (Loebenstein 2009).  Developing countries especially rely on the 

nutritional benefits of the sweetpotato to provide them with their needed vitamins, minerals, 

and carbohydrates, as sweetpotatoes are arguably the most nutritious vegetable in the world 

(Bovell‐Benjamin 2007).  In addition, sweetpotatoes produce more biomass and nutrients per 

acre than any other food crop (Loebenstein 2009), and are the seventh most important food 

crop in the world (FAOSTAT 2009).  Least developed countries, where the sweetpotato 

perhaps impacts human welfare the most, produce about 17% of the world sweetpotato 

supply (FAOSTAT 2009).  A large portion of the production in these areas comes from 

small, subsistence farmers lacking fertilizer and irrigation.  China is the world leader in 

sweetpotato production and contributes over 60% of the world’s production, while the United 

States (US) produces slightly more than 1% of the world supply (FAOSTAT 2009).  

Although the US produces a small amount of the world supply, demand for sweetpotatoes is 

increasing across the nation due to greater health awareness and growing popularity of new 

sweetpotato products such as fries and chips (Johnson et al. 2015).  This growing demand is 

particularly important to North Carolina (NC), which produces approximately 50% of the US 



2 
 
 

sweetpotatoes (Johnson et al. 2015).  NC alone has over 75,000 acres in sweetpotato 

production and the industry is valued at over $260 million annually (NCDA&CS 2015).  

 

Sweetpotato production 

 Sweetpotato production is a multi-step process that includes bedding, transplanting, 

harvesting, and postharvest storage.  Producing sweetpotatoes is unique in comparison to 

most other vegetable crops, as they are propagated vegetatively via shoots, known as “slips”, 

from a storage root rather than from botanical seed.  Sweetpotatoes selected to be “seed” 

roots should be from a certified seed source to ensure production of disease free slips as well 

as slips that are true to their variety.  Pre-plant treatment of seed roots with a fungicide dip 

such as thiabendazole, also helps reduce transmission of disease from the parent plant (Clark 

et al. 2013).  Through a process known as bedding, these mother roots give rise to slips that 

will then be used to plant the subsequent crop.  Beds should be located on well-drained soil 

that has reached a temperature of 65°F at a depth of four inches (Schultheis 1998).  Seed 

roots should be spread evenly across the bed and covered with two inches of loose soil.  The 

bed can then be covered with clear or black plastic mulch to increase soil temperature and 

speed transplant production.  When transplants have emerged from the seed roots to a 

desirable size (8-12 in.), generally after about 30 days, they are manually cut from the seed 

root and are ready for transplanting into the field.  Planting of sweetpotatoes generally begins 

in May when the chance of frost has passed and the soil reaches a temperature of 65°F.  

Transplants should be planted on mounded, well-drained soil to protect against potential 

flooding damage.  In approximately 100 days the sweetpotatoes are ready for harvest.  

Sweetpotatoes have thin, delicate skin and it is important to limit the damage done during 
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harvest to prevent potential pathogens from entering the root.  Most commercial harvesting is 

completed by plowing up the roots or by using a mechanical digger.  The sweetpotatoes are 

then harvested manually by field workers and placed into large bins to be transferred to the 

storage facility where they will be cured, stored, washed, and packed (Edmunds et al. 2008).  

 The proper curing and storing of sweetpotatoes is critical to maintaining quality and 

minimizing postharvest losses.  As soon as the sweetpotatoes are harvested, they are 

delivered and stored in curing rooms for three to five days held at a constant temperature of 

85°F and a relative humidity of 85 to 90 percent (Edmunds et al. 2008).  Proper ventilation 

during curing is also important to keep the roots dry and to provide sufficient gas exchange.  

Prolonging the period between harvest and curing reduces the effects of the curing process.  

Adequate curing of sweetpotatoes offers several benefits.  Curing allows for chemical 

changes to occur in the root, such as starch to sugar conversion, which enhances the 

sweetpotato’s taste, texture, appearance, and aroma (Wang et al. 1996).  Injuries also heal 

during curing, as the sweetpotato deposits a layer of suberin under the dead cells in the 

wounded area that reduces moisture loss and reduces microbial invasion of the root tissue  

(Artschwager and Starrett 1931) .  Furthermore, curing can help thicken or “set the skin” on 

the sweetpotatoes, which prior to curing is thin and delicate.  Improper curing of 

sweetpotatoes can lead to many problems including weight loss, sprouting in storage, 

increased disease, and altering of the taste (Edmunds et al. 2008).  After curing, 

sweetpotatoes are often stored for extended periods of time to provide year around supply to 

markets.  Therefore, storage conditions can also impact the postharvest quality of 

sweetpotatoes.  With proper storage conditions of 55°F and 85 to 90 percent humidity, a 

producer can store sweetpotatoes up to 13 months (Edmunds et al. 2008).  Storing at 
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improper conditions can lead to losses in many ways; much similar to those that occurs under 

improper curing conditions.  Before being packed for shipment, roots are washed and graded.  

Generally, roots are dumped into a water tank in order to remove the majority of soil and 

then are moved along a line consisting of various dip tanks, brush beds, and sprayers that 

further rinse off soil and also apply fungicides.  Most postharvest pathogens enter the root 

through wounds (Clark et al. 2013), so it is imperative to keep injuries during washing to a 

minimum.  For this reason, fungicide application is generally one of the last steps in the 

washing line; however, few fungicides are labeled for sweetpotato and those available to 

growers are still not entirely effective.  Following washing, the sweetpotatoes are sorted 

based on size by a combination of machine and hand sorting.  The roots are then packaged 

into various sized boxes and are ready for shipment (Edmunds et al. 2008). 

 

Rhizopus soft rot of sweetpotato 

 In many cases, much time can pass from when the sweetpotatoes were harvested, to 

when they reach the consumer.  During this time, losses may occur due to many factors that 

include: chill injury, cracking, pithiness, insect injury, and disease occurrence (Edmunds et 

al. 2008).  While sweetpotatoes are affected by several plant pathogens, Rhizopus soft rot is 

perhaps the most severe postharvest disease that reduces edible yield worldwide.  Rhizopus 

soft rot is considered the most common and most devastating postharvest disease of 

sweetpotato, resulting in an estimated 2% loss in storage roots before they reach retail market  

(Ceponis and Butterfield 1974; Clark and Moyer 1988).  Rhizopus spp. is a zygomycete 

fungus that causes disease problems on over 250 different fruit and vegetable crops across 

the world  (Farr and Rossman 2006).  R. stolonifer is an opportunistic, necrotrophic plant 
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pathogen, surviving primarily as a saprophyte on dead plant material (Lunn 1977).  R. 

stolonifer was first discovered as a pathogen of sweetpotato in 1890 and is the main species 

responsible for soft rot of sweetpotato (Halsted 1890).   

Rhizopus soft rot occurs most often on wounded sweetpotatoes that were injured by 

harvesting tools, insects, washing equipment, etc., as injury is necessary for infection.  It has 

been shown, however, that type of wounding and storage time can affect the sweetpotato’s 

susceptibility to R. stolonifer.  In a two-year study by Holmes and Stange (2002), it was 

found that among bruising, breaking, scraping, and puncturing, bruising resulted in Rhizopus 

soft rot development most often.  Wounds that are more likely to crush the plant tissue are 

generally more susceptible to infection by Rhizopus as they release more nutrients that can be 

used to support fungal growth.  Disease occurrence appeared most often from 100 to 175 

days after harvest, as susceptibility declined following this time period  (Holmes and Stange 

2002) .  Curing of sweetpotatoes in higher temperatures and humidity reduces the chance of 

infection, as a scar tissue forms over the wounded areas of the sweetpotato.  However, 

contaminated washing and packing facilities as well as improper storage can increase the risk 

of infection by Rhizopus.   

Rhizopus spores are continually in the air, and can survive easily on crop debris, fruits 

and vegetables, and on tools and equipment (Clark et al. 2013).  When a fungal spore comes 

in contact with a wound on the sweetpotato, the spore germinates and sends fungal hyphae 

into the tissue (Nelson 2009).  Rhizopus has been shown to produce numerous enzymes 

including amylase, pectinase, and cellulase that damage cell walls and facilitates host 

colonization (Ogundero 1988; Tang et al. 2012).  This decay of the host tissue allows for 

hyphae to extend throughout the root and mycelia will protrude from the root surface and 
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produce characteristic sporangia.  When these sporangia rupture, numerous sporangiospores 

are released into the air and may infect neighboring roots.  Under favorable conditions and an 

adequate food supply, Rhizopus utilizes this asexual process as the means for reproduction.  

When the food supply dwindles, the fungus then undergoes sexual reproduction to produce 

zygospores, which can survive longer periods of time in the soil and on decaying tissue.  For 

this process to occur, compatible mating types of Rhizopus must grow in close proximity.  

Progametangia, a fungal branch, from each mating type must touch to produce gametangia 

that then produce a zygote.  The zygote differentiates to form a zygospore, which is the 

survival structure of Rhizopus.  When food supply and other conditions are favorable, the 

zygospore germinates by forming a germ tube that differentiates again into a sporangiophore.  

The sporangiophore gives rise to a sporangium, which releases sporangiospores into the air to 

infect other roots (Clark et al. 2013). 

Upon initial infection of a sweetpotato with R. stolonifer, a soft lesion forms around 

the inoculation point and the disease quickly spreads throughout the entire root resulting in a 

soft, watery, and stringy sweetpotato in as little as three days.  Infection generally occurs 

around a wounded area but may also begin from the end of the root where the sweetpotato 

was connected to the vine.  The enzymes exuded from the pathogen generally liquefy the 

internal parenchyma of the root but leaves the periderm and outer fibers of the root intact.  A 

characteristic feature of Rhizopus soft rot that can aid in differentiating it from other 

postharvest rots is the “whiskers” that arise from the periderm occasionally around the root 

(Clark et al. 2013).  These “whiskers” are tufts of hyphae containing numerous sporangia and 

generally appear around lenticels or breaks in the periderm.  Sometimes hyphae may not be 

visible on the outside of the root but can be viewed by pulling apart the infected tissue giving 
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it a stringy appearance.  This disease develops rapidly and Rhizopus spores are ubiquitous. 

Therefore, it can be a serious problem if the appropriate precautions are not taken. 

Rhizopus resistance in sweetpotato has been a goal of breeding programs, but no 

resistance has been achieved.  Variety trials have shown some cultivars to be more resistant 

than others, with Beauregard showing the most resistance to date (Clark et al. 2009).  

Resistance has been associated with the presence of phenolic compounds in many plants.  

These compounds are present at highest levels in the periderm of the sweetpotatoes, which is 

the protective, outer layer of the roots consisting of both living and dead cells  (Harrison et 

al. 2001). Some of these phenolic compounds, caffeic acid and chlorogenic acids for 

example, increase in concentration around infected tissues (Uritani and Miyano 1955).  

Multiple studies have been conducted to quantify the difference in resistance between 

periderm tissues and internal tissues of sweetpotato.  Injuries 5 mm deep are more likely to 

become infected compared to injuries only 1-2 mm in depth, further confirming the presence 

of infection inhibiting compounds in the periderm (Stange et al. 2001).  A study by Stange et 

al.  (2001) demonstrated when the internal flesh and the periderm were tested for antifungal 

activity, only extracts of the outer 2 mm showed inhibitory effects.  Two active compounds 

found in this sample were caffeic acid and the more biologically active compound, 3,5-

dicaffeoylquinic acid.  It was concluded that the presence of these compounds explains the 

resistance observed with shallow injuries (Stange et al. 2001).  Another study by Harrison et 

al. (2001) also found periderm extracts to be inhibitory towards R. stolonifer in vitro when 

plated onto potato dextrose agar (PDA) medium.  These studies both present evidence for the 

presence of active compounds in the periderm that leads to disease resistance in 

sweetpotatoes. 
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Fusarium root rot of sweetpotato 

While Rhizopus soft rot is potentially the most devastating postharvest disease of 

sweetpotato, other diseases cause serious problems as well.  Fusarium root rot is another 

major disease of sweetpotato, especially in the southeastern US.  The genus Fusarium 

contains many species that are important in agriculture and in the food and drug industries.  

In particular, Fusarium solani is an important plant pathogenic fungus and is the cause of 

Fusarium root rot in sweetpotato, also known as dry rot or end rot.  This pathogen was first 

described in 1842 and is the cause of root rots and stem cankers in a variety of plant species 

(Desjardins 2006).  F. solani can survive in the soil for many years mainly as 

chlamydospores, but also produces microconidia and macroconidia (Clark et al. 2013). 

Fusarium root rot occurs primarily on roots that have been wounded in the harvesting 

or packing process.  A recent study, however, suggests that F. solani may be internally 

present in a sweetpotato root as a fungal endophyte, but fail to produce any root rot 

symptoms (da Silva and Clark 2013).  It is suggested that perhaps these fungi exist as 

endophytes but become pathogenic when exposed to favorable conditions.  Inoculation of F. 

solani into this endophytic stage in a sweetpotato was shown to occur through contact with 

infested soil.  The pathogen can then systemically infect the vegetative portion of the plant 

resulting in disease spread through infected propagation material (da Silva and Clark 2013).  

In addition to mechanical injury, other factors that favor the development of Fusarium root 

rot include harvesting while the soil is cold and damp or extremely dry and when the 

sweetpotatoes are exposed to high or low temperatures after harvest but before curing (Clark 

et al. 2013).  This disease progresses relatively slowly, therefore, it is more of a problem 

during long-term storage.  It can take up to several months for this disease to penetrate to a 
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significant depth into root tissue.  Root rot lesions on sweetpotatoes are generally circular 

with light and dark brown concentric rings.  Unlike surface rot of sweetpotato, root rot 

extends past the periderm and into the central parenchyma of the root often forming open 

cavities in the tissue.  Root rot may be initiated at either end of the sweetpotato, giving the 

name of the disease “end rot.”  Enlarged lesions become dry and sunken and white mycelia 

may be visible on the outside of the lesion or in the inner cavities (Clark et al. 2013). 

 

Mycotoxins of Fusarium spp. 

 Numerous species from the genus Fusarium cause root rots of sweetpotato (Table 1).  

Fusarium spp. produces an array of mycotoxins in infected plant material.  To date, most 

research conducted on mycotoxin production by Fusarium spp. has occurred on cereal and 

grain crops.  While no studies have examined the potential of mycotoxin production in 

Fusarium-infected sweetpotatoes, reports of livestock suffering various forms of toxicosis 

and even death after being fed Fusarium-infected sweetpotatoes exists (Marasas et al. 1984).  

Fusarium species that infect sweetpotato and the mycotoxins they produce in other crops are 

listed in Table 1.   

Fusarium mycotoxins are considered secondary metabolites, as they are not required 

for the primary growth and reproduction of the fungus.  The role and evolution of 

mycotoxins is not clearly understood.  While some mycotoxins are important in 

pathogenesis, this seems to be dependent on the host, the Fusarium species, and the type of 

mycotoxin synthesized.  Another explanation for mycotoxin evolution is to provide Fusarium 

species a competitive advantage over other fungi in a soil environment, as many mycotoxins 

have antimicrobial properties (Desjardins 2006).  To better understand the potential roles of 
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Fusarium mycotoxins in sweetpotato pathogenesis and in sweetpotato microbiome 

competition, it is necessary to review the mycotoxins that may be relevant in the Fusarium-

sweetpotato interaction. 

 Naphthoquinones are a family of pigmented polyketide mycotoxins that result in the 

various colors observed in cultures of many Fusarium species (Desjardins 2006).  

Naphthoquinones act as free radicals, interacting with mitochondria and cytosolic proteins of 

other organisms (Medentsev and Akimenko 1998).  Compounds in this family of mycotoxins 

are toxic to plants (Medentsev and Akimenko 1992), microbes (Baker et al. 1990), and 

animals.  The function of these secondary metabolites in fungi is unclear; however, they have 

been associated with wilting during F. solani infection of peas.  Naphthoquinones are 

produced at highest levels under nutritional stress, therefore it is also suggested that these 

compounds may provide a competitive advantage over other microbes in a soil environment.  

Bikaverin is one type of naphthoquinone that is produced by the common sweetpotato 

pathogen F. oxysporum, and thus may play important roles in pathogenesis or have increased 

production when challenged with other sweetpotato pathogens.  For this reason, bikaverin is 

discussed in more detail. 

 Bikaverin is a reddish pigment with a cyclic polyketide structure that is commonly 

produced by the sweetpotato pathogen F. oxysporum.  Due to the color of bikaverin, 

originally this compound was given the name lycopersin (Cornforth et al. 1971) and has also 

been referred to as passiflorin (Brewer et al. 1973) and mycogonin (Limón et al. 2010).  

While bikaverin has not been reported to have negative health effects on humans to date, it 

has negative effects on other organisms.  Bikaverin is a fungal vacuolation factor (Park and 

Robinson 1964) and has antifungal properties against a number of different fungi (Cornforth 
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et al. 1971).  It also has an antibiotic effective against protozoa (Balan et al. 1970) and is 

nematicidal (Kwon et al. 2007).  Bikaverin production is stimulated by a lack of nitrogen.  

When nitrogen is readily available, bikaverin is not produced even in the absence of other 

essential salts.  Bikaverin production is also influenced by pH, as the highest production 

occurs at acidic pH and production is reduced at neutral pH (Giordano et al. 1999).  The role 

of bikaverin in the producing fungus is unclear.  Bikaverin has not been reported to have any 

effects on plants and is produced by avirulent strains of F. oxysporum, suggesting that it does 

not play a role in plant pathogenesis (Bell et al. 2003).  It has been suggested that the 

antibiotic effects of bikaverin serve to give producing fungi an advantage in competitive 

environments (Limón et al. 2010).   

