ABSTRACT
COLLINS, Hunter. A Systems Approach to Postharvest Chemical Management of Black
Rot of Sweetpotato (Under the direction of Dr. Lina Quesada-Ocampo).

Ceratocystis fimbriata, causal agent of black rot of sweetpotato, is a major
economic postharvest pathogen in the sweetpotato industry of the United States (US).
Sanitation and cultural practices alone are often thought of as insufficient tools for
management of black rot. Only a few fungicides are labeled for postharvest use in
sweetpotato; however, maximum residue levels (MRL) allowed in export markets limit
fungicide use for disease management. The US is the largest exporter of sweetpotato, and
North Carolina is the leading producing state. North Carolina exports 40 - 50% of its
sweetpotatoes, thus, identifying effective fungicides that can be used in both domestic
and export markets, is critical.

To identify fungicides that manage black rot, both labeled and non-labeled
products were evaluated for efficacy. To determine if rates used are below the MRL for a
specific market, fungicide residue levels were measured using High Performance Liquid
Chromatography (HPLC). For these residue trials, sweetpotatoes were treated using a
miniature packing line. In the efficacy trials performed, sweetpotatoes were artificially
inoculated with the pathogen and placed onto a miniature packing line for treatment
applications. Mertect (thiabendazole), Stadium (azoxystrobin + fludioxonil +
difenoconazole) and Graduate A+ (azoxystrobin + fludioxonil) all provided significant
reductions in disease severity when compared to the nontreated control. All products
tested had residues below the US MRLs. The results of these trials are important for

increasing the number of products available to the sweetpotato industry.



While cultural strategies may be insufficient for disease management, they are an
important complement to chemical use. To explore packing line configurations and
sanitizer usage as a part of a multiple strategy approach, we conducted experiments using
dump tanks, sanitizers, and fungicides that would minimize black rot disease incidence
and severity. Sweetpotatoes were artificially inoculated with the pathogen, placed into
water-filled, plastic bins that simulated dump tanks, and spray treatment applications
were made using a miniature packing line. Any packing line configuration that included a
Mertect (thiabendazole) spray, as well as the Jet-Oxide (Peroxyacetic acid + hydrogen
peroxide) in the dump tank treatment provided significant reduction in disease when
compared to the water-only nontreated control. Our findings provide valuable
information regarding the most effective uses and combinations of products in

sweetpotato packing lines to minimize postharvest disease.
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CHAPTER 1

Literature Review



Sweetpotato production

Sweetpotato (lpomoea batatas) is a member of the Convolvulaceae family of plants. This
family contains plants such as morning glory and bindweeds (Austin 1998). Sweetpotato
originated in the tropical regions of Central and South America, between the Yucatan Peninsula
and Northwestern South America (Austin 1988; O’Brien 1972). Sweetpotatoes were taken to
Europe following the colonization of the Americas by the Spanish in the early 1500’s (de
Candolle 1959). The Europeans would then spread the plant to many other countries and regions
along various trade routes during the following one hundred years (O’Brien 1972).
Sweetpotatoes are grown worldwide and play an important role as a highly efficient sustenance
crop. Sweetpotatoes contain relatively high calories in addition to most other required nutrients,
less protein (Bouwkamp 1985). Sweetpotato can be grown using a variety of technology and
inputs and still produce a crop yield. Due to the vigorous growth of the vines, little herbicide or
insecticides may be needed to sustain the crop. (Bouwkamp 1985)

The United States (US) of America is the 7™ largest producer of sweetpotato worldwide
behind China and several countries throughout Africa (FAOSTAT 2020). In the United States,
North Carolina (NC) is the largest producer, producing approximately 50 percent of the nation’s
sweetpotatoes (FAOSTAT 2020; Webb 2021).

Sweetpotatoes are propagated vegetatively for commercial production in the United States
and most other sweetpotato growing countries (Edison et al. 2009; Low et al. 2009; Smith et al.
2009; Zhang et al. 2009). Production starts with placing small sweetpotatoes, not sold in the
previous year’s market, into a high-density row called a seed bed. Sometimes, the process of pre-
sprouting, the raising of the storage temperature up to 27° C, is used to initiate the growth of

shoots from the storage roots prior to bedding. The sweetpotatoes are covered with a shallow



layer of soil, 5-8 cm, and left to grow for six to eight weeks. Plastic mulch may be used to cover
the seed beds in cooler soil temperatures. Stem pieces can then be removed from the beds and
used as the propagative plant part (Clark and Villordon 2013; Smith et al. 2009) . These stem
pieces are called many names including cuttings, sprouts, transplants, or slips. Slips can be
pulled from the beds or cut, using a knife or shears, from the beds. Cutting the slips 2.5 cm or
more above the soil line is advantageous for reducing the spread of soilborne pathogens (Clark
and Villordon 2013; Schultheis et al. 2022). Transplanting can be completed by hand or with the
use of mechanical implements. Plants should be spaced 15-30 cm apart depending on variety,
equipment, and environmental conditions.