 Fumonisin B1 is another mycotoxin that is commonly produced by the sweetpotato 

pathogens F. proliferatum and F. moniliforme.  Known for being a common contaminant of 

corn, fumonisin B1 has also been found in rice (Abbas et al. 1998), garlic (Seefelder et al. 

2002), and asparagus (Logrieco et al. 1998).  Relative to other classes of mycotoxins, 

fumonisins have a simple structure of a long-chain alcohol that was first reported in 1988 

(Bezuidenhout et al. 1988).  This compound disrupts sphingolipid metabolism in other 

organisms (Wang et al. 1991) and has adverse effects on animals, microbes, and plants.  

More specifically, fumonisin B1 causes equine leucoencephalomalacia in horses (Kellerman 

et al. 1990) and pulmonary edema in swine (Harrison et al. 1990).  It is carcinogenic and 

hepatotoxic in rats (Gelderblom et al. 1991) and is associated with esophageal cancer in 

humans in South Africa and China (Chu and Li 1994).  Furthermore, fumonisins are 

phytotoxic to plants, resulting in wilting, chlorosis, and necrosis in a wide variety of different 

plant species and tissues (Abbas and Boyette 1992; Gilchrist 1998).  However, even 



12 
 
 

considering the phytotoxicity of this compound, the production of this compound by 

pathogenic fungi is still not required for plant pathogenesis (Desjardins et al. 2002).  In 

studies examining the antifungal properties of fumonisin B1, it has been shown that this 

compound inhibits spore germination and germ tube growth of multiple fungal species  

(Keyser et al. 1999).  This finding suggests that fumonisin production may provide an 

advantage in competitive environments.  The effects of temperature and water activity on 

fumonisin production have been well established (Marin et al. 1995) and suggest that climate 

change may impact the levels of fumonisin contamination in food products. 

 While a whole review in itself could be composed on mycotoxins of Fusarium 

species that are pathogenic on sweetpotato, the significance of these toxins in sweetpotato is 

not apparent from the examples above.  In fact, no mycotoxins have been reported in 

sweetpotato.  However, given the number of Fusarium species that infect sweetpotato and 

the known mycotoxicology of many of these species, it is likely that toxins are going 

unreported in sweetpotato.  Due to the large consumption of sweetpotato around the world by 

humans, its use in baby foods, and its increasing use as animal and pet feed, the need for 

mycotoxin research in sweetpotato is apparent.  The biological role of Fusarium mycotoxins 

is largely not understood; however, the antimicrobial effects of many of these compounds 

have been identified.  This suggests that mycotoxins may be produced in competitive 

environments to provide an advantage for the producing fungus.  Studies into the microbiome 

of sweetpotato roots may reveal interesting interactions between common sweetpotato 

pathogens or saprophytes and Fusarium species.  These interactions may be important in 

understanding mycotoxin production in sweetpotato or may offer novel biocontrols for 

sweetpotato diseases.  Climate change parameters have also shown to influence mycotoxin 
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production by Fusarium species, so the impacts of these factors may be important in 

determining the levels of mycotoxin production in sweetpotato, as the countries responsible 

for most of the world’s sweetpotato production currently lack environmentally controlled 

storage facilities.   

 

Management of postharvest diseases 

Historically, producers have relied on dicloran fungicides for control of Rhizopus soft 

rot.  However, due to increased restrictions and lower tolerance levels for fungicide in 

marketed sweetpotatoes, other control measures are needed.  While studies are lacking for 

alternative control measures on sweetpotato alone, research has been conducted for Rhizopus 

infection on other crops, which should be considered when developing new control measures 

on sweetpotato.  One study on alternative control products for suppression of Rhizopus on 

sweetpotato found that two reduced-risk fungicides had a significant impact in reducing soft 

rot infection.  This study, conducted by Edmunds and Holmes (2009), found that the reduced 

risk fungicides Pristine and Scholar were both effective control measures.  They also found 

that the biological product Bio-Save varied in effectiveness and that Generally Recognized 

As Safe (GRAS) treatments were ineffective.  Other studies have been conducted examining 

the use of natural products on Rhizopus suppression in other crops.  Carnauba wax was found 

to be effective in control on plums (Gonçalves et al. 2010), salicylic acid was shown to 

reduce pathogen growth in peach (Panahirad et al. 2012), and aloe vera provided positive 

results on nectarine as well (Navarro et al. 2011).  While these natural controls are likely not 

feasible in a crop like sweetpotato, these control mechanisms may provide insight for the 

development of more economical applications.  Beneficial organisms as a control of 
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Rhizopus rot in various crops have been investigated as well.  The mechanisms by which 

these beneficial organisms aid in control are not clearly understood, but a study by Sharma et 

al. (2009) shows several pathways in which these organisms may inhibit such pathogens.  A 

major contributor to the effect of these beneficial microbes is simply competition for space 

and nutrients.  Other modes of action may include priming of defense responses in the host 

plant, antibiotic production, or direct parasitism on the pathogen (Sharma et al. 2009).  To 

date, several biological control agents have been effective in inhibiting the growth or 

germination of Rhizopus.  These include multiple species of Bacillus (Wang et al. 2012; 

Zhou et al. 2011), Pichia membranaefaciens (Qing and Shiping 2000), and Cryptococcus 

laurentii (Zhang et al. 2007).  Regardless of the type of control, little effort has been put into 

control methods of Rhizopus soft rot in sweetpotato.  Alternative control methods are needed 

in sweetpotato, so research in this area would prove useful. 

Fusarium root rot is particularly difficult to control, as infections often occur in the 

field prior to harvest (da Silva and Clark 2013).  Since injuries during postharvest handling is 

also an important aspect of Fusarium inoculation, avoiding injury and proper curing soon 

after harvest are important steps to minimizing Fusarium root rot.  Like with other 

postharvest pathogens of sweetpotato, proper and timely curing of roots limits disease 

development.  It has been shown that curing reduces root rot occurrence regardless of 

whether F. solani is already present inside the root (da Silva and Clark 2013).  Roots selected 

for use as “seed” should be disease free and should be bedded in an area with no known 

Fusarium pathogen occurrence.  Seed roots should also be treated with a fungicide such as 

thiabendazole to prevent inoculation from potentially infected soil (Clark et al. 2013).  

Currently, no sweetpotato cultivars exist with complete resistance to Fusarium root rot; 
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however, cultivar susceptibility has been shown to vary, as some cultivars are more resistant 

than others (Clark et al. 1986).  Nonetheless, no recent studies have been conducted to 

examine the susceptibility of currently grown cultivars.  Another study has shown UV-C 

treatment as an effective way to increase levels of resistance in susceptible cultivars (Stevens 

et al. 1999).  This suggests that brief exposures to UV-C before storage can have a significant 

impact on root rot development as it was shown to reduce lesion size as well as reduce F. 

solani germination and growth.  Research on root rot control is currently lacking in 

sweetpotato but with reduced tolerance for fungicide residues, it is important for alternative 

disease control strategies such as this to be investigated.   
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Table 1.1. Mycotoxigenic Fusarium species that infect sweetpotato and their reported 
mycotoxins in other hosts 

 
Fusarium Species Reported Mycotoxins 
F. acuminatum Acuminatum, aurofusarin, beauvericin, chlamydosporol, enniatins, fusarins, 

moniliformin, trichothecenes 
F. avenaceum Aurofusarin, beauvericin, chlamydosporol, enniatins, fusarins, moniliformin 
F. commune unknown 
F. concentricum Beauvericin, enniatins, fusaproliferin, moniliformin 
F. culmorum Aurofusarin, butenolide, chlamydosporol, culmorin, cyclonerodiol, cyclonerotriol, 

fusarins, moniliformin, trichothecenes, zearalenone 
F. denticulatum Beauvericin, enniatins, moniliformin 
F. equiseti Beauvericin, equisetin, fusarochromanone, moniliformin, trichothecenes, zearalenone 
F. graminearum* Aurofusarin, butenolide, chlamydosporol, culmorin, cyclonerodiol, fusarins, 

trichothecenes, zearalenone 
F. lateritium Enniatins 
F. nygamai Beauvericin, bikaverin, fumonisins, fusaric acid, moniliformin 
F. oxysporum Bikaverin, enniatins, fumonisins, fusaric acid, moniliformin, naphthazarin, sambutoxin 
F. pallidoroseum Equisetin, moniliformin, trichothecenes, zearalenone 
F. proliferatum Beauvericin, bikaverin, enniatins, fumonisins, fusaric acid, fusaproliferin, 

moniliformin 
F. sacchari Beauvericin, bikaverin, fusaric acid, moniliformin 
F. sambucinum* Aurofusarin, beauvericin, butenolide, enniatins, fusaric acid, sambutoxin, 

trichothecenes 
F. solani Bikaverin, fusaric acid, naphthoquinones, trichothecenes 
F. verticillioides Bikaverin, fumonisin, fusaric acid, fusarins, naphthoquinones 

 *Previously reported on potato but not on sweetpotato. 
 (Chelkowski et al. 1992; da Silva and Clark 2013; Desjardins 2006; Farr and Rossman 2006; 
Harter et al. 1918; Marasas et al. 1984; Snyder and Hansen 1940)  
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CHAPTER II. 
 

Etiology and Epidemiological Conditions Promoting Fusarium Root Rot in Sweetpotato 

 

Andrew C. Scruggs and Lina M. Quesada-Ocampo, Department of Plant Pathology, North 

Carolina State University, Raleigh, NC 27695-7616. 

 

ABSTRACT 

Scruggs, A. C., and Quesada-Ocampo, L. M. 2016. Etiology and Epidemiological Conditions 

Promoting Fusarium Root Rot in Sweetpotato. Phytopathology. (In Press). 

Sweetpotato production in the United States is limited by several postharvest diseases 

and one of the most common is Fusarium root rot.  While Fusarium solani is believed to be 

the primary causal agent of disease, numerous other Fusarium species have been reported to 

infect sweetpotato.  However, the diversity of Fusarium species infecting sweetpotatoes in 

North Carolina is unknown.  In addition, the lack of labeled and effective fungicides for 

control of Fusarium root rot in sweetpotato creates the need for integrated strategies to 

control disease.  Nonetheless, epidemiological factors that promote Fusarium root rot in 

sweetpotato remain unexplored.  A survey of Fusarium species infecting sweetpotato in 

North Carolina identified six species contributing to disease, with F. solani as the primary 

causal agent.  The effects of storage temperature (13, 18, 23, 29, and 35ºC), relative humidity 

(80, 90, and 100%), and initial inoculum level (3, 5, and 7 mm-diameter mycelia plug) were 

examined for progression of Fusarium root rot, caused by F. solani and F. proliferatum on 

Covington sweetpotatoes. Fusarium root rot was significantly reduced (P<0.05) at lower 

temperatures (13°C), low relative humidity levels (80%), and low initial inoculum levels for 
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both pathogens.  Sporulation of F. proliferatum was also reduced under the same conditions.  

Qualitative mycotoxin analysis of roots infected with one of six Fusarium species revealed 

the production of fumonisin B1 by F. proliferatum when infecting sweetpotato.  This study is 

a step towards characterizing the etiology and epidemiology of Fusarium root rot in 

sweetpotato, which allows for improved disease management recommendations to limit 

postharvest losses to this disease.   
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INTRODUCTION 

Sweetpotatoes (Ipomoea batatas) are an important crop around the world, particularly 

in developing countries, and currently rank seventh among the most important food crops 

worldwide in production (FAOSTAT 2009).  Being very high in vitamin A and other 

essential nutrients (Woolfe 1992), sweetpotatoes are used to combat nutritional disorders in 

some countries of Africa and Asia.  Sweetpotatoes are also an important livestock feed in 

countries such as China (Scott 1992), and are increasingly being used for pet food in the 

United States (US) (Bickers 2015).  A recent, rapid increase in US sweetpotato consumption 

shows the growing importance of this crop across the nation, primarily through value added 

products such as sweetpotato fries and chips  (Johnson et al. 2015).  North Carolina is the 

leading producer of sweetpotatoes in the US and is responsible for over 40% of the nation’s 

production, which is valued at over $260 million (NCDA&CS 2015).   

While sweetpotato production is limited by a variety of abiotic and biotic factors, 

plant disease is a significant threat to the industry worldwide  (Clark et al. 2013).  Fusarium 

root rot is a major postharvest disease of sweetpotato, particularly in the southeastern US 

where the majority of sweetpotatoes are grown.  Fusarium root rot, also known as dry rot or 

end rot (Clark 1980), occurs primarily on roots that have been wounded in the harvesting or 

packing process, which facilitates infection (Clark 1980).  The disease progresses relatively 

slowly and mostly occurs during long-term storage.  Root rot lesions on sweetpotatoes are 

generally circular with light and dark brown concentric rings that can extend into the root 

often forming open cavities in the tissue.  Enlarged lesions become dry and sunken and white 

mycelia may be visible on the outside of the lesion or in the inner cavities (Clark et al. 2013). 

Numerous Fusarium species have been reported to infect sweetpotato roots (Farr and 
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Rossman 2006); however, Fusarium solani is considered the primary cause of Fusarium root 

rot (Clark et al. 2013), thus the subject of most research conducted to date.  Due to the lack of 

research and survey in this area, it is likely that additional Fusarium species also infect 

sweetpotato and have gone unreported.  The Fusarium genus is notorious for its ability to 

produce secondary metabolites, many of which are toxic to both humans and animals 

(Desjardins 2006).  This has resulted in a significant amount of research in susceptible crops 

such as wheat and corn.  F. proliferatum and F. verticilloides, both producers of fumonisin 

and important pathogens of small grains, have also been shown to infect sweetpotato (da 

Silva and Clark 2013; Farr and Rossman 2006).  The extent to which these pathogens cause 

disease in sweetpotato and their mycotoxin potential in such a crop is unknown.  In addition, 

no research has been conducted examining the epidemiological conditions that promote or 

suppress Fusarium root rot caused by Fusarium spp., which may provide valuable insight to 

controlling this disease and limiting potential mycotoxin contamination. 

A recent study suggests that F. solani may survive in sweetpotato roots as a fungal 

endophyte due to contact with infested soil in fields but fails to produce any root rot 

symptoms if environmental conditions are not favorable  (da Silva and Clark 2013). Once 

conditions are favorable, the pathogen systemically infects the root and can then be 

transmitted through infected propagation material  (da Silva and Clark 2013).  Avoiding 

wounding during harvest and postharvest handling, as well as proper curing soon after 

harvest, are important steps to minimizing Fusarium root rot.  Approximately 100 days after 

planting, sweetpotatoes are hand harvested after being plowed up and transferred to large 

storage containers.  Roots are then immediately stored at 29°C and 85% relative humidity for 

5-7 days to be cured (Edmunds et al. 2008).  This process allows for suberization and wound 
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periderm formation to heal the wounds occurred during harvest and protects the root from 

further decay  (Artschwager and Starrett 1931).  After curing, roots are typically stored long-

term at 13°C and 85% relative humidity (Edmunds et al. 2008).   

Currently, no sweetpotato cultivars exist with complete resistance to Fusarium root 

rot; however, cultivar susceptibility has been shown to vary, as some cultivars are more 

resistant than others  (Clark et al. 1986).  No studies to date have examined the susceptibility 

of sweetpotato cultivar Covington to Fusarium root rot, which is the primary variety being 

grown in North Carolina.  While it is known that environmental conditions impact disease 

progression in other crops and pathosystems  (Granke and Hausbeck 2010; Whiting et al. 

2001), no specific factors influencing Fusarium root rot of sweetpotato have been identified.  

Establishing what temperature, humidity, and inoculum level can favor disease is needed to 

develop disease management strategies and avoid losses due to postharvest decay.  

Therefore, the purpose of this study was twofold.  First, was to identify the diversity of 

Fusarium species that are infecting sweetpotato roots in North Carolina and determine their 

virulence and potential for mycotoxin production.  Secondly, to determine the effects of 

various temperatures (13, 18, 26, 29, and 35°C), relative humidity levels (80, 90, and 100%), 

and inoculum levels (3, 5, and 7 mm diameter mycelial plugs) that may occur throughout the 

postharvest life of a sweetpotato on disease progression of Fusarium root rot.  With this 

information, accurate recommendations can be made to growers and packers so that 

environmental storage conditions can be optimized to limit the amount of postharvest losses 

due to Fusarium root rot and reduce the potential mycotoxin contamination of sweetpotato. 

 

 



27 
 
 

MATERIALS AND METHODS 

Sampling and Isolation of Fusarium Species Infecting Sweetpotato:  Covington 

sweetpotatoes with suspected Fusarium infection were sampled from commercial 

packinghouses in North Carolina (NC), representing 11 commercial sweetpotato farms, and 

covering 7 counties in eastern NC (Table S1).  The cultivar Covington was selected due to its 

large-scale production in commercial operations in North Carolina.  Roots were placed in 

either a plastic crate or bag, transported back to the lab, and stored at 4°C until pathogen 

isolation.   

 To isolate Fusarium spp., infected roots were first rinsed in tap water and then surface 

sterilized by spraying until drench with 80% ethanol.  Roots were then transferred to a 

biosafety cabinet and allowed to air dry.  Following drying, isolations were performed by 

cutting out a small triangular section from the edge of the lesion and placing onto a 100 mm 

petri dish containing potato dextrose agar (PDA) amended with 20 mg/L of ampicillin and 20 

mg/L of rifampicin.  Plates were incubated at 23°C under continuous light.  Fusarium 

isolates grown on these plates were transferred to a sterile 60 mm petri dish of PDA and 

allowed to grow at 23°C under continuous light.  Isolates were then single-spored by adding 

100 µL of sterile water onto the surface of an actively growing culture and then spreading the 

100 µL droplet onto a PDA plate.  After 24 hours, a single, germinated spore was selected 

using a light microscope and transferred to another PDA plate.  Isolates were stored as 

mycelia plugs in a 1.5 mL tube with sterile water and a hemp seed at 4°C for long-term 

preservation.   
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Molecular Identification of Fusarium Isolates:  For DNA extraction of isolates, a 5 mm 

mycelia plug from an actively growing culture was transferred to a 250 mL flask containing 

50 mL of potato dextrose broth (PDB) and incubated for a period of 7 days, under light, and 

gentle shaking on an Advanced Digital Shaker (VWR International, Radnor, PA).  Tissue 

was collected using vacuum filtration and lyophilized in 1.5 mL tubes for 48 hours.  Tissue 

was then disrupted by adding three glass beads to each tube and homogenized for 30 seconds 

using an Omni Bead Ruptor 24 (Omni International, Kennesaw, GA). DNA extractions were 

performed using a standard phenol-chloroform extraction protocol (Iowa State University 

PTF 2003).  

Total DNA was used to amplify the internal transcribed spacer (ITS) region with 

primers ITS1 and ITS4 (White et al. 1990).  All PCR reactions were performed in a T100 

Thermocycler (Bio-Rad, Hercules, California) with the following parameters: 94°C for 3 

min; 30 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min; and 72°C for 5 min.  

Samples were then held at 4°C.  The translation elongation factor (TEF) region was also 

amplified for all isolates using primers ef1 and ef2 (Geiser et al. 2004).  These PCR reactions 

were performed with the following parameters: 94°C for 3 min; 30 cycles of 94°C for 30 s, 

53°C for 30 s, and 72°C for 1 min; and 72°C for 5 min.  Samples were then held at 4°C. 

PCR products were cleaned up using ExoSAP-IT (Affymetrix, Santa Clara, CA) and 

sequencing was carried out at the Genomic Sciences Laboratory, NC State University, on a 

LifeTech 3730xl DNA Analyzer (Life Technologies, Carlsbad, CA) using the forward primer 

that was used to amplify the DNA.  Electropherogram files from the LifeTech 3730xl DNA 

Analyzer were viewed for quality of reaction in FinchTV (Geospiza, Inc., Seattle, WA) and 

sequence reactions were repeated if necessary. Sequences were compared against the 
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National Center for Biotechnology Information (NCBI) GenBank database using BLAST  

(Altschul et al. 1990) and the Fusarium-ID Database (Geiser et al. 2004) for species 

identification. 

 

Phylogenetic Analysis: Sequences were aligned using ClustalWS (Larkin et al. 2007) in the 

Jalview 2.9.0  (Waterhouse et al. 2009) software package.  Alignments were visualized using 

Jalview 2.9.0 and the sequence ends were manually trimmed to remove low quality bases.  

The ITS and TEF datasets were concatenated to produce a total sequence of 952 bp for each 

isolate.  Haplotypes were identified using the haplotype block workflow in the Mobyle 

SNAP Workbench  (Monacell and Carbone 2014).  Identical sequences were collapsed into 

42 haplotype groups (Table 1).  398 variable sites across the concatenated dataset were 

identified and further phylogenic analysis was conducted using only these sites.   

Maximum likelihood phylogenetic analysis was performed using RAxML 

(Stamatakis et al. 2005) version raxmlHPC-SSE3 as part of the Mobyle SNAP Workbench  

(Monacell and Carbone 2014).  Phylogenetic analysis of all 42 haplotypes was conducted 

using the maximum likelihood method based on the GTRGAMMA substitution model with a 

rapid bootstrap random number seed set at 2139.  The algorithm selected performed a rapid 

bootstrap analysis and searched for the highest scoring maximum likelihood tree in one run.  

In addition to Maximum Likelihood analysis, Maximum Parsimony analysis was also 

conducted in MEGA 6.06 (Tamura et al. 2013) using the Subtree-Pruning-Regrafting (SPR) 

algorithm (Nei and Kumar 2000) with search level 1 in which the initial trees were obtained 

by the random addition of sequences (10 replicates).  Both analyses were conducted with 

gaps set as a fifth state and clade stability was assessed using 500 bootstrap replications. 
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Virulence of Fusarium Isolates: To verify the pathogenicity of each species identified in the 

survey and to assess the virulence of each species, one representative isolate was selected for 

infection assays in Covington sweetpotatoes (Table 2).  Six Covington sweetpotatoes were 

wounded using a rubber-band propelled wooden dowel previously developed  (Holmes and 

Stange 2002) calibrated to inflict a bruising wound 2 mm deep into the sweetpotato root.  

Roots were inoculated using a 5 mm mycelia plug from each isolate.  Two roots were placed 

per clear plastic chamber along with a paper towel dampened with 15 mL of water to 

maintain high humidity (>95%).  Roots were stored in growth chambers set at 23°C.   

Roots were evaluated every other day for 11 days for lesion diameter, by measuring 

the longest diameter of the lesion.  The experiment was arranged in a randomized complete 

block design with two replications. Area Under the Disease Progress Curve (AUDPC) values 

were calculated for lesion diameter per root using the trapezoidal method (Madden et al. 

2007).  Data residuals were calculated, checked for normality using the Shapiro-Wilk 

normality test, Q-Q plots, and boxplots, and for equality of variances with Levene’s test 

using R (R Core Team 2013).  Once residuals were found to follow statistical assumptions, 

the data was subjected to Analysis of Variance (ANOVA) and effects were considered 

significant at 0.05 and means separated using Tukey’s test. 

 

Mycotoxin Analysis: Three sweetpotato roots were wounded and inoculated as described 

above.  Using 5 mm mycelia plugs, roots were inoculated with different Fusarium species 

identified in the survey that have been reported to produce deoxynivalenol, T-2, or fumonisin 

B1 (Table 3).  Two weeks after inoculation, infected sweetpotato tissue was collected from 
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each root using a 7 mm cork borer.  The infected tissue from the three roots was combined 

into a 50 mL tube and stored at -20°C until mycotoxin analysis. 

 Infected sweetpotato tissue was crushed using a mortar and pestle.  Qualitative 

mycotoxin analysis was performed using a Lateral Flow Device Test Kit (AC Diagnostics, 

Fayetteville, AR) with a minimum detection limit of 200 ppb, following the manufacturer’s 

instructions for each tested mycotoxin.  Positive tests were repeated once with a different test 

kit, and once in time with an additional infection series.   

 

Host and Pathogen Material for Epidemiological Studies: Actively growing cultures of F. 

solani isolate AS086 and F. proliferatum isolate AS050 were used for inoculation in each 

experiment.  Isolate AS086 was collected from an infected sweetpotato sample and isolate 

AS050 was collected from an infected garlic sample, both obtained from the NC State Plant 

Disease and Insect Clinic and hyphal-tipped to ensure pure cultures.  DNA extraction 

followed by amplification of the ITS region using primers ITS4 and ITS5  (White et al. 1990) 

were performed and PCR products were sequenced to molecularly characterize the isolates.  

A BLAST search of the produced sequences from AS086 revealed a 100% identity to 

GenBank Accession Number JF323000, which corresponded to a F. solani isolate.  Likewise, 

sequences generated from isolate AS050 revealed a 100% identity to GenBank Accession 

Number KJ608097, corresponding to a F. proliferatum isolate.  ITS sequences for the F. 

solani and F. proliferatum isolates used in this study were deposited into GenBank under 

Accession Numbers KU507202 and KU507203, respectively.  Cultures were maintained on 

potato dextrose agar (PDA) and stored at 4°C.  Isolates were transferred onto fresh PDA 

media seven days before inoculation and kept under light at 23°C. 



32 
 
 

 Covington roots were obtained from individual commercial sweetpotato farms at the 

time of each inoculation. All roots used in this study had been previously cured at industry 

standards (Edmunds et al. 2008) and were selected based upon consistent size, shape, and a 

disease free appearance.  Prior to inoculation, sweetpotatoes were surface sterilized by 

soaking in 5% sodium hypochlorite for five minutes, individually rinsing them with sterile 

water, and placing them into a laminar flow hood to air dry.  Upon drying, sweetpotatoes 

were placed into a plastic box one at a time.   

 

Wounding and Inoculation: Prior studies indicate that bruising is the most conducive 

wound type for disease development  (Holmes and Stange 2002).  Therefore, in order to 

bruise roots, a 589 g metal rod with a diameter of 10 mm, sterilized with 80% ethanol, was 

dropped through a ¾ inch PVC pipe, to ensure accuracy, onto the middle of the sweetpotato 

from a height of 45 cm, thus eliciting an average impact force of 866 Newtons (N).  A 

consistent bruising wound approximately 3-5 mm deep and 10 mm in diameter was inflicted 

on the roots.  Roots were immediately placed individually with the wounded side up into 

sterile, clear, 28 cm x 20 cm x 14 cm plastic containers. 

 Sweetpotatoes were inoculated using mycelium plugs from seven-day-old cultures.  

Plugs were taken along the outer edge of cultures to ensure the same amount and type of 

inoculum was contained in each plug.  Plugs were placed face down onto the edge of the 

wounded area of the root, ensuring that the fungus contacted internal tissue beyond the 

periderm. 
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Effects of Temperature and Humidity on Disease Development: Six wounded roots 

inoculated with a 5 mm diameter mycelium plug of F. solani or F. proliferatum and six 

control roots wounded and inoculated with an agar plug were placed in individual containers 

an incubated in a growth chamber set at either 13, 18, 23, 29, or 35°C.  Humidity was 

maintained at 80, 90, and 100% for each temperature treatment to test for interaction effects 

between temperature and humidity.  Preliminary experiments were performed to consistently 

achieve the desired humidity levels by adding specific volumes of water inside the container.  

The method was standardized at 23°C and took into account the humidity derived from the 

normal respiration of an uninfected root by placing a sweetpotato in the container during 

preliminary experiments.  80% humidity was achieved by placing a sweetpotato alone into 

the chamber, while 90% humidity required the addition of 10 mL of sterile water, and 100% 

humidity required the addition of 15 mL of sterile water.  Watchdog model B102 data 

loggers (Spectrum Technologies, Plainfield, IL) were placed randomly in each treatment to 

monitor the temperature and relative humidity throughout the duration of the experiment 

(Table 4). 

 Roots were evaluated every other day for 11 days for lesion diameter, by measuring 

the longest diameter of the lesion and for sporulation area, by measuring the diameter of 

fungal growth on the root surface.  The experiment was conducted twice and each of the six 

roots per experiment was an independent observation.  AUDPC values were calculated for 

each variable per root using the trapezoidal method (Madden et al. 2007).  The experiment 

was arranged in a split-plot design with experiment as the blocking factor, temperatures as 

whole plots, and humidity levels as subplots. The AUDPC values of the two replicated 

experiments were used for statistical analyses. AUDPC data from control roots were 
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removed from the data set prior to statistical analyses because no infection occurred and no 

symptoms developed.  An ANOVA was performed to test the model AUDPC = Mean + 

Temperature + Humidity + Temperature*Humidity + Error (Experiment) using the aov 

function in R (R Core Team, 2013).  In the case of a significant interaction effect, a pairwise 

t-test was conducted to determine simple effects and p-values were adjusted using Holm’s 

method. 

 

Effect of Temperature and Inoculum Level on Disease Development: Sets of six 

wounded roots inoculated with either 3, 5, or 7 mm diameter mycelia plugs for each 

pathogen and six control roots inoculated with an agar plug were placed into a growth 

chamber set at either 13, 18, 23, 29, and 35°C.  Roots were maintained at ~100% humidity 

using the methods described above.  These roots were incubated for 11 days in the dark and 

Watchdog model B102 data loggers (Spectrum Technologies, Plainfield, IL) were placed 

randomly in each treatment to monitor the temperature and relative humidity throughout the 

duration of the experiment.  This experiment was replicated two times and disease evaluation 

and data analysis was performed as described in the temperature and humidity experiments, 

with inoculum level as the subplot. 

 

RESULTS 

Fusarium Survey: Alignment of the 123 ITS sequences resulted in a trimmed dataset of 405 

bp and alignment of the 123 TEF sequences resulted in a trimmed dataset of 547 bp, 

producing a concatenated dataset of 952 bp.  81 isolates were identical in sequence and 

therefore collapsed to a single haplotype, resulting in 42 unique haplotypes with 398 variable 
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sites that were used for phylogenic analysis.  F. incarnatum isolates AS318 and AS343 and 

Gibberella fujikuroi complex isolate AS347 were excluded from the analysis due to failure of 

the elongation factor region to amplify (Table S1).  Preliminary reconstruction of a 

phylogenic tree using Neighbor-Joining based on ITS sequence alone however, showed 

isolates AS318 and AS343 cluster with isolate AS419, all three of which are identified as F. 

incarnatum.  A phylogeny based on maximum likelihood analysis was inferred and the tree 

with the highest likelihood is shown (Figure 1, TreeBASE Study Accession #S18706).  

Maximum Parsimony analysis was also performed for the 42 haplotypes (tree not shown).  

263 sites were parsimony informative.  The most parsimonious tree had length = 579 with a 

consistency index of 0.751012, retention index of 0.956150, and a composite index of 

0.753030 and 0.718080 and for all sites and parsimony-informative sites, respectively.   

 A virulence test was conducted to ensure each collected species was capable of 

reinfecting sweetpotato roots to produce similar symptoms to those observed.  Isolates used 

to represent each species were all capable of infecting sweetpotato roots and reproduced dark 

lesions, characteristic of external symptoms Fusarium root rot.  While lesion depth was not 

measured in roots infected with different species, the F. oxysporum isolate and the isolate 

from the G. fujikuroi species complex were confined primarily to the surface of the root and 

did not consistently extend below the periderm.  Analysis of AUDPC values collected over 

an eleven-day period revealed significant differences in disease progression between species.  

F. graminearum infection resulted in the highest disease level, followed by the typical root 

rot pathogen, F. solani (Table 2).  The lowest level of disease occurred with the isolate used 

to represent the G. fujikuroi complex (Table 2).  Furthermore, since all species identified in 

the survey had been previously reported to infect sweetpotato except that of F. graminearum, 
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this species was reisolated from infected roots to confirm F. graminearum as the causal 

agent.   

 

Mycotoxin Analysis: Mycotoxin analysis was performed using lateral flow devices for an 

infection series of roots inoculated with one of five Fusarium species (Table 3).  F. 

graminearum isolate AS256 was collected from an infected sweetpotato root (Table S1) and 

tested negative for deoxynivalenol (DON) at a minimum detection concentration of 200 ppb.  

PH-1, a F. graminearum isolate known to produce DON in cereal crops (Gaffoor et al., 

2005), also tested negative at 200 ppb when inoculated onto a sweetpotato.  F. proliferatum 

which was previously reported on sweetpotato  (da Silva and Clark, 2013) and is a well 

known producer of fumonisin B1, tested positive for fumonisin at a 200 ppb detection limit.  

A second infection series with this pathogen was generated and subjected to an additional 

fumonisin B1 test in which it once again was positive at the 200 ppb detection limit.  F. 

acuminatum is a known producer of T-2 toxin in other crops and has been previously 

reported to infect sweetpotato  (Farr and Rossman 2006).  A test for T-2 toxin in infected 

sweetpotato roots with a minimum cutoff of 200 ppb proved negative.  F. solani and F. 

oxysporum, the two most common species associated with rots of sweetpotato, tested 

negative for T-2 and fumonisin B1 respectively (Table 3).   

 

Effect of temperature, humidity, and inoculum level on disease: Symptoms consistent 

with Fusarium root rot as described by Clark et al. (2013) entailing dry, dark, sunken lesions 

that extended beyond the root periderm were observed at each temperature, relative humidity 

level, and inoculum level tested.  Advanced lesions formed under optimal conditions 
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contained hollow cavities under the lesion surface with white mycelia protruding from the 

cavities (Figure 2).  Symptoms of Fusarium root rot were delayed at 13°C, not appearing 

until 4 days post inoculation (dpi) for F. solani as compared to 2 dpi for the other 

temperature treatments, across all levels of relative humidity and inoculum level.  Similar 

results were observed for F. proliferatum, with the exception of the high inoculum level 

treatment (7 mm diameter plug), which also resulted in symptom development at 2 dpi.  

Across all levels of temperature, disease symptoms were observed at 2 dpi for all levels of 

relative humidity and inoculum level.  However the 80% humidity level resulted in only a 

few instances of disease this early after inoculation, with most symptoms being observed 

beginning at 4 dpi for both F. solani and F. proliferatum.  In general, changes in temperature 

affected both time of symptom development and the rate of disease progression, while 

changes in relative humidity affected largely the rate of disease progression.  Changes in 

inoculum level affected disease severity at each time point measured for both pathogens.   

No consistent sporulation was observed at any treatment with F. solani.  Sporulation 

of F. proliferatum on infected tissue was observed at each temperature at 2 dpi across all 

levels of relative humidity and inoculum level treatments.  Furthermore, sporulation was 

typically delayed until at least 4 dpi for most inoculated roots at 80% humidity.  Sporulation 

at humidities of 90% and 100% were commonly observed at 2 dpi across most temperature 

treatments.  No sporulation was observed at 80% humidity and 90% humidity for F. 

proliferatum inoculated roots stored at 35°C (Figure 4).  Inoculum level differences typically 

affected the amount of sporulation rather than a delay in its development.   