Sweetpotatoes will grow in the field for 80 to 120 days, depending on variety, before they
are ready for harvest (Yencho et al. 2008). Harvesting can be completed by manually digging up
the sweetpotatoes or with the use of mechanical harvesters. A disk plow that flips the plants over
and place the sweetpotatoes on or near the top of the soil is the most common mechanical
harvesters. Another type is a bed, or chain, digger that uses hydraulically driven chains to gently
dig the sweetpotatoes and place them on top of the soil (Strickland Bros Enterprises, Spring
Hope, NC). Most often with the use of mechanical harvesters, the sweetpotatoes are still picked
up from the ground by hand.

The skin of the sweetpotato is thin and fragile and can be easily wounded with the use of
mechanical equipment, by workers hands, or by overfilling and stacking bins (Edmunds et al.
2008). These wounds can lead to infections by postharvest pathogens such as Rhizopus
stolonifer, Fusarium spp, or Ceratocystis fimbriata (Holmes and Stange 2002; Stahr and

Quesada-Ocampo 2020a).



After the sweetpotatoes are harvested, they are placed into 705 L (20 bushel) or 1409 L
(40 bushel) wooden or plastic bins and transported to storage facilities (Holmes and Stange 2002;
Smith et al. 2009). Transportation of the sweetpotatoes should occur regularly during the days of
harvest, as the sweetpotatoes can incur sunscald or chilling injury depending on weather
conditions. Chilling injury can reduce marketable yield alone, but may also make the
sweetpotatoes more prone to infection by Penicillium spp. (Clark and Villordon 2013; Edmunds
et al. 2008).

The sweetpotatoes are then cured for 4 to 10 days at approximately 23° C (de Espinosa
Baselga et al. 2020). The curing process helps to heal wounds sustained during harvest and
transport. After curing, the temperature in the storage is lowered to 13° C (de Espinosa Baselga et
al. 2020; Holmes and Stange 2002). Sweetpotatoes, in these storage conditions, can be stored for
many months to over one year depending on the variety (Edmunds et al. 2008; Yencho et al.
2008).

Once the sweetpotatoes are to be packed and sold, they will be removed from the storage
room and moved to the packing line. Sweetpotato packing lines vary from one company to
another, but largely have a similar configuration. Sweetpotatoes are first dumped in a washing
tank, or dump tank, to remove the soil from the skin. There is often a sanitizer mixed into the
water in the tank. (Edmunds et al. 2008; Stahr and Quesada-Ocampo 2020a). There are often
sprayers and brush rollers to help clean the sweetpotatoes as well as apply sanitizers following
the dump tank. The sweetpotatoes then run through a variety of sorting lines to cull misshapen,
diseased, or otherwise unmarketable sweetpotatoes, and to sort the roots by size or target market
(#1s for fresh market, jumbos and canners for processing markets). After these steps, there are

often additional sprayers and brushes used to apply fungicides to the sweetpotatoes prior to



packing (Edmunds et al. 2008). Once the sweetpotatoes are all a desirable appearance, they are
sorted either by hand or machine into the final packing material. Sweetpotatoes are packaged in
multiple different ways including 18.1 kg (40 1b) boxes, 2.3 kg (5 Ib) bags, microwavable
plastic-wrapped individual sweetpotatoes, as well as many others (Edmunds et al. 2008; Smith et
al. 2009). Sweetpotatoes may also be sent to a processing facility where many products such as
baby food, chips, sweetpotato fries, and other products may be produced. Sweetpotato is also
used in a variety of juices, baked goods, and pet foods (Smith et al. 2009).

North Carolina exports a large portion of its sweetpotatoes to other countries. The largest
export markets are Canada, the United Kingdom, and the European Union (EU) (Davis et al.
2022). The sweetpotatoes are placed into refrigerated shipping containers for the duration of the
shipping. The temperature of the container is 13° C, the same as the storage facilities, though the
air exchange and lack of modified-atmosphere equipment make humidity control difficult
(Thompson et al. 2000). Depending on the destination, various shipping methods are used to
transport the sweetpotatoes. Shipping in the domestic or Canadian markets often uses semi-
trucks for transport. When shipping to the United Kingdom or the European Union, cargo ships
are the common method. Shipping can take several days to several weeks depending on the

destination (Edmunds et al. 2008).