 Disease progression was highest for F. solani at 29°C and F. proliferatum at 23°C 

than at other tested temperatures, under high humidity.  Both pathogens also resulted in 
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higher disease levels at 100% relative humidity and high inoculum levels (7 mm diameter 

plug).  Sporulation of F. proliferatum was also highest at 23°C, 100% humidity, and the high 

inoculum level (7 mm diameter plug).  The lowest levels of disease progression were 

observed at temperatures of 13°C, relative humidities of 80%, and low inoculum levels (3 

mm plug) for both pathogens (Figure 3).  Significant interactions occurred between 

temperature and humidity (P<0.0001) for lesion diameter AUDPC values for both F. solani 

and F. proliferatum.  The interaction between temperature and inoculum level was also 

significant (P<0.001) for F. proliferatum.  Interactions between temperature and humidity 

and temperature and inoculum level were also significant (P<0.0001) for sporulation of F. 

proliferatum.  No interaction between temperature and inoculum level for F. solani revealed 

a significant main effect (<0.001) of inoculum level on disease progression, as AUDPC 

increased with inoculum level at each tested temperature (Figure 3E and G). 

AUDPC values for lesion diameter at 80% humidity stayed relatively constant across 

all tested temperatures for F. solani (Figure 3A) and no significant simple effects of 

temperature were observed at the 80% humidity level (Table S2).  Ninety percent humidity 

produced significantly higher disease levels for F. solani at 18, 23, 29°C as compared to the 

same temperatures at 80% humidity (Table S2), however maximum disease levels at each 

temperature were observed at 100% humidity except at temperatures of 13°C for F. solani 

(Figure 3A).  At 13°C, there was no significant difference in disease progression of F. solani 

observed regardless of the humidity level (Table S2).  However, as temperatures became 

more favorable for F. solani disease development (18, 23, 29, and 35°C), a positive 

relationship between AUDPC and relative humidity level was observed (Figure 3C), leading 

to increased disease progression at higher humidity levels.  At 18, 23, and 29°C, simple 
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effects of relative humidity are significant at each of the tested humidity levels (Table S2).  

Similarly to F. solani, disease progression for F. proliferatum at 80% humidity 

remained relatively constant across temperature treatments (Figure 3B) and revealed no 

significant simple effects between the tested temperatures (Table S3).  At the 90% humidity 

level, significant differences were observed between 13 and 29°C and 18 and 29°C (Table 

S3).  The highest disease levels for F. proliferatum occurred at the 100% humidity level for 

each temperature besides 13°C (Figure 3D), at which there were no significant differences 

between humidity levels (Table S3).  Humidity is significant between the 90 and 100% and 

the 80 and 100% treatments at each of the other temperature levels (18, 23, 29, and 35°C) 

(Table S3).  At the 100% humidity level, F. proliferatum disease progression at 23°C was 

significantly higher than any other tested temperature (Table S3).   

Unlike F. solani, F. proliferatum also had a significant interaction between 

temperature and inoculum level.  The highest AUDPC values were observed at 23°C with the 

high inoculum level (7 mm) and the lowest AUDPC values were observed at 13°C with the 

low inoculum level (3 mm) (Figure 3F).  In general, there was a positive relationship 

between AUDPC and inoculum level (Figure 3H) as the high (7 mm) inoculum level was 

significantly different from the low (3 mm) inoculum level at each tested temperature (Table 

S4).  The medium (5 mm) inoculum level varied at each temperature in its difference with 

the other tested inoculum levels (Figure 3F).  Significant differences in temperature were 

observed at each level of inoculum (Table S4). 

Similar observations were made for sporulation of F. proliferatum over the same 

treatments (Figure 4).  The highest sporulation was observed at 100% humidity for 

temperature treatments of 18, 23, and 29°C, which were not significantly different (Table 
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S5).  Sporulation generally then decreases at each of those temperatures as humidity levels 

drop (Figure 4A).  Sporulation area at 13°C was significantly higher at 90% humidity as 

compared to 80 and 100% humidity levels (Table S5) and sporulation was nonexistent at 

35°C across all humidity treatments (Figure 4B).  Significant interactions were also observed 

for F. proliferatum sporulation between temperature and inoculum level.  As temperature 

approached 18°C, high inoculum levels (7 mm plug) had the most sporulation (Figure 4C) 

and was significantly higher than high inoculum levels at other temperatures and the other 

tested inoculum levels at 18°C (Table S6).  At 23 and 29°C however, high and moderate (5 

mm plug) inoculum levels resulted in similar levels of sporulation and the low (3 mm) 

inoculum level was significantly lower (Table S6).A positive relationship for sporulation was 

observed between inoculum level and temperature at each temperature treatment with 

exception to 35°C, at which, sporulation was inconsistent (Figure 4D). Sporulation was 

significantly lower at 35°C as compared to the other tested temperatures for the medium and 

high inoculum levels (Table S6).   

 

DISCUSSION 

Investigations into the diversity of Fusarium species infecting sweetpotato storage 

roots in North Carolina identified six species, with F. solani being recovered the most 

frequently.  F. solani is known to be the primary causal agent of Fusarium root rot (C. A. 

Clark et al. 2013); however, numerous others have also been reported to occur (Farr and 

Rossman 2006).  Information from such surveys can provide valuable insight into the 

populations of causal agents contributing to disease, resulting in better long-term control of 

disease.  For example, in a similar survey of Fusarium species infecting potato, Hanson et al. 
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(1996) found that the species of Fusarium causing disease depended on numerous factors 

including whether tubers are used for seed, tablestock, or processing, isolation year and 

location, and method of isolation.  Furthermore, understanding a baseline population allows 

for future observations in population shifts that may be associated with control failure.  

Previous studies in dry rot of potato observed an increase in F. sambucinum as a causal agent 

due to its adaption of fungicide resistance, whereas F. solani had traditionally been the more 

commonly isolated species  (Hanson et al. 1996).  While the current study investigates only 

the Fusarium species causing disease in the roots, recent observations demonstrating the 

ability of F. solani to survive as an endophyte in other plant parts (da Silva and Clark 2013) 

suggests that future work should address the endophytic potential of other species so that a 

better understanding of complex etiologies and interactions can be developed. 

Of 126 isolates obtained from the conducted survey, 42 unique haplotypes were 

identified based on a 952 bp dataset of combined ITS and TEF sequences.  Phylogenic 

analysis of the 398 variable sites among the combined dataset using maximum likelihood 

resulted in relationships among haplotypes as shown in Figure 1.  Previous phylogenies 

developed based upon combined rDNA cluster, B-tub, and elongation factor sequences of 

multiple species within the Fusarium genus produced similar results based on maximum 

likelihood, however placed F. graminearum, F. incarnatum, and F. acuminatum further 

related from F. solani (Watanabe et al. 2011).  These differences could be due to different 

loci sequenced in the present study or reduced resolution by basing the phylogeny on fewer 

loci.  No study to date has examined the phylogeny among related Fusarium species in 

sweetpotato.  Based on the results of the study at hand, it is apparent that there is genetic 

diversity among species as well as within the species of F. oxysporum and F. solani found 
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infecting sweetpotato.  Some haplotypes of F. solani and F. oxysporum were found in a 

single location, while other were found across multiple counties (Figure 1).  This suggests 

that certain haplotypes may be better adapted to infect sweetpotato roots, are more commonly 

distributed in the soil, or are being moved around multiple counties through infected seed or 

contaminated equipment.  Bootstrap support for some branches within the F. solani and F. 

oxysporum clades is low (<70).  Investigations into the F. solani species complex by 

O’Donnell et al.  (2008) also resulted in low bootstrap support in inferred phylogenies, 

suggesting the potential for cryptic speciation within the group.  Such speciation has been 

reported in related fungi  (Geiser et al. 1998), therefore may be cause of the homoplasy 

observed in the present study with F. solani and F. oxysporum; however further study should 

be conducted before such conclusions are drawn. 

To confirm pathogenicity of the collected isolates and determine relative levels of 

virulence among species, a representative isolate of each species was used in a virulence 

assay.  All species collected in the survey infected sweetpotato roots upon inoculation and 

produced root rot like symptoms.  Under the tested conditions, F. graminearum infection 

resulted in the highest level of disease, followed by F. solani.  To our knowledge, this is the 

first report of F. graminearum infecting sweetpotato storage roots.  Based on the results of 

the epidemiological experiments conducted in the present study, the conditions used for the 

virulence assay may have been optimal for F. graminearum, while not being optimal for 

other species.  Furthermore, infection rates and disease progression of some Fusarium 

species may also depend on the inoculation method potentially affecting the outcome of this 

test as well, as method of wounding has been shown to impact disease levels of other 

sweetpotato pathogens (Holmes and Stange 2002).  Similar results were observed in potato, 
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where differences in tuber susceptibility varied among Fusarium species (Hanson et al. 

1996).  Regardless, the present findings highlight the potential of other Fusarium species 

besides F. solani to cause significant losses in sweetpotato.   

 In many developing countries sweetpotatoes are an important feed for livestock (Scott 

1992).  Numerous cases in history exist reporting the toxicosis or death of various livestock 

after the ingestion of moldy sweetpotatoes  (Peckham et al. 1972; Wilson 1973).  However, 

this has largely been attributed to the phytotoxin ipomeanol, which induces lung edema in 

cattle and is produced by sweetpotatoes in response to pathogen attack  (Boyd and Wilson 

1972). To our knowledge, no reports of mycotoxin production during Fusarium infection of 

sweetpotato have been published.  A qualitative mycotoxin assessment performed with the 

species associated with root rot of sweetpotato in this study revealed fumonisin B1 

production by F. proliferatum but not by F. oxysporum.  Fumonisin B1 commonly 

contaminates cereals and grains (Desjardins 2006) and can cause severe toxicosis in 

livestock, such as equine leukoencephalomalacia, lung edema, and pulmonary edema in 

swine (Ross et al. 1990).  The reports of lung edema in cattle after being fed moldy 

sweetpotatoes is consistent with our findings of fumonisin B1 in infected roots.  While lung 

edema has previously been associated with ipomeanol poisoning, based on the current 

findings, the potential of fumonisin contamination being an agent of disease cannot be 

discarded.  No T-2 toxin, which is produced by F. solani (Ueno et al. 1975) and F. 

acuminatum (Rabie et al. 1986), was detected.  Infection of sweetpotato by F. graminearum 

was also determined in this study, which to our knowledge has not been previously reported.  

F. graminearum is notorious for contaminating grain crops with DON (Desjardins 2006); 

however, no DON production was detected in sweetpotatoes infected with sweetpotato 
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isolate (AS256) and an isolate from cereals (PH-1) (Gaffoor et al. 2005).  While here we 

report the production of fumonisin B1 by F. proliferatum and negative results for other tested 

toxins, it is important to consider only one isolate of each pathogen was used in our analysis 

and a limited set of potential mycotoxins were tested.  Additionally, mycotoxin tests were 

conducted two weeks after inoculation, which may not have been enough time to allow for 

sufficient toxin accumulation in the sweetpotato tissue for detection.  For example in corn, 

Miller et al. (1983) found that DON accumulation was highest at 7 weeks after inoculation 

with F. graminearum and significant levels of zearalenone were not detected until 9 weeks 

after inoculation with the same pathogen.  Furthermore, mycotoxin production can vary by 

isolate or environmental factors, and the investigated species also produce additional toxins 

that were not tested.  The study at hand introduces the potential for mycotoxin production in 

sweetpotato, but additional studies are certainly needed to perform more quantitative 

analyses using multiple isolates and to test additional toxins that could be produced, 

especially by common species causing root rot of sweetpotato before we can understand the 

risk associated with using infected sweetpotato roots as livestock and/or pet food. 

The current study quantifies the disease level and progression of Fusarium root rot in 

sweetpotato by F. solani and F. proliferatum at different storage conditions.  Differences in 

disease progression at certain storage conditions between F. solani and F. proliferatum, as 

highlighted in this study, suggests the role that storage conditions may play in providing a 

fitness advantage of one Fusarium species over another.  A study by Reid et al. (1999) found 

that certain temperatures within corn silks favored growth of F. moniliforme over that of F. 

graminearum and other temperatures favored growth of F. graminearum over F. moniliforme 

in mixed inoculations.  Similarly, the species responsible for Fusarium head blight of wheat 
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largely depends on climatic conditions within a geographic region, suggesting that the 

primary causal agent of a disease can differ depending on environmental conditions (Doohan 

et al. 2003).  The extent to what effect field and storage conditions may have on the fitness or 

interaction of Fusarium species infecting sweetpotato is unknown.  The current study 

demonstrates the effects of storage conditions on infection by a single causal agent but future 

work in sweetpotato could consider the effects of these conditions on the interaction between 

species and its impact on diseases caused by complex etiologies.  Based on the effects 

environmental conditions have on other diseases as highlighted above and the observed 

differences between F. solani and F. proliferatum in sweetpotato at varying storage 

conditions, it may be possible that modifying these conditions results in the increase or 

decrease of occurrence for particular species in sweetpotato.  Furthermore, the diversity of 

Fusarium species infecting sweetpotato roots may also be affected by climatic conditions, 

such that certain species in warmer climates may be more prevalent there than in cooler 

climates, as seen in other cropping systems (Doohan et al. 2003). 

 Maximum disease levels produced by F. solani were observed at 29°C as compared 

to 23°C for F. proliferatum, and temperatures above these levels resulted in a decrease in 

disease progression.  High relative humidity levels (100%) and high initial inoculum levels (7 

mm) also resulted in significantly higher levels of disease for both pathogens.  In general, 

lower initial inoculum levels can reduce disease levels further at each temperature.  Previous 

studies on F. proliferatum identified isolates to grow at a temperature range of 4-35°C with 

optimal growth at 25°C.  No growth was observed over 35°C  (Marin et al. 1995).  Optimal 

in vitro growth of F. solani was found to be 30.5°C in a separate study (Goktepe et al. 2007).  

The differences in optimal in vitro growth between F. proliferatum and F. solani correspond 
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to the differences in disease progression of root rot observed in this study, with F. solani 

causing higher levels of disease at higher temperatures as compared to F. proliferatum.  

Differences in optimal infection temperatures for two species causing Fusarium head blight 

of wheat, F. graminearum and F. culmorum, have also been observed (Rossi et al. 2001).  

Temperature may also be important in limiting potential mycotoxin contamination, as Alberts 

et al. (1990) identified 25°C to be the optimal temperature for fumonisin production by F. 

moniliforme, with toxin levels decreasing at both lower and higher temperatures.  Similar 

studies in dry rot of potato found that infection of tubers by F. sambucinum is greatest at 

25°C, but storage at lower temperatures (<12ºC) can result in slower progression of the 

disease  (Lui and Kushalappa 2002).  However trichothecenes can still be produced in potato 

tubers at low temperatures (Leach and Webb 1981). Progression of Fusarium root rot 

decreased as relative humidity decreased for both pathogens.  Previous studies in Fusarium 

head blight of wheat observed similar results, as infection of wheat spikes by F. avenaceum 

and F. graminearum was lower as compared to higher humidities (Rossi et al. 2001). 

However infection by F. culmorum was higher at lower humidities, suggesting a differential 

response to humidity depending on the pathogen (Rossi et al. 2001). 

 In summary, Fusarium root rot can occur over a wide range of temperatures, relative 

humidities, and initial inoculum levels.  Interactions between temperature and relative 

humidity for both F. solani and F. proliferatum reveal that storage at 13ºC can have a similar 

effect in reducing disease progression regardless of the relative humidity.  Likewise, storage 

at 80% humidity can reduce disease levels to a similar level regardless of temperature.  

Storage of sweetpotato roots at 80% humidity however is not recommended due to losses 

from physiological processes such as increased respiration (Ezell et al. 1956).  Regardless of 
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the species causing Fusarium root rot of sweetpotato, based on the results of this study, long 

term storage of sweetpotato roots at 13°C, 85-90% humidity, and maintaining sanitary 

conditions is recommended for reducing losses to Fusarium root rot.  Current 

recommendations of storage at 13°C, 85% humidity, and sanitization seem appropriate 

(Edmunds et al. 2008).  Reducing initial inoculum levels by removing diseased roots from 

fields and packinghouses as well as maintaining sanitary harvest and packing equipment can 

also reduce levels of Fusarium root rot.  F. solani and F. proliferatum responded differently 

to different storage temperature, suggesting that certain conditions may favor one species 

over another.  These differences may imply that the frequency and diversity of observed 

species in sweetpotato could differ geographically due to contrasting climatic conditions or 

that production practices such as curing at high temperatures may benefit the predominance 

of certain species.  The confirmation of fumonisin B1 production by F. proliferatum 

demonstrates the potential for Fusarium species to produce mycotoxins in infected 

sweetpotatoes and storage at the appropriate conditions identified in this study may help 

reduce potential mycotoxin contamination.  A survey to determine the diversity of species 

that infect sweetpotato in North Carolina revealed six species causing disease, some of which 

are toxigenic.  A more in depth population analysis of the Fusarium species identified in 

sweetpotato should be conducted to better understand the pathogen populations and 

interactions occurring on sweetpotatoes in North Carolina.  While only F. proliferatum was 

confirmed to produce a mycotoxin in sweetpotato, further work is needed to quantify the 

amount being produced and also to test for additional toxins being produced by other species.  

Understanding the etiology and epidemiology of Fusarium root rot in sweetpotato can lead to 

improved control and management of this disease.   
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Table 2.1.  Diversity of Fusarium species from a survey of infected sweetpotato roots 
obtained from 11 commercial sweetpotato farms across 7 counties in North Carolina. 
 

Species Number of Isolates Unique Haplotypes 
F. solani 54 16 
F. oxysporum 49 20 
G. fujikuroi complex 12 2 
F. acuminatum 7 2 
F. incarnatum 3 1 
F. graminearum 1 1 
TOTAL 126 42 
 

Table 2.2.  Average AUDPC values observed 11 days post-inoculation in sweetpotato roots 
infected with a single isolate of each species found in our survey. 
 