Ceratocystis fimbriata, black rot

Black rot of sweetpotato is caused by the fungus Ceratocystis fimbriata. This fungus is a
member of the phyla Ascomycota. C. fimbriata was originally described by Halstead in Bulletin

76 of the New Jersey Agricultural Experiment Station in 1890 (Halsted 1890a). Since this report,



C. fimbriata has had many names, such as Sphaeronaema fimbriatum, Ceratostomella fimbriata,

Ophiostoma fimbriatum, and Endocondiophora fimbriata (Webster and Butler 1967).

The hyphae of C. fimbriata is branched, septate, and hyaline at first, turning brown with
age (Harter and Weimir 1929a). This fungus produces three types of reproductive spores,
ascospores, endoconidia, and chlamydospores. The ascospores are formed inside a perithecia.
These perithecia are flask shaped, with a long beak that ranges in size from 105 to 140 pm in
diameter. The beak is fimbriated at the top and varies in length from 350 to 800 um and from 20
to 30 um in diameter (Harter and Weimir 1929a). The perithecia originate in the hyphae, rising
from the of branches from the distinct hyphal strands (John A. Elliot 1925). Within the perithecia
is a large number of asci, each containing eight nearly identical spores (Harter and Weimir 1929a).
The ascospores are exuded from the neck of the perithecia within a gelatinous matrix that has a
yellowish jelly appearance (Clark, C. A. and Moyer, J. W. 2013a; Halsted 1890a). The ascospores
are single celled, hyaline, and described as “hat-shaped”, due to a tapered gelatinous sheath that

adheres to the perimeter of the ascospores (de Beer et al. 2014; Webster and Butler 1967).

The endoconidia are produced within the end of a sheathed conidiophore, either singly or
as a pair (Lehman 1918). Once these endoconidia are matured, the cell wall at the end of the sheath
is dissolved and the endoconidia are pushed out. Once the first endoconidia are out the protoplast
continues to elongate. As this occurs, new endoconidia are formed and pushed out in succession,
either singly or in chains (Harter and Weimir 1929a; Lehman 1918). The endoconidia are hyaline
in color, aseptate, elongated with rounded ends, and usually straight (Clark, C. A. and Moyer, J.

W. 2013a; Lehman 1918).

C. fimbriata also forms chlamydospores, which may be called olive conidia or thick-walled

conidia, which serve as a long-term survival structure (Lehman 1918; Harter and Weimir 1929).
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These chlamydospores vary in size, ranging from 12-16 um by 8-12um, and can be oval to pear-
shaped (Lehman 1918). These spores are produced in lower quantities than the endoconidia and

are typically found imbedded in the diseased tissue of the sweetpotato (Harter and Weimir 1929a).

Black rot can be characterized by the circular, sunken, dark spots on the surface of the
sweetpotato (Harter et al. 1918a). These lesions, unlike those of many other postharvest diseases,
are usually dry and firm (Halsted 1890a). Lesions can develop on healthy skinned areas of the
sweetpotato, but are more likely to appear near disturbances of the skin, such as a wound, lenticels,
or lateral root sites (Lauritzen 1926; Stahr and Quesada-Ocampo 2020a). Lesions may range in
size from barely noticeable to more than 5 cm. As the lesions age, perithecia will begin to form in
the center of the lesion (Halsted 1890a; Harter and Weimir 1929a). In the early literature the
perithecia were called pycnidia, but this was changed in 1923 (Halsted 1890a; John A. Elliot 1925).
These perithecia can be one of the common signs used to differentiate this disease from other

postharvest diseases.

This disease can also infect the stem, storage roots, and fibrous roots of the sweetpotato
plant as well. Dark, sunken lesions similar to those seen on the storage root may be seen near the
base of the stem or on non-storage roots (Harter et al. 1918a; Parada-Rojas et al. 2021). Symptoms
can also include yellowing, wilting, stunting, or death of the foliage (Clark, C. A. and Moyer, J.
W. 2013a; Harter and Weimir 1929a). Ceratocystis fimbriata can infect the sweetpotatoes in the

field, but symptoms may not be seen until storage or packing (Edmunds et al. 2008)

Black rot was once one the leading contributors to crop losses in sweetpotato. It has been
described as a devastating disease since the mid 1800°s (Halsted 1890b; Harter and Weimir 1929b).
By the early 1900’s, the disease, as well as many others, seemed to have been managed by various

cultural methods (Poole 1922). In 2015, a resurgence of the disease was noticed and reported in
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most of the sweetpotato growing states in the United States. The disease was first reported in North
Carolina, but also reported in Alabama, Arkansas, California, Georgia, Louisiana, Mississippi,
Missouri, and Virginia (Scruggs et al. 2017a). The losses from the disease can reach up to 80% as

both domestic and export shipments can be rejected for contamination.
Management of black rot

Growing sweetpotatoes in field sites that have been known to be infested with C.
fimbriata is discouraged. Debris from previous crops and weeds that may serve as hosts to C.
fimbriata, such as morning glory, should also be removed from field sites as they can act as
reservoirs of the pathogen (Clark and Barbara 1983; Clark, C. A. and Moyer, J. W. 2013a; Stahr
and Quesada-Ocampo 2019). A 3 to 4 year crop rotation can also help to provide a lower initial
inoculum and provide other benefits including increased yield and disease, insect, and weed
reduction (Clark, C. A. and Moyer, J. W. 2013a; Guertal et al. 1997).

C. fimbriata has been shown to be spread through vegetative propagation. The use of
clean seed is of the utmost importance. If infected sweetpotatoes are used in seed beds, the slips
produced from that bed may also be infected (Harter et al. 1918b). It is recommended that
sweetpotato slips are to be cut 1 inch above the soil line to avoid spreading soilborne diseases
(Clark, C. A. and Moyer, J. W. 2013b; Edmunds et al. 2008). Nonetheless, in woody hosts, C.

fimbriata is known to cause a vascular wilt which may indicate that the pathogen moves further
up the plant tissue (Harrington 2013).

The ascospores of C. fimbriata can stick to material and equipment that comes into
contact with any infected sweetpotatoes. This can include tractors, tillage equipment,
transplanters, spray equipment, harvesters, storage bins, and workers hands and clothes (Clark,

C. A. and Moyer, J. W. 2013b; Edmunds et al. 2008). The spores of C. fimbriata can stick on



many surfaces of the packing line, such as dump tank walls, conveyor belts, brushes, rollers,
storage bins, as well as workers hands. These spores can survive for days to months and remain
viable (Edmunds et al. 2008; Stahr and Quesada-Ocampo 2020a).

All parts of the packing line as well as the storage should be cleaned and sanitized on a
regular basis. A common method used is to rinse the packing line with water and then remove
debris by hand or with a high-pressure spray. To sanitize the packing line, a chlorine-based
solution is typical, either sodium chlorite or calcium chlorite. A solution of 100 to 150 parts per
million (ppm) is recommended (Edmunds et al. 2008).

The dump tank can spread pathogens rapidly as infected sweetpotatoes are submerged in
the same water as healthy sweetpotatoes. C. fimbriata has been shown to be spread by water,
even at low concentrations (Stahr and Quesada-Ocampo 2020a). The water is circulated but not
always at the same rate as new bins are dumped into the tank. There are multiple sanitizers used
in commercial sweetpotato packing houses that contain products such as hydrogen peroxide,
peroxyacetic acid, sodium chlorite, calcium hypochlorite, and others. Many packing lines use
sanitizer products in the dump tank as a method to reduce pathogens (Edmunds et al. 2008; Stahr
and Quesada-Ocampo 2020b). Some of these sanitizers have been shown to effectively reduce
the levels of black rot when used in the absence of soil and organic material. Organic matter is
known to deactivate many sanitizers and the large volumes of soil that accompany sweetpotatoes
into the dump tank pose a potential loss of efficacy (Edmunds et al. 2008; Stahr and Quesada-
Ocampo 2020Db).

Other methods of applying sanitizers include spraying the sweetpotatoes with inline
sprayers. The products may be applied when the sweetpotatoes come out of the dump tank, or

further down the packing line. They are often used in conjunction with roller brushes that aid in



the application and spread of the sanitizer products (Collins and Quesada-Ocampo 2020).
Products such as sodium chlorite and peroxyacetic acid rely on contact time with the sweetpotato
in the roller brushes as the product dissipates quickly once it has been sprayed (Jet-Oxide 5%,
Pro Farm, Davis CA).

Fungicides may also be applied on the packing line. They may be applied either as a dip
in the dump tank, a waterfall/curtain application, or as an inline spray application (Edmunds et
al. 2008). Products added to the dump tank are considered a dip treatment on most applicable
labels. This is an effective method of applying fungicides as far as coverage is concerned. The
use rate can be difficult to manage due to the constant adding and removing of sweetpotatoes and
the recirculation of the water. A waterfall, curtain, or drench application is another method of
applying fungicides. This involves using a constant flow of water that flows over the
sweetpotatoes as they move on the packing line. The coverage of this method is also very good.
Fungicide use rates and the application volume calibration are simpler than in the dump tank due
to the constant flow of water and sweetpotatoes, but the challenge due to recirculating water is
still present in this application method. In-line sprays are the most common method of
application (Edmunds et al. 2008). The sprayers use a flat fan nozzle that is connected to an
optical sensor. The sensor pulses the sprayer after every 10" sweetpotato (Woodrow Peebles,
JBT, personal communication). As the sweetpotatoes move through the sprayer there are a series
of roller brushes underneath that aid in spreading the fungicide as a thin film around the
sweetpotato. Use rates are much easier to calibrate with this method as the water is not
recirculated.