Isolate Species Mean AUDPC ± SEa 

AS311 G. fujikuroi complex 39.38 ± 4.70 a 
AS495 F. oxysporum 78.25 ± 8.41 b 
AS419 F. incarnatum 107.38 ± 4.29 bc 
AS494 F. acuminatum 113.83 ± 9.19 c 
AS086 F. solani 148.67 ± 7.79 d 
AS256 F. graminearum 206.79 ± 11.06 e 

aMean area under disease progress curve (AUDPC) ± standard error (SE) calculated by 
measuring lesion diameter every other day for 11 days.  Different letters represent statistical 
significance at the 0.05 significance level with means separated using Tukey’s test. 
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Table 2.3.  Mycotoxin test results from sweetpotato roots infected with different Fusarium 
species 14 days post-inoculation using lateral flow test kits. 
 

Isolate Species Mycotoxin Testeda Resultb 
AS256 F. graminearum Deoxynivalenol - 
PH-1c F. graminearum Deoxynivalenol - 
AS050 F. proliferatum Fumonisin B1 + 
AS135 F. oxysporum Fumonisin B1 - 
AS088 F. acuminatum T-2 - 
AS086 F. solani T-2 - 

aMycotoxin tested was selected based on previous reports of being produced by the given 
Fusarium species. 
bResult is based on the reaction of a lateral flow device with a minimum detection point of 
200 ppb. 
cPH-1 = Known DON producer in wheat (Gaffoor et al., 2005). 
 
Table 2.4. Mean relative humidities observed in the incubation chambers across all test 
temperature treatments over the course of each 11-day study on the progression of Fusarium 
root rot caused by F. proliferatum and F. solani. 
 

 F. proliferatum F. solani 
Goal RHa Mean ± SEb Mean ± SE 
80 76.02 ± 0.20 77.39 ± 0.28 
90 93.15 ± 0.12 91.58 ± 0.21 
100 98.06 ± 0.06 97.09 ± 0.07 

aRH = relative humidity (%). 
bMean ± SE = mean relative humidity ± standard error. 
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Table 2.S1. Isolate information for specimens collected in the Fusarium survey and for those used in phylogenic analysis. 
 

 Isolate Species Host County 
(NC) 

Year 
Collected 

ITS 
Accession # 

TEF 
Accession # 

Haplotype 
Group 

AS343 F. incarnatum Sweetpotato Johnston 2015 KU382560 NA - 
AS347 G. fujikuroi complex Sweetpotato Johnston 2015 KU382635 NA - 
AS318 F. incarnatum Sweetpotato Nash 2015 KU382547 NA - 
AS221 F. solani Sweetpotato Sampson 2015 KU382588 KU507098 1 
AS222 F. solani Sweetpotato Sampson 2015 KU382590 KU507102 1 
AS257 F. solani Sweetpotato Wilson 2015 KU382581 KU507090 1 
AS281 F. solani Sweetpotato Wilson 2015 KU382587 KU507101 1 
AS325 F. solani Sweetpotato Johnston 2015 KU382536 KU507133 1 
AS326 F. solani Sweetpotato Johnston 2015 KU382550 KU507145 1 
AS327 F. solani Sweetpotato Johnston 2015 KU382551 KU507146 1 
AS342 F. solani Sweetpotato Johnston 2015 KU382559 KU507155 1 
AS348 F. solani Sweetpotato Johnston 2015 KU382641 KU507187 1 
AS351 F. solani Sweetpotato Johnston 2015 KU382626 KU507186 1 
AS423 F. solani Sweetpotato Johnston 2015 KU382645 KU507171 1 
AS261 F. solani Sweetpotato Wilson 2015 KU382643 KU507173 1 
AS332 F. solani Sweetpotato Wilson 2015 KU382631 KU507190 1 
AS269 F. oxysporum Sweetpotato Wilson 2015 KU382529 KU507126 2 
AS283 F. solani Sweetpotato Wilson 2015 KU382598 KU507112 3 
AS309 F. solani Sweetpotato Wilson 2015 KU382609 KU507085 3 
AS329 F. solani Sweetpotato Johnston 2015 KU382537 KU507134 3 
AS345 F. solani Sweetpotato Johnston 2015 KU382541 KU507138 3 
AS349 F. solani Sweetpotato Johnston 2015 KU382562 KU507157 3 
AS272 F. solani Sweetpotato Wilson 2015 KU382637 KU507114 4 
AS274 F. solani Sweetpotato Wilson 2015 KU382606 KU507104 4 
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(table continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AS275 F. solani Sweetpotato Wilson 2015 KU382600 KU507100 4 
AS276 F. solani Sweetpotato Wilson 2015 KU382595 KU507096 4 
AS278 F. solani Sweetpotato Wilson 2015 KU382582 KU507097 4 
AS279 F. solani Sweetpotato Wilson 2015 KU382614 KU507081 4 
AS282 F. solani Sweetpotato Wilson 2015 KU382593 KU507106 4 
AS415 F. solani Sweetpotato Johnston 2015 KU382565 KU507160 4 
AS420 F. solani Sweetpotato Johnston 2015 KU382569 KU507164 4 
AS410 F. solani Sweetpotato Wilson 2015 KU382638 KU507179 4 
AS273 F. solani Sweetpotato Wilson 2015 KU382611 KU507109 5 
AS418 F. solani Sweetpotato Johnston 2015 KU382567 KU507162 6 
AS413 F. solani Sweetpotato Edgecombe 2015 KU382650 KU507188 7 
AS319 F. solani Sweetpotato Nash 2015 KU382548 KU507143 8 
AS408 F. solani Sweetpotato Sampson 2015 KU382629 KU507172 9 
AS340 F. solani Sweetpotato Nash 2015 KU382540 KU507137 10 
AS337 F. solani Sweetpotato Sampson 2015 KU382539 KU507136 10 
AS256 F. graminearum Sweetpotato Edgecombe 2015 KU382608 KU507199 11 
AS419 F. incarnatum Sweetpotato Johnston 2015 KU382568 KU507163 12 
AS268 F. oxysporum Sweetpotato Wilson 2015 KU382577 KU507197 13 
AS264 F. oxysporum Sweetpotato Wilson 2015 KU382599 KU507099 14 
AS266 F. oxysporum Sweetpotato Wilson 2015 KU382605 KU507103 14 
AS172 F. oxysporum Sweetpotato NA 2014 KU382652 KU507122 15 
AS252 F. oxysporum Sweetpotato Edgecombe 2015 KU382594 KU507113 15 
AS253 F. oxysporum Sweetpotato Edgecombe 2015 KU382612 KU507080 15 
AS310 F. oxysporum Sweetpotato Wilson 2015 KU382578 KU507087 15 
AS350 F. oxysporum Sweetpotato Johnston 2015 KU382653 KU507192 15 
AS417 F. oxysporum Sweetpotato Johnston 2015 KU382651 KU507180 15 
AS495 F. oxysporum Sweetpotato Johnston 2015 KU382573 KU507168 15 
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(table continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

AS336 F. oxysporum Sweetpotato Sampson 2015 KU382556 KU507151 15 
AS304 F. oxysporum Sweetpotato Wilson 2015 KU382531 KU507128 15 
AS311 G. fujikuroi complex Sweetpotato Wilson 2015 KU382583 KU507091 16 
AS322 G. fujikuroi complex Sweetpotato Johnston 2015 KU382654 KU507182 16 
AS328 G. fujikuroi complex Sweetpotato Johnston 2015 KU382552 KU507147 16 
AS330 G. fujikuroi complex Sweetpotato Johnston 2015 KU382553 KU507148 16 
AS352 G. fujikuroi complex Sweetpotato Johnston 2015 KU382563 KU507158 16 
AS317 G. fujikuroi complex Sweetpotato Nash 2015 KU382546 KU507142 16 
AS414 G. fujikuroi complex Sweetpotato Sampson 2015 KU382564 KU507159 16 
AS315 G. fujikuroi complex Sweetpotato Wilson 2015 KU382630 KU507189 16 
AS333 G. fujikuroi complex Sweetpotato Wilson 2015 KU382538 KU507135 16 
AS334 G. fujikuroi complex Sweetpotato Wilson 2015 KU382554 KU507149 16 
AS407 G. fujikuroi complex Sweetpotato Sampson 2015 KU382625 KU507185 17 
AS421 F. oxysporum Sweetpotato Johnston 2015 KU382570 KU507165 18 
AS339 F. oxysporum Sweetpotato Sampson 2015 KU382544 KU507153 19 
AS173 F. oxysporum Sweetpotato NA 2014 KU382656 KU507123 20 
AS259 F. oxysporum Sweetpotato Wilson 2015 KU382586 KU507083 20 
AS219 F. oxysporum Sweetpotato Sampson 2015 KU382580 KU507089 21 
AS220 F. oxysporum Sweetpotato Sampson 2015 KU382585 KU507094 21 
AS201 F. oxysporum Sweetpotato Wayne 2014 KU382615 KU507120 21 
AS409 F. oxysporum Sweetpotato Sampson 2015 KU382633 KU507176 22 
AS341 F. oxysporum Sweetpotato Nash 2015 KU382558 KU507154 23 
AS254 F. oxysporum Sweetpotato Edgecombe 2015 KU382576 KU507086 23 
AS224 F. oxysporum Sweetpotato Sampson 2015 KU382601 KU507077 23 
AS412 F. oxysporum Sweetpotato Edgecombe 2015 KU382646 KU507184 24 
AS255 F. oxysporum Sweetpotato Edgecombe 2015 KU382632 KU507076 25 
AS324 F. oxysporum Sweetpotato Johnston 2015 KU382535 KU507132 26 
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AS205 F. oxysporum Sweetpotato Wayne 2015 KU382620 KU507124 27 
AS496 F. oxysporum Sweetpotato Johnston 2015 KU382574 KU507169 27 
AS338 F. oxysporum Sweetpotato Sampson 2015 KU382557 KU507152 27 
AS271 F. oxysporum Sweetpotato Wilson 2015 KU382542 KU507139 28 
AS277 F. oxysporum Sweetpotato Wilson 2015 KU382589 KU507092 28 
AS202 F. oxysporum Sweetpotato Wayne 2014 KU382616 KU507196 29 
AS223 F. oxysporum Sweetpotato Sampson 2015 KU382596 KU507110 29 
AS197 F. oxysporum Sweetpotato Wayne 2014 KU382619 KU507115 29 
AS198 F. oxysporum Sweetpotato Wayne 2014 KU382621 KU507116 29 
AS308 F. oxysporum Sweetpotato Wilson 2015 KU382604 KU507079 29 
AS416 F. oxysporum Sweetpotato Johnston 2015 KU382566 KU507161 29 
AS135 F. oxysporum Sweetpotato NA 2014 KU382639 KU507170 29 
AS072 F. oxysporum Sweetpotato Greene 2013 KU382623 KU507178 30 
AS406 F. oxysporum Sweetpotato Sampson 2015 KU382627 KU507195 31 
AS242 F. oxysporum Sweetpotato Edgecombe 2015 KU382603 KU507084 32 
AS263 F. oxysporum Sweetpotato Wilson 2015 KU382602 KU507095 32 
AS196 F. oxysporum Sweetpotato Wayne 2014 KU382617 KU507117 32 
AS199 F. oxysporum Sweetpotato Wayne 2014 KU382622 KU507118 32 
AS226 F. oxysporum Sweetpotato Wayne 2015 KU382584 KU507088 32 
AS267 F. oxysporum Sweetpotato Wilson 2015 KU382610 KU507108 32 
AS321 F. oxysporum Sweetpotato Johnston 2015 KU382649 KU507175 32 
AS265 F. oxysporum Sweetpotato Wilson 2015 KU382613 KU507093 33 
AS088 F. acuminatum Sweetpotato NA 2014 KU382624 KU507125 34 
AS258 F. acuminatum Sweetpotato Wilson 2015 KU382636 KU507191 34 
AS270 F. acuminatum Sweetpotato Wilson 2015 KU382530 KU507127 34 
AS303 F. acuminatum Sweetpotato Wilson 2015 KU382644 KU507174 34 
AS307 F. acuminatum Sweetpotato Wilson 2015 KU382640 KU507194 34 
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AS411 F. acuminatum Sweetpotato Wilson 2015 KU382642 KU507181 34 
AS494 F. acuminatum Sweetpotato Johnston 2015 KU382572 KU507167 35 
AS323 F. solani Sweetpotato Johnston 2015 KU382534 KU507131 36 
AS320 F. solani Sweetpotato Nash 2015 KU382549 KU507144 36 
AS280 F. solani Sweetpotato Wilson 2015 KU382543 KU507140 36 
AS305 F. solani Sweetpotato Wilson 2015 KU382532 KU507129 36 
AS306 F. solani Sweetpotato Wilson 2015 KU382634 KU507193 36 
AS316 F. solani Sweetpotato Wilson 2015 KU382533 KU507130 36 
AS422 F. solani Sweetpotato Johnston 2015 KU382571 KU507166 37 
AS262 F. solani Sweetpotato Wilson 2015 KU382647 KU507198 38 
AS241 F. solani Sweetpotato Edgecombe 2015 KU382579 KU507082 39 
AS225 F. solani Sweetpotato Sampson 2015 KU382607 KU507107 40 
AS203 F. solani Sweetpotato Wayne 2014 KU382618 KU507121 40 
AS218 F. solani Sweetpotato Sampson 2015 KU382655 KU507183 40 
AS335 F. solani Sweetpotato Sampson 2015 KU382555 KU507150 40 
AS314 F. solani Sweetpotato Wilson 2015 KU382545 KU507141 40 
AS344 F. solani Sweetpotato Johnston 2015 KU382648 KU507177 41 
AS346 F. solani Sweetpotato Johnston 2015 KU382561 KU507156 41 
AS240 F. solani Sweetpotato Edgecombe 2015 KU382597 KU507078 42 
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Table 2.S2. Simple effect p-values from the temperature*humidity interaction for lesion diameter AUDPC values for F. solani. 
 

  13°C 13°C 13°C 18°C 18°C 18°C 23°C 23°C 23°C 29°C 29°C 29°C 35°C 35°C 35°C 
  80% 90% 100% 80% 90% 100% 80% 90% 100% 80% 90% 100% 80% 90% 100% 

13°C 80% - - - - - - - - - - - - - - - 
13°C 90% 1.0 - - - - - - - - - - - - - - 
13°C 100% 1.0 1.0 - - - - - - - - - - - - - 
18°C 80% 1.0 - - - - - - - - - - - - - - 
18°C 90% - 0.004 - 0.002 - - - - - - - - - - - 
18°C 100% - - <0.001 <0.001 0.048 - - - - - - - - - - 
23°C 80% 1.0 - - 1.0 - - - - - - - - - - - 
23°C 90% - 0.046 - - 0.522 - 0.008 - - - - - - - - 
23°C 100% - - <0.001 - - 1.0 <0.001 0.007 - - - - - - - 
29°C 80% 1.0 - - 1.0 - - 1.0 - - - - - - - - 
29°C 90% - <0.001 - - 0.101 - - 0.013 - <0.001 - - - - - 
29°C 100% - - <0.001 - - <0.001 - - <0.001 <0.001 <0.001 - - - - 
35°C 80% 1.0 - - 1.0 - - 1.0 - - 1.0 - - - - - 
35°C 90% - 0.522 - - 0.078 - - 0.386 - - <0.001 - 0.130 - - 
35°C 100% - - <0.001 - - 1.0 - - 1.0 - - <0.001 <0.001 <0.001 - 
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Table 2.S3. Simple effect p-values from the temperature*humidity interaction for lesion diameter AUDPC values for F. proliferatum. 
 

  13°C 13°C 13°C 18°C 18°C 18°C 23°C 23°C 23°C 29°C 29°C 29°C 35°C 35°C 35°C 
  80% 90% 100% 80% 90% 100% 80% 90% 100% 80% 90% 100% 80% 90% 100% 

13°C 80% - - - - - - - - - - - - - - - 
13°C 90% 1.0 - - - - - - - - - - - - - - 
13°C 100% 1.0 1.0 - - - - - - - - - - - - - 
18°C 80% 0.310 - - - - - - - - - - - - - - 
18°C 90% - 1.0 - 0.210 - - - - - - - - - - - 
18°C 100% - - <0.001 <0.001 <0.001 - - - - - - - - - - 
23°C 80% 0.200 - - 1.0 - - - - - - - - - - - 
23°C 90% - 1.0 - - 0.633 - 0.035 - - - - - - - - 
23°C 100% - - <0.001 - - 1.0 <0.001 <0.001 - - - - - - - 
29°C 80% 1.0 - - 0.230 - - 0.130 - - - - - - - - 
29°C 90% - 0.030 - - 0.006 - - 0.373 - 0.055 - - - - - 
29°C 100% - - <0.001 - - 1.0 - - 1.0 <0.001 <0.001 - - - - 
35°C 80% 0.270 - - 1.0 - - 1.0 - - 0.200 - - - - - 
35°C 90% - 1.0 - - 1.0 - - 0.403 - - 0.003 - 0.162 - - 
35°C 100% - - 1.0 - - <0.001 - - <0.001 - - <0.001 0.002 0.030 - 
 
 

 

 

 

 

 

 



62 
 
 

Table 2.S4. Simple effect p-values from the temperature*inoculum level interaction for lesion diameter AUDPC values for F. 
proliferatum. 
 