There are few fungicides labeled for postharvest use in sweetpotato, and most are not

labeled for use to manage black rot (Quesada-Ocampo 2023). In vitro studies using
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thiabendazole (Fungicide Resistance Action Committee, FRAC 1), dicloran (FRAC 14),
fluazinam (FRAC 29), azoxystrobin (FRAC 11), difenoconazole (FRAC 3), and fludioxonil
(FRAC 11) were conducted to identify active ingredients that are effective at reducing C.
fimbriata growth or survival. These studies showed difenoconazole. thiabendazole, fluazinam,
and fludioxonil to be effective at inhibiting growth of C. fimbriata. (Scruggs et al. 2017a).
Similarly, postharvest fungicide efficacy trials have been conducted showing that formulated
products containing thiabendazole, difenoconazole, and fludioxonil have been effective at
managing black rot of sweetpotato. Stadium (Syngenta, Greensboro, NC), a product containing a
mixture of azoxystrobin, difenoconazole, and fludioxonil, provided the highest reduction in
disease severity. Thiabendazole, fludioxonil, difenoconazole, and fluazinam also provide
significant reduction in disease when compared to nontreated controls (Collins et al. 2020a;

Scruggs et al. 2017a).

Product registrations for black rot management in sweetpotato

After the 2015 black rot epidemic in the US, a Section 18 Emergency Label was
approved for the postharvest use of Mertect (thiabendazole) in NC in 2016. Thiabendazole has
been shown to be an effective fungicide against black rot (Scruggs et al. 2017a). In 2017, the
Directorate General for Health and Food Safety (DG SANTE) reduced the EU maximum residue
level (MRL) for thiabendazole from 15 ppm down to 0.01 ppm default (The European
Parliament and the Council of the European Union 2005; European Commission 2017). This
action implicated strict limits on the use of thiabendazole applications to manage C. fimbriata on
sweetpotato. A Section 3 label was fully approved in 2021 by the Environmental Protection

Agency (EPA) for the postharvest use of Mertect (thiabendazole) in the US for black rot of
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sweetpotato. The DG SANTE revised the MRL for thiabendazole from 0.01 ppm to 3 ppm in the
EU in 2022. This new guidance from DG SANTE reinstated the postharvest use of Mertect
(thiabendazole) as a disease management tool for black rot in both domestic and export market

sweetpotatoes.

The use of Mertect is an impactful addition to the postharvest disease management
toolbox. However, additional fungicides with efficacy against black rot are needed. Fungicide
resistance to thiabendazole is common in other fungal pathogens, so using multiple active
ingredients or modes of action in sweetpotato would prolong the effective use of products (HIDE
et al. 1988; Platt 1997). Other fungicides have been shown to reduce black rot of sweetpotato in
postharvest settings (Collins et al. 2020b, 2022; Scruggs et al. 2017b). Stadium (Syngenta,
Greensboro, NC), a product containing a mixture of azoxystrobin, difenoconazole, and
fludioxonil, has a special label for use in North Carolina only for management of black rot. This
product has been shown to be effective against black rot as well as other postharvest pathogens

of sweetpotato (Collins et al. 2017, 2020b).

The IR-4 project began in 1963 as a partnership between the USDA, EPA, agrochemical
companies, and growers to expand the registration of pesticides to specialty crops and minor uses
on major crops. Many companies in the agrochemical industry do not have financial interest in
expanding labels to specialty crops due to limited sales potential, crop liability concerns, as well
as the expense of generating data to support pesticide registration. IR-4 also works with
companies to ensure residue levels of labeled pesticides are below the MRL for domestic and

international trade (Baron et al. 2016).
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Pesticide Residue Analysis

The measured amount of pesticides that persist after application are called residues. Each
pesticide has a maximum residue limit (MRL), which is the highest legally tolerated level of
measured pesticide on or in food and feed crops (FAO/WHO Codex Alimentarius Commission et
al. 2018). The Codex Alimentarius was founded in 1963 to provide safety, quality, and fair-trade
practices in the international food trade. There are Codex standards for processed semi-
processed, and raw foods for distribution. There are also provisions for hygiene, food additives,
pesticide residues, contaminants, and veterinary drugs as well as labeling, presentation, sampling
and analysis methods, and import and export inspections and certifications (FAO/WHO Codex
Alimentarius Commission et al. 2018). Codex aims to provide a harmonized MRL across
multiple markets to allow easier trade. However, each country, or group of countries, has a
regulatory agency with their own methods of determining an MRL. This may lead to each
regulatory agency establishing their own MRL (BCGlobal 2023; MacLachlan and Hamilton
2010). The residue limits set by foreign regulatory agencies can be, and often are, different than
those in the US, or the one set by Codex. Thus, the residue for all active ingredients applied to
the sweetpotatoes needs to be lower than the lowest MRL of the markets purchasing.

Multiple research trials are required to produce residue data to establish an MRL. These
trials should be conducted using normal farming practices and use rates at the maximum labeled
rate. Use patterns to produce the highest possible residue level may also be included to include in
statistical models (MacLachlan and Hamilton 2010)

The MRLs can be estimated through expert judgment and statistical models. Expert
judgment factors in use rates, application methods, environmental conditions, crop, and variety,

as well as trial location(s). The estimated MRL may be slightly higher than the highest observed
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residue in the trial to account for variations in the factors affecting the trial. For statistical
estimations, an estimate of an extreme percentile of an unknown distribution can be rounded and
used as an MRL (MacLachlan and Hamilton 2010). Estimation of extreme percentiles can be
difficult as the analysis must extrapolate values outside of the observed data.

Residue from sweetpotatoes can be measured using liquid chromatography (LC) or high-
pressure liquid chromatography (HPLC) (Jamieson and Duncan 1989). The fungicides active
ingredient can be extracted from the blended sweetpotato using a method specific to each active
ingredient. A clean up step is used to purify the extract. The extract is then analyzed for
quantification using a column and fluorescence detection with LC or HPLC (Arenas et al. 1995;

Jamieson and Duncan 1989).
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CHAPTER 1T

Effect of fungicide product and mode of application on postharvest residue levels on
sweetpotato for management of black rot caused by Ceratocystis fimbriata
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ABSTRACT

Black rot, caused by Ceratocystis fimbriata, is a major economic postharvest disease in the
sweetpotato industry of the United States. Cultural practices and sanitation are often insufficient
for management, so growers must rely on chemical treatments. Only a small number of
fungicides are labeled for use in sweetpotato, and many of those are heavily regulated in export
markets. North Carolina exports 40 - 50% of sweetpotatoes, thus, effective fungicides must be
allowed for use in both domestic and export markets. To identify fungicides black rot
management, both labeled and non-labeled products were evaluated for efficacy. To determine if
rates used are below the maximum residue level (MRL) for a specific market, fungicide residue
levels were measured using High Performance Liquid Chromatography (HPLC). For these
residue trials, sweetpotatoes were treated using a miniature packing line. In the efficacy trials
performed, sweetpotatoes were inoculated with the pathogen and placed onto a miniature
packing line for treatment applications. Mertect (thiabendazole), Stadium (azoxystrobin +
fludioxonil + difenoconazole) and Graduate A+ (azoxystrobin + fludioxonil) reduced disease
severity when compared to the nontreated control. Residues for products were below the US
MRL. The results of these trials are important for increasing the number of products available to

the sweetpotato industry.

INTRODUCTION

Sweetpotato (lpomoea batatas) is a vegetable crop grown in the United States (US) that
has experienced a large growth in popularity and consumption in both domestic and export
markets between 2000 and 2014 (NC Sweetpotato Commission 2024). US sweetpotato

production has also consistently grown in acreage and yield (Johnson et al. 2015). North
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Carolina (NC) produces the largest portion, approximately 60%, of the US’s annual sweetpotato
production (NC Sweetpotato Commission 2024). North Carolina planted approximately 33,664
hectares of sweetpotatoes in 2022 and yielded 786,649 metric tons (USDA/NASS, 2022). In
2019, 18% of sweetpotatoes produced in the US were exported, with 40% of that amount
produced in NC (USITC, 2021). The US is the largest global exporter of sweetpotatoes, and the
largest export markets are the European Union (EU), the United Kingdom (UK), and Canada.
These exports have a combined export value of $180 million (Davis et al. 2022). Sweetpotatoes
sold to export markets can generate a return up to six times higher than sweetpotatoes sold to
import markets (USITC, 2021). This makes the export markets highly valuable to producers and
packers. While these markets are lucrative to leverage, sweetpotato production is limited by a

postharvest disease that could result in rejection of export shipments.