  13°C 13°C 13°C 18°C 18°C 18°C 23°C 23°C 23°C 29°C 29°C 29°C 35°C 35°C 35°C 
  3 mm 5 mm 7 mm 3 mm 5 mm 7 mm 3 mm 5 mm 7 mm 3 mm 5 mm 7 mm 3 mm 5 mm 7 mm 
13°C 3 mm - - - - - - - - - - - - - - - 
13°C 5 mm 0.005 - - - - - - - - - - - - - - 
13°C 7 mm 0.009 0.785 - - - - - - - - - - - - - 
18°C 3 mm <0.001 - - - - - - - - - - - - - - 
18°C 5 mm - <0.001 - 0.037 - - - - - - - - - - - 
18°C 7 mm - - <0.001 0.009 0.486 - - - - - - - - - - 
23°C 3 mm <0.001 - - <0.001 - - - - - - - - - - - 
23°C 5 mm - <0.001 - - 1.0 - 0.780 - - - - - - - - 
23°C 7 mm - - <0.001 - - <0.001 <0.001 <0.001 - - - - - - - 
29°C 3 mm <0.001 - - 0.705 - - <0.001 - - - - - - - - 
29°C 5 mm - <0.001 - - 1.0 - - 1.0 - 0.008 - - - - - 
29°C 7 mm - - <0.001 - - 1.0 - - <0.001 0.004 0.784 - - - - 
35°C 3 mm 0.022 - - 0.010 - - <0.001 - - 0.022 - - - - - 
35°C 5 mm - 1.0 - - <0.001 - - <0.001 - - <0.001 - 0.170 - - 
35°C 7 mm - - <0.001 - - 0.770 - - <0.001 - - 1.0 <0.001 <0.001 - 
 
 

 

 

 

 

 

 



63 
 
 

Table 2.S5. Simple effect p-values from the temperature*humidity interaction for sporulation AUDPC values for F. proliferatum. 
 
  13°C 13°C 13°C 18°C 18°C 18°C 23°C 23°C 23°C 29°C 29°C 29°C 35°C 35°C 35°C 
  80% 90% 100% 80% 90% 100% 80% 90% 100% 80% 90% 100% 80% 90% 100% 
13°C 80% - - - - - - - - - - - - - - - 
13°C 90% 0.008 - - - - - - - - - - - - - - 
13°C 100% 0.257 0.090 - - - - - - - - - - - - - 
18°C 80% <0.001 - - - - - - - - - - - - - - 
18°C 90% - 0.142 - <0.001 - - - - - - - - - - - 
18°C 100% - - 0.003 <0.001 <0.001 - - - - - - - - - - 
23°C 80% <0.001 - - 1.0 - - - - - - - - - - - 
23°C 90% - 0.191 - - 1.0 - <0.001 - - - - - - - - 
23°C 100% - - 0.004 - - 1.0 <0.001 0.001 - - - - - - - 
29°C 80% 0.001 - - 1.0 - - 1.0 - - - - - - - - 
29°C 90% - 0.052 - - 1.0 - - 1.0 - 0.006 - - - - - 
29°C 100% - - 0.004 - - 1.0 - - 1.0 <0.001 0.004 - - - - 
35°C 80% <0.001 - - 1.0 - - 1.0 - - 0.477 - - - - - 
35°C 90% - <0.001 - - <0.001 - - <0.001 - - <0.001 - 1.0 - - 
35°C 100% - - <0.001 - - <0.001 - - <0.001 - - <0.001 1.0 1.0 - 
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Table S6. Simple effect p-values from the temperature*inoculum level interaction for sporulation AUDPC values for F. proliferatum. 
 
  13°C 13°C 13°C 18°C 18°C 18°C 23°C 23°C 23°C 29°C 29°C 29°C 35°C 35°C 35°C 
  3 mm 5 mm 7 mm 3 mm 5 mm 7 mm 3 mm 5 mm 7 mm 3 mm 5 mm 7 mm 3 mm 5 mm 7 mm 
13°C 3 mm - - - - - - - - - - - - - - - 
13°C 5 mm 0.159 - - - - - - - - - - - - - - 
13°C 7 mm 0.008 0.159 - - - - - - - - - - - - - 
18°C 3 mm 1.0 - - - - - - - - - - - - - - 
18°C 5 mm - 0.003 - <0.001 - - - - - - - - - - - 
18°C 7 mm - - <0.001 <0.001 0.136 - - - - - - - - - - 
23°C 3 mm 0.554 - - 1.0 - - - - - - - - - - - 
23°C 5 mm - 0.004 - - 1.0 - 0.049 - - - - - - - - 
23°C 7 mm - - 0.007 - - 0.256 0.028 0.690 - - - - - - - 
29°C 3 mm 1.0 - - 1.0 - - 1.0 - - - - - - - - 
29°C 5 mm - 0.004 - - 1.0 - - 1.0 - 0.013 - - - - - 
29°C 7 mm - - 0.019 - - 0.150 - - 0.649 0.013 0.878 - - - - 
35°C 3 mm 1.0 - - 1.0 - - 0.091 - - 0.233 - - - - - 
35°C 5 mm - <0.001 - - <0.001 - - <0.001 - - <0.001 - 0.005 - - 
35°C 7 mm - - 0.007 - - <0.001 - - <0.001 - - <0.001 0.829 0.004 - 
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Figure 2.1.  The evolutionary history of the 42 unique haplotypes was inferred by using the 
Maximum Likelihood method based on the GTRGAMMA substitution model.  Maximum 
likelihood phylogenetic analysis was performed using RAxML (Stamatakis, Ludwig, and 
Meier, 2005) version raxmlHPC-SSE3 as part of the Mobyle SNAP Workbench  (Monacell 
and Carbone, 2014). The algorithm selected performed a rapid bootstrap analysis and 
searched for the highest scoring maximum likelihood tree in one run with a rapid bootstrap 
random number seed of 2139.  Colored dots beside each haplotype represent the various 
counties in which the haplotype was found. 
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Figure 2.2.  Symptoms typical of Fusarium root rot on sweetpotato caused by F. solani.  
Dark, sunken lesions form on the root surface (A) that extends below the periderm into the 
inner cortex of the root (B).  In advanced lesions, hollow cavities may form under the lesion 
surface (B) and white mycelia can be observed inside the cavities (C). 
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Figure 2.3. Area Under the Disease Progress Curve (AUDPC) values calculated by 
measuring lesion diameter every other day for 11 days as a response to relative humidity 
across different temperature treatments for (A) F. solani and (B) F. proliferatum, temperature 
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across different relative humidity treatments for (C) F. solani and (D) F. proliferatum, initial 
inoculum levels across different temperature treatments for (E) F. solani and (F) F. 
proliferatum, and temperature across different initial inoculum level treatments for (G) F. 
solani and (H) F. proliferatum.  Error bars depict the standard error of the mean. 
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Figure 2.4.  Area Under the Disease Progress Curve (AUDPC) values calculated by 
measuring sporulation of F. proliferatum every other day for 11 days as a response to (A) 
relative humidity across different temperature, (B) temperature across different relative 
humidity treatments, (C) initial inoculum levels across different temperature, and (D) 
temperature across different initial inoculum level treatments.  Error bars depict the standard 
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error of the mean. 
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CHAPTER III. 

Cultural, Chemical, and Alternative Control Strategies for Rhizopus Soft Rot of 

Sweetpotato 

 

Andrew C. Scruggs and Lina M. Quesada-Ocampo, Department of Plant Pathology, North 

Carolina State University, Raleigh, NC 27695-7616. 

 

ABSTRACT 

Scruggs, A. C., and Quesada-Ocampo, L. M. 2016. Cultural, Chemical, and Alternative 

Control Strategies for Rhizopus Soft Rot of Sweetpotato. Plant Disease. (In Press). 

Rhizopus soft rot, caused primarily by Rhizopus stolonifer, is one of the most 

common postharvest diseases of sweetpotato and is often considered the most devastating.  

Traditionally Rhizopus soft rot has been effectively controlled using postharvest dips in 

dicloran fungicides, however due to changes in market preferences use of these fungicides is 

now limited.  This, along with the lack of labeled and effective fungicides for control of 

Rhizopus soft rot in sweetpotato, creates the need for integrated strategies to control the 

disease.  The effects of storage temperature (13, 23, and 29ºC), relative humidity (80, 90, and 

100%), and initial inoculum levels (3, 5, and 7 mm-diameter mycelial plug) on progression 

of Rhizopus soft rot in sweetpotato (cv. Covington) were examined.  Percent decay due to 

Rhizopus soft rot infection was significantly reduced (P<0.0001) at a low temperature (13°C) 

but was not significantly impacted by changes in relative humidity or initial inoculum level 

(P>0.05).  Sporulation of R. stolonifer was also significantly reduced at the lowest 

temperature of 13°C.  High relative humidity (>95%) significantly increased sporulation of 
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R. stolonifer and sporulation also increased as initial inoculum level increased.  Efficacy of 

chlorine dioxide (ClO2) fumigation, UV-C irradiation, and postharvest dips in alternative 

control products were also investigated for control of Rhizopus soft rot.  Static ClO2 

treatments were effective in reducing sporulation on treated roots, but had no significant 

impact on incidence of Rhizopus soft rot.  UV irradiation at 3.24 KJ/m2 one hour after 

inoculation as well as dips in aqueous ClO2 and StorOx 2.0 significantly (P<0.05) reduced 

disease incidence.  Understanding the epidemiological factors favoring Rhizopus soft rot and 

identifying alternative control strategies allow for improved recommendations to limit 

postharvest losses in sweetpotato.   
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INTRODUCTION 

Sweetpotatoes are an important crop worldwide, with total production of 

sweetpotatoes ranking seventh among all crops (FAOSTAT 2009). Sweetpotatoes are 

particularly important in many developing countries where they are relied on heavily as a 

source of food or income for small farmers.  Orange-fleshed sweetpotatoes are very high in 

vitamin A and other essential nutrients (Woolfe 1992), and are being used to combat 

nutritional disorders in many developing countries throughout Africa and Asia.  Sweetpotato 

vines and roots are commonly used as livestock feed in many countries (Scott 1992) and 

misshapen or discarded roots are increasingly being used for pet food in the United States 

(US) (Bickers 2015).  A recent increase in US sweetpotato consumption shows the growing 

importance of this crop across the nation, and is due primarily to value added products such 

as sweetpotato fries and chips  (Johnson et al. 2015).  North Carolina (NC) is the leading 

producer of sweetpotatoes in the US and is responsible for about 50% of the nation’s 

production, which is valued at over $260 million in farm gate value for NC (NCDA and CS 

2015). 

After harvest, sweetpotatoes are often stored for up to one year to ensure year around 

market supply for consumers.  During this time, losses may occur due to factors that include: 

chill injury, cracking, pithiness, insect injury, and disease occurrence (Edmunds et al. 2008).  

While sweetpotatoes are affected by several plant pathogens, Rhizopus soft rot is often 

considered the most devastating postharvest disease of sweetpotato, resulting in an estimated 

2% loss in storage roots before they reach retail market  (Ceponis and Butterfield 1974; Clark 

and Moyer 1988). Rhizopus soft rot occurs most often on wounded sweetpotatoes that were 

injured by harvesting tools, insects, washing equipment, etc., as injury is necessary for 
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infection.  It has been shown, however, that type of wounding and storage time can affect the 

sweetpotato’s susceptibility to R. stolonifer.  In a two-year study by Holmes and Stange 

(2002), it was found that among bruising, breaking, scraping, and puncturing, bruising was 

most conducive for Rhizopus soft rot development.  Wounds that are more likely to crush the 

plant tissue are generally more susceptible to infection by Rhizopus as they release more 

nutrients that can be used to support fungal growth  (Holmes and Stange 2002).  Disease 

occurrence appeared most often from 100 to 175 days after harvest, as susceptibility declined 

following this time period  (Holmes and Stange 2002).  Curing of sweetpotatoes in higher 

temperatures and humidity reduces the chance of infection, due to suberization of the 

wounded areas of the sweetpotato, thus minimizing the area for infection to occur  

(Artschwager and Starrett 1931).  However, unclean washing and packing facilities as well as 

improper storage can increase the risk of Rhizopus infection.   

Rhizopus spores are continually in the air, and can survive easily on crop debris, fruits 

and vegetables themselves, and on tools and equipment.  When a fungal spore comes in 

contact with a wound on the sweetpotato, the spore germinates and sends fungal hyphae into 

the tissue (Nelson 2009).  Rhizopus has been shown to produce numerous enzymes including 

amylase, pectinase, and cellulase that damage cell walls and permit host colonization 

(Ogundero 1988; Tang et al. 2012).  Upon initial infection, a soft lesion forms around the 

inoculation point and the disease quickly spreads throughout the entire root resulting in a 

soft, watery, and stringy sweetpotato in as little as three days.  Infection generally occurs 

around a wounded area but may also begin from the end of the root where the sweetpotato is 

connected to the vine.  The enzymes exuded from the pathogen generally liquefy the internal 

parenchyma of the root, leaving the periderm and outer fibers of the root intact.  A 
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characteristic feature of Rhizopus soft rot that can aid in differentiating it from other 

postharvest rots is the “whiskers” that arise from the periderm occasionally around the root  

(Clark et al. 2013).  These “whiskers” are tufts of hyphae containing numerous sporangia and 

generally appear around lenticels or breaks in the periderm.  Sometimes hyphae may not be 

visible on the outside of the root but can be viewed by pulling apart the infected tissue giving 

it a stringy appearance (Clark et al. 2013).  Avoidance of Rhizopus is difficult due to its 

ubiquitous nature; therefore, sanitation and storing sweetpotatoes under unfavorable disease 

conditions is key to control this pathogen.  To date however, it is unclear how storage 

conditions may affect progression of Rhizopus soft rot and understanding this epidemiology 

may allow for improved control of the disease. 

Resistance to Rhizopus soft rot in sweetpotato has been a goal of breeding programs, 

but no definite resistance has been achieved.  Variety trials have shown some cultivars to be 

less susceptible than others, with Beauregard showing the most resistance to date (Clark et al. 

2009).  Traditionally, control of this disease has relied on postharvest dips in dicloran 

fungicides such as Botran.  However, due to tighter residue restrictions in European markets 

and changes in consumer preferences, use of these fungicides is now limited, creating the 

need for additional control options and integrated control strategies. Therefore, the purpose 

of this study was to identify temperatures (13, 23, and 29°C), relative humidity levels (80, 

90, and 100%), and initial inoculum levels (3, 5, and 7 mm mycelia plug) that promote 

Rhizopus soft rot in sweetpotato, to compare the efficacy of fungicides and organic products 

in controlling the disease, and to evaluate alternative control options such as UV-C 

irradiation and fumigation with chlorine dioxide (ClO2) gas.  With this information, novel 
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and integrated strategies can be developed to reduce postharvest losses in sweetpotato to 

Rhizopus soft rot. 

 

MATERIALS AND METHODS 

Host and pathogen material.  At the time of inoculation for each experiment, Covington 

sweetpotatoes were obtained from a single commercial sweetpotato farm.  The cultivar 

Covington was selected due to its large-scale production in North Carolina.  All roots used in 

this study had been previously cured at industry standards (Edmunds et al. 2008) and were 

selected based upon consistent size, shape and a disease free appearance.  Prior to inoculation 

for the epidemiological experiments, sweetpotatoes were surface sterilized by soaking in 5% 

sodium hypochlorite for five minutes, individually rinsing them with sterile water, and 

placing them into a laminar flow hood to air dry.  Sweetpotatoes used for fungicide dips and 

alternative control experiments were only rinsed in water and were not surface sterilized 

prior to inoculation. 

 An actively growing culture of R. stolonifer isolate AS046 was used for inoculation in 

each epidemiology experiment, the active chlorine dioxide fumigation tests, and the 

fungicide dips.  Isolates AS046 and AS511 were used to create a spore suspension used in 

inoculation of the UV treatments and the static chlorine dioxide treatments.  Isolate AS046 

was collected from an infected sweetpotato sample submitted to the NC State Plant Disease 

and Insect Clinic and isolate AS511 was also collected from an infected root sweetpotato at a 

commercial packing facility in North Carolina.  Both isolates were hypha-tipped to ensure 

pure cultures.  DNA extraction followed by amplification of the internal transcribed spacer 

(ITS) region using primers ITS4 and ITS1  (White et al. 1990) were performed and PCR 
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products were sequenced to molecularly characterize the isolate.  A BLAST search of the 

produced sequence from AS046 revealed a 100% identity to a R. stolonifer isolate (GenBank 

accession number HM212636), , and the AS511 sequence had a 99% identity to a Rhizopus 

sp. isolate ( accession number KJ619384).  The AS046 sequence also matched R. oryzae, so 

both isolates were further confirmed as R. stolonifer by their ability to grow at 30°C but not 

at 40°C (Liou et al. 2007).  ITS sequences of isolates AS046 and AS511 have been submitted 

to GenBank under accession numbers KU507201 and KU507200, respectively. Cultures 

were maintained on potato dextrose agar (PDA) and stored at 4°C.  Isolates were transferred 

onto fresh PDA media seven days before inoculation and kept under light at 23°C. 

 

Wounding and inoculations for epidemiology experiments. Upon drying, sweetpotatoes 

were placed into a plastic box one at a time.  Prior studies indicate that bruising is the most 

conducive wound type for disease development  (Holmes and Stange 2002).  Therefore, in 

order to bruise roots, a 589 g metal rod with a diameter of 10 mm, sterilized with 80% 

ethanol, was dropped through a ¾ inch PVC pipe, to ensure accuracy, onto the middle of the 

sweetpotato from a height of 45 cm, thus eliciting an average impact force of 866 Newtons 

(N).  A consistent bruising wound approximately 3-5 mm deep and 10 mm in diameter was 

inflicted on the roots.  Roots were immediately placed individually with the wounded side up 

into sterile, clear, 28 cm x 20 cm x 14 cm plastic containers. 

 Sweetpotatoes were inoculated using 5 mm diameter mycelium plugs from seven-

day-old cultures for all experiments, except for the inoculum level experiment where 3 mm 

and 7 mm diameter plugs were used as treatments.  Plugs were taken along the outer edge of 

cultures to ensure the same amount and type of inoculum was contained in each plug.  Plugs 
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were placed face down onto the edge of the wounded area of the root, ensuring that the 

fungus contacted the pith tissue.  Control roots were wounded but not inoculated. 