Black rot of sweetpotato, caused by the fungus Ceratocystis fimbriata, is an economically
important disease that affects all areas of sweetpotato production (Scruggs et al. 2017; Stahr and
Quesada-Ocampo 2019). Unfortunately, there are several postharvest steps where sweetpotatoes
may become infected by C. fimbriata. After harvest, sweetpotatoes are stored in cooled storage
rooms until packing, and may harbor C. fimbriata infections from the field that can infect other
sweetpotatoes (Stahr and Quesada-Ocampo 2021). Following cold storage, sweetpotatoes are
washed in large bins prior to further processing in packing lines, where infected sweetpotatoes
can infect other neighboring sweetpotatoes (Stahr and Quesada-Ocampo 2021, 2020).
Historically, black rot was managed with cultural strategies as disease pressure was typically low.
However, these methods appear obsolete after a major reemergence of the disease occurred in

2015 (Clark and Villordon 2013; Poole 1922; Stahr and Quesada-Ocampo 2020).
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Due to the 2015 reemergence of black rot, and a lack of labeled products available for
use, a Section 18 emergency exemption was approved in 2016 by the Environmental Protection
Agency (EPA) for the postharvest use of Mertect (thiabendazole) in NC. Numerous fungicide
efficacy trials demonstrate the Mertect is an effective fungicide for managing black rot (Collins
et al. 2020; Parada-Rojas et al. 2021; Scruggs et al. 2017). The Directorate General for Health
and Food Safety (DG SANTE) reduced the EU maximum residue level (MRL) for thiabendazole
from 15 ppm (European Parliament and the Council of the European Union 2005) to 0.01 ppm
(European Commission 2017) in 2017. This change greatly limited the use of thiabendazole to
manage C. fimbriata on sweetpotatoes being shipped to the EU (USITC, 2021). A Section 3
registration was fully approved by the EPA for the use of thiabendazole postharvest in the US in
2021. Fortunately, in 2022, DG SANTE revised the MRL in the EU for thiabendazole from 0.01
ppm to 3 ppm (European Commission 2022). The US EPA has also changed the MRL to match
the EU limit of 3 ppm (EPA 2021). The current MRL set by DG SANTE and the EPA allows for
the postharvest use of thiabendazole as a management strategy for black rot in sweetpotatoes

bound for both domestic and export markets.

While the use of thiabendazole is now available for integrated postharvest disease
management of sweetpotato, additional fungicides with efficacy for black rot management are
needed. Fungicide resistance to thiabendazole is common in other fungal pathogens, so using
multiple active ingredients or modes of action in sweetpotato would prolong the effective use of
all products (HIDE et al. 1988; Platt 1997). Other fungicides, such as fluazinam and the premix
Academy (difenoconazole + fludioxonil), also reduce black rot of sweetpotato in postharvest
settings (Collins et al. 2020, 2022; Scruggs et al. 2017); however, the residue limits of those

chemistries may impact the exportability of the sweetpotatoes. The residue limits in export
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markets can be, and often are, different than those in the US. Thus, the residue for all active
ingredients applied to the sweetpotatoes needs to be lower than the lowest MRL of the

purchasing markets.

A robust study to understand the impacts of fungicides on black rot and the resulting
residues following application have not been conducted in sweetpotato. This study was designed
to test the efficacy and residue levels of multiple fungicides with postharvest labels, although not
necessarily labeled for sweetpotato. The specific objectives were to: 1) identify efficacious
fungicides for postharvest management of C. fimbriata infections in sweetpotato, and ii) evaluate
the resulting residues from each applied active ingredient using HPLC with respect to

international maximum residue limits.

MATERIALS AND METHODS

Inoculum Production and Inoculation

Cultures of C. fimbriata, isolate AS186, were grown on 100-mm carrot agar plates (16%
carrot juice, 16 g select agar per L) (Stahr et al. 2024). The cultures were stored in an incubator
at 24 °C for 14 days under dark conditions. A spore suspension was created by using a 5%
Tween-20 solution (Thermo Fisher Scientific, Waltham, MA, USA) and a gloved finger to gently
dislodge ascospores from cultures grown on three 100 mm carrot agar plates. Fifteen mL of
suspension was generated by using five mL of Tween-20 for each plate and combining the
collected liquid. The spore concentration was determined by pipetting 10 nuL of the suspension
into a hemocytometer and counting the number of spores. The concentrated spore suspension

was then added to 190 L of water for a final concentration of approximately 1x103 spores/mL.
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Sweetpotatoes (n=300) were inoculated by placing them into a 379 L bin containing the spore
suspension. They were gently agitated in the spore suspension for 20 minutes to ensure a
homogenous solution throughout the duration of the inoculation. Following inoculation, the
sweetpotatoes were taken out of the spore suspension and allowed to air-dry for approximately

30 minutes.