 

Effects of temperature on disease development. Three sterile paper towels were moistened 

with approximately 15 ml of sterile water and were placed in the plastic containers alongside 

the sweetpotatoes to maintain high humidity (~100%).  Six inoculated roots and six control 

roots in individual containers were each placed into a growth chamber set at either 13, 23, or 

29°C.  Temperatures of 13, 23, and 29°C were chosen for study considering they represent 

the current recommended temperature for long term storage, standard room temperature, and 

the curing temperature, respectively.  This experiment was conducted two times.  Roots were 

evaluated every day for 11 days for sporulation area and percent decay.  Sporulation area was 

calculated by measuring the diameter of visible fungal growth around the inoculation site.  

Area under the disease progress curve (AUDPC) values were calculated for each variable per 

root.  Data residuals were calculated, checked for normality using the Shapiro-Wilk 

normality test, quantile-quantile (Q-Q) plots, and boxplots, and checked for equality of 

variances using Levene’s test using R (R Core Team 2013).  Once residuals were found to 

follow statistical assumptions, the data was subjected to Analysis of Variance (ANOVA).  

Effects were considered significant at 0.05 and means separated using Tukey’s test. 

 

Effect of humidity on disease development. Relative humidity levels targeted at  80, 90, 

and 100% were tested for their effect on disease progression in the individual containers .  

Actual mean relative humidities observed in the incubation chambers during the course of the 

experiment were 80.9, 89.1, and 95.2%, respectively, but 80, 90, and 100% were still used in 
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the following sections for easy expression.  Preliminary experiments were performed to 

consistently achieve the desired humidity levels by adding specific volumes of water inside 

the container.  The method was standardized at 23°C and took into account the humidity 

derived from the normal respiration of an uninfected root by placing a sweetpotato in the 

container during preliminary experiments.  Eighty percent humidity was achieved by placing 

a sweetpotato alone into the chamber, while 90% humidity required the addition of 10 ml of 

sterile water in a 60 mm petri dish, and 100% humidity required the addition of three sterile 

paper towels dampened with 15 ml of sterile water.  Sets of six inoculated roots and six 

control roots maintained at either 80%, 90%, or 100% relative humidity were placed into 

separate growth chambers set at 23°C.  Roots in each growth chamber were incubated for 11 

days in the dark and Watchdog model B102 data loggers (Spectrum Technologies, Plainfield, 

IL) were placed randomly in each treatment to monitor the relative humidity throughout the 

duration of the experiment . This experiment was conducted two times and disease evaluation 

and data analysis were performed as described for temperature experiments. 

 

Effect of inoculum level on disease development. Three sterile paper towels were 

moistened with approximately 15 ml of sterile water and were placed in the plastic chambers 

alongside the sweetpotatoes to maintain high humidity (~100%).  Sets of six roots inoculated 

with either 3, 5, or 7 mm diameter mycelia plugs and six control roots were placed into a 

growth chamber set at 23°C.  These roots were incubated for 11 days in the dark.  This 

experiment was conducted two times and disease evaluation and data analysis were 

performed as described for temperature experiments. 
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UV-C irradiation experiment. UV treatment was conducted in a 1300 Series A2 Biosafety 

Cabinet (Thermo Scientific, Waltham, MA) using the factory installed UV lamp, emitting 

UV radiation at 254 nm.  A UVC Light Meter 850010 (Sper Scientific, Scottsdale, AZ) was 

used to measure the UV-C dose rates.  The average dose rate over the entire treatment 

surface was 0.12 mW/cm2.  The exposure times for different treatments were 15, 45, and 105 

minutes.  UV doses were calculated based upon the measured dose rate and the exposure 

time using the formula: Dose (mJ/m2) = exposure time (seconds) x Dose Rate (0.12 

mW/cm2), modified from Stevens et al. (1999) yielding doses of 1.08, 3.24, and 7.56 KJ/m2 

respectively.   

 To investigate induced resistance from UV-C hormesis, thirty roots were randomly 

selected, assigned a number, and placed into the biosafety cabinet for treatment.  Roots were 

then exposed to UV treatment and after 15 minutes, ten roots were selected using a random 

number generator and removed from treatment after receiving a dose of 1.08 KJ/m2.  The UV 

treatment was then continued for an additional 30 minutes.  After this time, another ten roots 

were randomly selected and removed after receiving a dose of 3.24 KJ/m2.  The remaining 

roots were exposed to an additional 60 minutes of treatment, receiving a dose of 7.56 KJ/m2.  

Following treatment, roots were stored in sealed, clear plastic boxes (40 cm x 50 cm x 17.9 

cm) in the dark at 23°C.  After 24 hours, roots were wounded twice on opposing sides, 

perpendicular to the surface contacting the bench, using a rubber band propelled wooden 

dowel  (Holmes and Stange 2002), inflicting a bruise-type wound 8 mm in diameter and 2 

mm deep.  Roots were then inoculated by dipping into a R. stolonifer spore suspension for 30 

seconds.  The spore suspension was generated by cutting up seven-day-old cultures of 

isolates AS046 and AS511 into 10 mm squares and suspending them in sterile water at a rate 
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of one plate of each isolate per liter of water to generate a spore suspension concentration of 

approximately 106/ml.  After air-drying for one hour, roots were placed by treatment back 

into the sealed, clear plastic boxes containing five dampened paper cloths to maintain high 

humidity.  Inoculated, untreated controls and wounded, uninoculated controls were included, 

and roots were stored at 23°C.  At ten days post-inoculation, roots were rated for disease 

incidence.   

 To determine if UV treatment could have a curative effect, thirty roots were wounded 

and inoculated as described in the above UV experiment.  One hour after inoculation, roots 

were randomly assigned treatments and treated at the same doses used above.  Treatment and 

storage were consistent with the procedure described above.  Each experiment was conducted 

three times.  Percent disease incidence data across all treatment levels was analyzed in R (R 

Core Team 2013) using Pearson’s Chi-squared test.  A post-hoc Chi-square analysis was 

used for separation between treatment levels.  P-values were adjusted using the false 

discovery rate (fdr) method and considered significant at 0.05.   

 

Chlorine dioxide fumigation:  Chlorine dioxide gas was produced using a system developed 

by ICA TriNova Corporation (Newnan, GA).  Ten g of dry granules of a sodium chlorite 

compound were mixed with 10 g of a proprietary acid activator in a Tyvek sachet to produce 

a known quantity of ClO2 via an acidic disproportionation process (Table 1).  Upon mixing, 

the gas would freely diffuse through the sachet into the treatment container.  For the purposes 

of the present study, varying numbers of sachets were used to generate low and high rates of 

ClO2 as treatments (Table 1).  Two methods of application were also tested, a static treatment 
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and a circulatory system (active) treatment that used a fan to deliver ClO2 gas through a 

column of inoculated roots (Fig. 1).   

For the static treatment, thirty roots were wounded and inoculated as described above 

for the UV tests.  Roots were divided into sets of ten and were placed into sealed, clear 

plastic containers (40 cm x 50 cm x 17.9 cm) along with five dampened paper cloths to 

maintain high humidity.  Ten roots received a low rate of ClO2 gas produced by the addition 

of one activated sachet to the container. Another ten roots received a high rate of ClO2, 

generated by the addition of three activated sachets to the storage container.  As ClO2 gas is 

heavier than air, the sachet(s) were taped to the inside of the lid of the plastic container for 

both treatments to allow the gas to settle down on the roots.  Ten roots were inoculated and 

untreated for positive controls and another ten roots were wounded but not inoculated for 

negative control.  Roots were evaluated individually for sporulation area and overall for 

disease incidence ten days post inoculation.  The experiment was conducted three times.  

Data analysis for disease incidence was conducted as described above for the UV 

experiments.  Sporulation area of each root was individually determined using image analysis 

through the program ImageJ  (Schneider et al. 2012).  The proportion of each root that was 

covered in growth of R. stolonifer was calculated and subject to an ANOVA.  Effects were 

considered significant at 0.05 and means separated using Tukey’s test. 

The circulatory system consisted of four 5-gallon chambers with numerous 10 mm 

holes drilled in the bottom, each sitting into an additional chamber of equal size.  Twenty-

five sweetpotatoes were placed into each chamber on top with holes in the bottom, to create a 

column of roots that the gas could pass in and out of (Fig. 1).  Smaller, two-quart containers 

were attached to each bucket.  Treatment sachets were placed into these containers for the 
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columns receiving treatment.  Air was generated using a Koala Blower model KP1200 (B-

Air Blowers, Azusa, CA) (Fig. 1).  Air was pumped into a three inch PVC pipe that was then 

reduced to one inch before entering through the lid in the small, side container.  Another one 

inch PVC connected the bottom of the side container to the bottom of the chamber that held 

the top chamber, which contained the roots (Fig. 1).  This forced ClO2 generated by the 

sachets into the chambers containing sweetpotatoes, through the column of roots, and then 

out through a valve in the lid of the bucket containing roots (Fig. 1).  Twenty-five roots 

received a low rate of ClO2 gas produced by the addition of three activated sachets to the 

small container. Another twenty-five roots received a high rate of ClO2, generated by the 

addition of six activated sachets to the storage container.  The number of sachets differs from 

the static treatments due to the higher number of roots being treated.  Roots were treated for a 

period of four hours and then removed from the treatment chambers and placed into a sealed, 

clear plastic container (40 cm x 50 cm x 17.9 cm) along with five dampened paper clothes to 

maintain high humidity.  Roots were stored in the dark at 23°C.  A third container contained 

twenty-five inoculated roots that received no treatment and a fourth container held twenty-

five roots that were wounded but not inoculated.  Roots were treated for a period of four 

hours and then removed and placed by treatment into a sealed, clear plastic container along 

with five dampened paper clothes to maintain high humidity.  Roots were stored in the dark 

at 23°C and evaluated after 10 days individually for percent decay and overall for disease 

incidence.  The experiment was conducted twice and data analysis for disease incidence was 

performed as described above. 
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Alternative product dips.  Roots were wounded using the rubber band propelled wooden 

dowel and inoculated with a 5 mm mycelia plug.  After inoculation, roots were incubated in 

sealed, clear plastic containers (40 cm x 50 cm x 17.9 cm) at 23°C and 95% relative humidity 

for 24 hours before treatment.  Roots were then dipped into a given treatment (Table 2) for 

30 seconds.  Inoculated, untreated controls and uninoculated controls were included.  

Following treatment, roots were placed back into their container and stored in the dark at 

23°C and 95% relative humidity. Ten roots were used per treatment and the experiment was 

conducted three times.  Roots were evaluated 10 days after treatment for disease incidence 

and data analysis was performed as described above for disease incidence. 

 

RESULTS 

 Effect of temperature on disease development. Symptoms consistent with 

Rhizopus soft rot (Clark et al. 2013) were observed across all storage treatments (Fig. 2).  

Initial symptoms were a soft lesion at the point of inoculation, which under favorable 

conditions quickly spread to the entire root, resulting in a soft, watery sweetpotato.  Grey 

mycelia giving rise to black sporangia were abundant at the site of inoculation under 

favorable conditions.  Disease progression (AUDPC) calculated using estimated percent 

decay over an 11-day period significantly increased as temperature increased for the tested 

temperature levels (Table 3).  Storage at 13°C provided the highest level of control for 

Rhizopus soft rot while storage at 29°C resulted in the highest loss (Table 3).  Symptoms of 

Rhizopus soft rot were apparent one day post-inoculation (dpi) for storage at 23 and 29°C, 

however initial symptoms were delayed until 4 dpi for roots stored at 13°C (Fig. 3A).  

Furthermore, storage at higher temperatures (29°C) resulted in a faster rate of decay than 
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lower temperatures, with almost all roots being 100% decayed by 7 dpi (Fig. 3A).  Storage at 

13°C both increased the time until initial symptom development and reduced the rate of 

decay.  No roots were 100% decayed after 11 dpi when stored at 13°C (Fig. 3A).  

Sporulation of R. stolonifer, measured by the diameter of the sporulating area, was also 

significantly affected by storage temperature, as storage at 13°C was less than that at 23 and 

29°C (Table 3).  Sporulation of R. stolonifer was apparent on infected roots after one dpi 

when stored at 23 and 29°C, however sporulation was delayed at 13°C until 3 dpi (Fig. 3B).  

Sporulation also increased at a faster rate at the higher temperatures, as compared to 13°C.  

Storage at 13°C increased the time until sporulation began and reduced the amount of 

sporulation over the 11-day observation period (Fig. 3B).   

 Effect of humidity on disease development. AUDPC values calculated over an 11-

day period for varying relative humidity levels (80, 90, and 100%) revealed no significant 

difference between storage humidities for disease progression using estimated percent decay 

(Table 3).  For each tested humidity level, symptoms were first observed at 2 dpi (Fig. 3C).  

Disease progressed at a similar rate between each of the tested levels.  All roots stored at 

100% humidity were 100% decayed by 7 dpi, while roots stored at either 80 or 90% humidity 

were never all 100% decayed (Fig. 3C).  This difference however was not significant (Table 

3).  Relative humidity levels tested had no effect on percent decay, but did have a significant 

effect on sporulation (Table 3).  No difference in sporulation was observed between the 80 

and 90% humidity levels, however sporulation was significantly increased in roots stored at 

100% humidity (Table 3).  Sporulation was first observed at 2 dpi at all treatment levels.  

Sporulation in roots stored at 100% humidity progressed at a higher rate as compared to roots 

stored at 80 and 90% humidity, which progressed at a similar rate (Fig. 3D).   
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 Effect of inoculum level on disease development. The effects of initial inoculum 

level on progression of Rhizopus soft rot and sporulation of R. stolonifer was also 

investigated using different sizes of mycelia plugs for inoculation.  Similar to the effects of 

relative humidity, no significant difference was observed between treatments (3, 5, and 7 mm 

mycelial plug) for disease progression calculated using estimated percent decay (Table 3).  

Regardless of initial inoculum level, symptoms were observed at a similar time point and 

progressed at a similar rate (Fig. 3E).  Initial inoculum level did have a significant effect on 

sporulation of R. stolonifer however (Table 3).  As initial inoculum level increased, 

sporulation of infected roots also increased (Fig. 3F).  Significant differences were observed 

between sporulation of the low (3 mm mycelial plug) and high (7 mm mycelial plug) 

inoculum level treatments.  While sporulation at each of the three treatment levels was 

observed at the same time and progressed at a similar rate, higher initial inoculum levels 

resulted in a higher level of sporulation when sporulation was first observed (Fig. 3F).   

 UV-C irradiation experiment: UV-C treatment of sweetpotato roots at varying 

doses (1.08, 3.24, and 7.56 KJ/m2) either 24 hours before inoculation or one hour after 

inoculation was examined for potential to induce resistance to Rhizopus soft rot or treat 

Rhizopus-infected roots, respectively.  Roots were evaluated 10-days after treatment for 

disease incidence.  Chi-square analysis revealed significant differences between treatments 

(Table 4).  Post-hoc multiple comparisons tests showed that treatment of inoculated 

sweetpotato roots one hour after inoculation at 3.24 KJ/m2 was the only treatment 

significantly different from the inoculated, untreated control.  No dose of UV-C irradiation 

seemed effective at inducing resistance when treated 24 hours prior to inoculation.  No UV-C 
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treatments before or after inoculation had any obvious effect on sporulation of diseased roots 

(data not shown).   

 ClO2 fumigation. Chlorine dioxide gas treatment of inoculated sweetpotato roots was 

also evaluated in the present study for its effect on Rhizopus soft rot disease incidence and 

sporulation of R. stolonifer in infected roots.  Chi-square analysis of static ClO2 treatment of 

inoculated roots for a 10-day period revealed no significant difference in incidence of 

Rhizopus soft rot between low and high levels of ClO2 gas and the untreated control.  

However, significant differences were observed in sporulation of infected roots.  The 2-

dimensional area of fungal growth was calculated using image analysis and subject to an 

ANOVA, shows that significant reductions in fungal growth are achieved with ClO2 

treatment at both the low and high gas concentrations (Fig. 4).  Active ClO2 fumigation using 

a fan system developed to simulate treatment of an entire sweetpotato storage room was also 

investigated for its effect on Rhizopus soft rot.  Similarly to the static gas treatments, no 

significant difference in disease incidence was observed between treated (low and high 

concentrations) and untreated roots.  Furthermore there were no differences observed in 

sporulation level of infected roots in the treated versus untreated sweetpotatoes (data not 

shown). 

 Alternative product dips. Lastly, postharvest dips of inoculated sweetpotato roots in 

alternative liquid products were assessed for control of Rhizopus soft rot.  Only 53.3% 

disease incidence was observed in the untreated controls but separation of treatments was 

still observed (Table 45).  Dicloran (Botran), included as an industry standard, resulted in the 

lowest level of disease incidence at 10%, followed by ClO2 solution and peroxyacetic acid + 

hydrogen peroxide (StorOx 2.0) at 13.3%.  Chi-square analysis revealed significant 



88 
 
 

differences between the inoculated, untreated control and treatments of dicloran (Botran), 

ClO2 solution, and peroxyacetic acid + hydrogen peroxide (StorOx 2.0).  These treatments 

were also not significantly different from the uninoculated control.  Disease incidence of 

roots treated with potassium phosphite (Prophyt) or rhamnolipid biosurfactant (Zonix) was 

not significantly lower than the inoculated, untreated control. 

 

DISCUSSION 

 This study demonstrates the ability of R. stolonifer to infect Covington sweetpotato 

roots over a range of temperatures, relative humidities, and initial inoculum levels.  

Observation of inoculated sweetpotato roots over an 11-day period revealed that storage of 

roots at 29°C was most favorable for disease development and that storage at 13°C 

significantly reduced progression of Rhizopus soft rot in sweetpotato.  While no recent work 

has examined the impact of storage conditions on Rhizopus soft rot, early work by Lauritzen 

and Harter (1925) found that growth on culture was greatest at 28°C but infection of 

sweetpotato by R. stolonifer was optimal at 20°C due to the increased production of 

pectolytic enzymes required for sweetpotato infection.  These findings could vary however 

depending on isolate, inoculation method, or cultivar, as seen in more recent studies (Holmes 

and Strange 2002).  Other reports suggest that R. stolonifer causes greater soft rot severity in 

sweetpotato at temperatures between 6-22°C (Clark et al. 2013).  Differences in the current 

study likely stem from differences in host physiology, as an alternate cultivar was used and 

host physiology plays a major role in susceptibility to Rhizopus soft rot, which can also be 

altered by varying storage conditions  (Holmes and Stange 2002; Moline and Lipton 1987).  

Temperature also had a significant role on sporulation area of R. stolonifer in infected 



89 
 
 

sweetpotatoes in the current study.  Abundant sporulation was observed at both 23 and 29°C, 

however sporulation was greatly reduced when roots were stored at 13°C.  These results 

better align to previous reports of optimum R. stolonifer growth at temperatures at or above 

20°C  (Lauritzen and Harter 1925).  Long-term storage of sweetpotato roots above the 

currently recommended storage temperature of 13°C can result in a loss of quality due to 

physiological effects such as pithiness, dry matter loss, sprouting, and shrinkage (Edmunds et 

al. 2008).  While storage of roots at temperatures lower than 13°C may help to further reduce 

Rhizopus soft rot, it is not recommended due to the potential of chilling injury or favorability 

of other sweetpotato pathogens (Clark et al. 2013). 

 Investigations into the effects of relative humidity on infection and progression of 

Rhizopus soft rot of sweetpotato suggests that relative humidities at or above 80% have little 

to no impact on progression of soft rot, as there were no significant differences observed 

between tested treatments of 80, 90, and 100% humidity.  Early reports found that humidities 

between 75-84% were optimum for the initial stage of Rhizopus infection  (Lauritzen and 

Harter 1926) and that few infections occurred at humidity levels above 93%.  In the present 

study, we were consistently able to reproduce high levels of soft rot at each of the tested 

humidity levels, including at 100%.  Similar results were obtained in a related study 

investigating the effects of humidity on Rhizopus soft rot of strawberry.  In that study, Khalid 

and Jordan also determined that relative humidity had little or no effect on infection and 

progression of Rhizopus soft rot of strawberry  (Khalid and Jordon 1976).  The inability of 

relative humidity to impact progression of Rhizopus soft rot may be due to the rapid onset of 

disease upon inoculation and the necrotrophic lifestyle of R. stolonifer, as infection results in 

a watery decay.  While there was no observed effect of relative humidity on disease 
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progression in the present study, there was a significant increase in sporulation for roots 

stored at 100% humidity as compared to those stored at the lower humidity levels.  The 

impact that relative humidity has on sporulation of R. stolonifer has not previously been well 

assessed.  Relative humidity has however been shown to be important in aerial mycelium and 

conidia production in the necrotrophic fungus, Botrytis cinerea  (Thomas et al.1988).  In this 

study, aerial mycelium and conidia production was most abundant and quickest to form at the 

highest tested humidity level, 94%.  Aerial mycelium failed to develop at all at low 

humidities of 69% (Thomas et al. 1988), signifying the importance of relative humidity for 

sporulation development. 

 In addition to examining the effects of temperature and relative humidity on 

progression of Rhizopus soft rot and sporulation of R. stolonifer, initial inoculum level was 

also assessed for its potential role in contributing to the disease.  Mycelial plugs were used in 

this study based on preliminary experiments, to ensure consistent disease prevalence that was 

not achieved using spore suspensions.  Modifying initial inoculum levels by varying the size 

of mycelial plugs introduced into artificial wound sites revealed no significant difference in 

progression of Rhizopus soft rot between inoculum levels.  In a previous study, inoculum 

concentration, modified by using various R. stolonifer spore concentrations, did have a 

significant impact on development of Rhizopus soft rot on tomato fruit  (Silveira et al. 2001).  

Progression of Rhizopus soft rot increased as inoculum concentration increased at inoculum 

concentrations lower than 104 spores/ml.  At inoculum concentrations higher than this level, 

there was no difference in development of soft rot (Silveira et al. 2001).  This evidence 

suggests that inoculum level may be important in reducing progression of Rhizopus soft rot 

up until a certain threshold and once that inoculum threshold is reached, inoculum level is no 
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longer important as potential for disease development is already maximized.  It is possible 

that even the lowest inoculum level used in the present study (3 mm plug) was still too high 

to see any separation for soft rot progression between treatments.  A separate study in 

sweetpotato examined the influence of varying R. stolonifer spore concentrations on percent 

soft rot using different cultivars and wounding methods (Clark and Hoy 1994).  It was shown 

that percent soft rot was influenced by inoculum concentration for cultivars Hernandez and 

T-30-13 when a puncture type wound was used.  Inoculum level had no impact on percent 

soft rot on any cultivar when an impact wound was used or for cultivars Beauregard and 

Jewel using a puncture wound (Clark and Hoy 1994).  Covington sweetpotatoes were not 

evaluated in this previous study.  Based on this evidence, it is possible that we did not see an 

effect of inoculum level due to our impact-like wound, or that percent soft rot of Covington 

is not affected by inoculum concentration.  The effect of inoculum level was however 

significant in the current study for sporulation, as significant differences in sporulation were 

obtained between the low (3 mm mycelial plug) and high (7 mm mycelial plug) inoculum 

levels.   

 UV-C irradiation was tested for its ability to either induce resistance in sweetpotato 

roots or to successfully treat inoculated sweetpotato roots.  Previous reports have investigated 

the impact of hormetic UV-C treatment to induce resistance in sweetpotato to various 

postharvest pathogens (Stevens et al. 1997, 1999) and to determine the efficacy of UV to 

treat field inoculated roots  (Stevens et al. 1990), but to our knowledge, UV treatment has not 

been evaluated on Covington sweetpotatoes, the primary variety grown in North Carolina.  

The present study found that UV-C treatment at 3.24 kJ/m2 one hour after inoculation 

significantly reduced subsequent development of Rhizopus soft rot.  Stevens et al. (1997) 
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found that treatment of sweetpotato roots at a dose of 3.6 kJ/m2 was effective at reducing soft 

rot incidence in naturally and artificially inoculated roots.  UV exposure at similar dosage has 

also shown to induce resistance to Fusarium root rot (Stevens et al. 1999).  Considering no 

significant reduction in disease incidence was observed at the 7.56 kJ/m2 treatment after 

inoculation, the effect of UV irradiation appears not to be germicidal, but is likely a hormetic 

effect as previously observed (Stevens et al. 1997).  In the current study, UV-C treatment 24 

hours prior to artificial inoculation was conducted at various doses to investigate the potential 

for induced resistance to Rhizopus soft rot.  No significant reductions in disease incidence 

were observed ten days after treatment in treated and untreated roots.  This could be because 

UV-C treatment is not effective in inducing resistance in Covington to Rhizopus soft rot or 

that sufficient time was not allowed for resistance induction.   

 Interest in the use of ClO2 fumigation as a postharvest treatment to control 

sweetpotato diseases during storage and transport is on the rise.  The current study aimed to 

investigate the efficacy of ClO2 fumigation on control of Rhizopus soft rot using two separate 

gas delivery methods.  Previous reports have shown ClO2 fumigation to be effective in 

controlling bacterial diseases of tomato  (Mahovic et al. 2007) and others have shown it to be 

effective against fungal pathogens of potato such as Fusarium spp. and Helminthosporium 

solani in vitro  (Olsen et al., 2003).  To our knowledge, ClO2 gas has not been evaluated for 

efficacy against Rhizopus soft rot or any other disease in sweetpotato.  For the purposes of 

the present study, two ClO2 delivery methods were tested for disease control that simulate 

different applications throughout the storage and transport life of a sweetpotato.  A “static” 

treatment achieved by placing the gas producing sachet(s) inside of a sealed box containing 

inoculated roots, mimics the commercial method of placing reaction sachets into each 
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sweetpotato box during shipment.  An “active” delivery method achieved using a fan-

delivered system through a column of inoculated sweetpotato roots (Fig. 1), simulates the 

treatment of entire storage rooms or transport trucks that already have ventilation and air 

circulation systems in place.  The current study found that ClO2 treatment with either 

delivery system had no significant reduction in incidence of Rhizopus soft rot when 

compared to the untreated control.  Similarly, studies in potato found no difference in the 

level of dry rot or silver scurf between treated and untreated tubers (Olsen et al. 2003).  It 

was observed in the present study however, that static treatment of roots with ClO2 gas 

resulted in significant reductions in sporulation of R. stolonifer on infected roots at both the 

low and high gas concentrations (Figs. 4 and 5).  This effect was not observed in roots treated 

in the active system, suggesting long, continued exposure to ClO2 gas is required for 

sporulation reduction.  Limited research has evaluated the impact of ClO2 gas on fungal 

growth, however Morino et al. (2007) showed that low concentrations of ClO2 gas was 

effective in reducing hyphal growth of the fungus Alternaria alternata.  While ClO2 does not 

appear to be effective in controlling Rhizopus soft rot, it is effective in static-type treatments 

to reduce secondary inoculum production which may help reduce secondary spread in a 

commercial setting. 

 The present study also investigated the efficacy of postharvest dips in aqueous 

products for control of Rhizopus soft rot.  Moderate disease pressure was obtained in the 

study (53% disease in untreated control), therefore the efficacy of these products may differ 

under higher disease pressure (>90%).  Under moderate disease pressure, aqueous ClO2 and 

peroxyacetic acid + hydrogen peroxide (StorOx 2.0) treatments resulted in significantly 

lower disease levels as compared to the untreated control and performed similarly to the 
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industry standard of dicloran (Botran 75WP).  Aqueous ClO2 is commonly used as a sanitizer 

for food safety purposes, but its efficacy in controlling Rhizopus soft rot of sweetpotato was 

previously unknown.  Likewise, peroxyacetic acid + hydrogen peroxide (StorOx 2.0) has not 

previously been tested on sweetpotato, but products with similar active ingredients have been 

shown to not be effective against Rhizopus soft rot  (Edmunds and Holmes 2009), although 

higher levels of disease were obtained in that study.  Studies on control of Rhizopus soft rot 

of pome fruits have shown some efficacy in similar products, but suggest that fruits must be 

dipped for longer periods of time  (Mari et al. 2004).  To our knowledge, rhamnolipid 

biosurfactant (Zonix) and potassium phosphite (Prophyt) have not previously been tested for 

efficacy against Rhizopus soft rot of sweetpotato.  In the current study, treatment with these 

products resulted in disease levels lower but not significantly different from the untreated 

control.   

 The purpose of the current study was to identify potential cultural and alternative 

strategies to control Rhizopus soft rot of sweetpotato.  In summary, R. stolonifer is able to 

infect sweetpotato roots over a wide range of temperature, humidity, and initial inoculum 

levels.  The current study found that storage of roots at 13°C resulted in lower disease 

progression as compared to higher temperatures.  Relative humidity levels at or above 80% 

does not seem to impact progression of Rhizopus soft rot, however higher humidity levels 

(>95%) and higher initial inoculum levels can increase sporulation of infected roots, leading 

to perhaps greater secondary spread.  UV irradiation at a certain dose of previously 

inoculated roots may help reduce subsequent incidence of Rhizopus soft rot.  Fumigation of 

roots with ClO2 gas seems to have no effect on reducing incidence of Rhizopus soft rot, 

however static treatments may be effective in reducing secondary inoculum production by 
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hindering pathogen growth and sporulation.  Dips in aqueous ClO2 and StorOx 2.0 were 

effective in reducing Rhizopus soft rot under moderated disease pressure.  With this 

information, proper recommendations to sweetpotato growers as determined in this study can 

be provided to reduce losses to Rhizopus soft rot by using integrated strategies of storage in 

proper conditions and utilizing new alternative control measures for the disease. 
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Table 3.1.  Quantity of chlorine dioxide produced during each treatment level for both gas 
delivery systems based on the amount of activated product used and exposure time. 
 

Treatment # of 10g Sachets Approximate ClO2 
Quantity (mg) 

Static   
Low  1 90 
High 3 270 

Active   
Low 3 240 
High 6 480 

 

Table 3.2.  Products tested for efficacy against Rhizopus soft rot of sweetpotatoes and the 
tested application rate. 
 

Active Ingredient(s) Example Product Tested Rate 
Dicloran Botran 75WP 1.2 g/L 

Rhamnolipid Biosurfactant Zonix 6.25 ml/L 
Hydrogen Peroxide, 
Peroxyacetic Acid 

StorOx 2.0 20.0 ml/L 

Potassium Phosphite Prophyt 5.0 ml/L 
Chlorine Dioxide Z-series 5 ppm 
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Table 3.3. Effects of temperature, humidity, and inoculum level on progression of Rhizopus 
soft rot and sporulation of R. stolonifer. 
 

 Mean Decay  
(AUDPC ± SEab) 

Mean Sporulation 
(AUDPC ± SEab) 

Temperature 
13°C 92.4 ± 28.1 a 101.3 ± 12.5 a 
23°C 631.0 ± 12.4 b 250.3 ± 18.8 b 
29°C 746.5 ± 20.0 c 255.8 ± 18.2 b 

Relative Humidity 
80% 590.7 ± 33.6 a 116.29 ± 12.0 a 
90% 546.6 ± 30.0 a 112.3 ± 17.7 a 

100% 631.0 ± 12.4 a 250.3 ± 18.8 b 
Inoculum Level 

3 mm 625.4 ± 18.9 a 234.6 ± 27.6 a 
5 mm 631.0 ± 12.4 a 250.3 ± 18.8 ab 
7 mm 673.9± 26.7 a 315.2 ± 26.5 b 

aMean area under disease progress curve (AUDPC) ± standard error (SE) 

bMeans followed by different letters indicate significance between treatment levels within 

each factor at the 0.05 significance level.  Treatments that share a letter are not significantly 

different. 
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Table 3.4.  Percent incidence of Rhizopus soft rot 10 days following treatment with UV 
irradiation, chlorine dioxide fumigation, or dips in alternative control products. 
 

Treatment % Disease Incidence ± SEab 
UV Irradiation   

Uninoculated Control 6.67 ± 6.67 a 
Inoculated Control 76.67 ± 6.67 c 
1.08 KJ/m2 Before 73.33 ± 17.64 c 
3.24 KJ/m2 Before 80.00 ± 0.00 c 
7.56 KJ/m2 Before 60.00 ± 0.00 c 

1.08 KJ/m2 After 66.67 ± 12.02 c 
3.24 KJ/m2 After 26.67 ± 12.02 ab 
7.56 KJ/m2 After 53.33 ± 12.02 bc 

ClO2 Fumigation   
Static   

Uninoculated Control 6.67 ± 6.67 a 
Inoculated Control 63.33 ± 6.67 b 

Low ClO2 50.00 ± 15.28 b 
High ClO2 50.00 ± 17.32 b 

Active   
Uninoculated Control 0.00 ± 0.00 a 

Inoculated Control 66.00 ± 2.00 bc 
Low ClO2 72.00 ± 4.00 c 
High ClO2 46.00 ± 2.00 b 

Aqueous Dips   
Uninoculated Control 3.33 ± 3.33 a 

Inoculated Control 53.33 ± 8.82 c 
Botran 75WP 10.00 ± 5.77 ab 

Chlorine Dioxide 13.33 ± 3.33 ab 
StorOx 2.0 13.33 ± 6.67 ab 

Prophyt 20.00 ± 5.77 abc 
Zonix 40.00 ± 10.00 bc 

a % Disease Incidence ± SE = Percent disease incidence ± standard error 

bMeans followed by different letters indicate significance between treatment levels within 

each factor at the 0.05 significance level.  Treatments that share a letter are not significantly 

different. 
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Figure 3.1.  Active, circulating chlorine dioxide system designed to simulate treatment of 
roots inside of a commercial storage room.  Roots are placed in the top white 5-gallon bucket 
that has numerous 10 mm holes drilled in the bottom.  Activated gas sachets are placed in the 
clear, side containers with green lids.  Air generated by the fan pushes ClO2 gas produced by 
the activated sachets into the bottom of a white 5-gallon bucket, through the column of 
inoculated roots, and then exits out of the tube on top of the 5-gallon bucket. 
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Figure 3.2.  Symptoms characteristic of Rhizopus soft rot, generated at each tested level of temperature, relative humidity, and initial 
inoculum level.  Soft rot and sporulation typical of R. stolonifer when stored at  (a) 13°C, (b) 23°C, (c) 29°C, (d) 80% humidity, (e) 
90% humidity, and (f) 100% humidity or inoculated with a (g) 3 mm mycelia plug, (h) 5 mm mycelia plug, or (i) 7 mm mycelia plug.
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Figure 3.3.  Progression of Rhizopus soft rot as estimated percent decay over an 11-day 
observation period as affected by (a) temperature, (c) relative humidity, and (e) initial 
inoculum level.  Sporulation of R. stolonifer over an 11-day period as affected by (b) 
temperature, (d) relative humidity, and (f) initial inoculum level.  Error bars represent the 
standard error of the mean. 
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Figure 3.4.  Effect of low and high concentrations of chlorine dioxide (ClO2) fumigation in a 
static system on sporulation of R. stolonifer in inoculated sweetpotatoes after 10 days of 
continuous exposure.  Error bars represent the standard error of the mean. 
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Figure 3.5.  Observed effect of chlorine dioxide (ClO2) fumigation in a static system 10 days after inoculation on decay and 
sporulation of sweetpotato roots infected with Rhizopus soft rot.  Abundant sporulation occurred in (a) untreated roots, while 
sporulation was reduced at both the (b) low and (c) high ClO2 concentrations. 

 