Chemical Treatment Applications

The sweetpotatoes used in the study were grown at the Cunningham Research Station in
Kinston, NC in 2022. Following harvest, the sweetpotatoes were cured at the Horticultural Crops
Research Station in Clinton, NC for 5 days at 24°C and then transported to the Central Crops
Research Station for storage at 16 °C. The sweetpotatoes were selected based upon a similar size,
shape, and disease-free appearance and rinsed with water prior to use.

The sweetpotatoes were loaded onto a miniature packing line (Figure 2.1 A,B) to receive
one of six different treatments. Fifty sweetpotatoes were placed onto the packing line at a time
for treatment. Treatment products used, along with rates, are listed in Table 1. Water was used as
a nontreated control. Treatment products were applied using a compressed air pressurized
sprayer delivering 2.1 L/1000 kg of sweetpotatoes at 138 kPa with two TeeJet 8002 flat fan
nozzles. The nozzles were arranged in two rows over a series of plastic roller brushes that spin
the sweetpotatoes as they move down the line and spread the fungicide in a thin, even layer

across the entire surface area of each sweetpotato (Figure 2.1 B).
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Efficacy Evaluations

After fungicide application, the sweetpotatoes were separated into five into clear, plastic,
40 x 50 x 18 cm containers. Five replications per treatment were included with ten sweetpotatoes
per replication. The boxes were closed and stored in the dark at 24°C and approximately 99%
relative humidity for 28 days. The sweetpotatoes were rated for disease incidence, number of
sweetpotatoes with lesions per box, and disease severity (percent surface area covered in lesions)

at 7, 14, 21, and 28 days after inoculation.

Residue Study

Sweetpotatoes used for the residue analysis were not inoculated with C. fimbriata. Six
different treatments were applied, including a control of only water, with the miniature packing
line, using the same mixtures of fungicides as the efficacy trial to ensure that the concentrations
were the same for both trials. Five sweetpotatoes were loaded onto the miniature packing line for
each of the treatments. Immediately following fungicide application, the five sweetpotatoes of
each treatment were cut into approximately 2 cm® pieces and placed into a plastic bag. The
plastic bags full of sweetpotatoes pieces were then placed into a -20°C freezer.

The sweetpotato pieces were removed from the -20°C freezer and mixed with a small
amount of powdered dry ice. The pieces were then processed into a dry powder using a Blixer 2
food processor (Robot Coupe, Vincennes, France). A portion of each homogenized, powdered
sample was placed into two 50 mL tubes and stored at -20°C until time for residue testing. Two
sample tubes were filled for each individual active ingredient of the treatments containing more

than one active ingredient.

27



Standards for thiabendazole, azoxystrobin, fludioxonil, difenoconazole, and dicloran
(100% analytical standard, Sigma-Aldrich, St. Louis, MO, USA) were used as references during
residue testing. Thiabendazole, azoxystrobin, fludioxonil, difenoconazole, and dicloran residues
were quantified using high performance liquid chromatography coupled with diode-array and
mass spectrometry detectors HPLC-DAD-MS (Agilent-1260 Infinity/MS6120; Agilent

Technologies, Inc., Santa Clara, CA, USA).

Residue quantification was performed using external calibrations curve through peak area
measurements (Open LAB CDS ChemStation software, Version C.01.04, Agilent Technologies,
Inc., Santa Clara, CA, USA). Thiabendazole was extracted from sweetpotato tissue by combining
10 g of processed material with 85:15 (0.1% formic acid in methanol/0.3% formic acid, 0.1
ammonium formate in water) in a 50 mL centrifuge tube (Q-sep QUEChERS dSPE tubes, Bristol,
PA, USA). Azoxystrobin was extracted from sweetpotato tissue by combining 10 g of processed
material with 60:40 (0.1% formic acid in methanol/ 0.1% formic acid in water) a 50 mL
centrifuge tube (Q-sep QUEChERS dSPE tubes, Bristol, PA, USA). Fludioxonil was extracted
from sweetpotato tissue by combining 10 g of processed material with 60:40 (0.1% formic acid
in acetonitrile/ 0.1% formic acid in water) a 50 mL centrifuge tube (Q-sep QUEChERS dSPE
tubes, Bristol, PA, USA). Difenoconazole was extracted from sweetpotato tissue by combining
10 g of processed material with 75:25 (0.1% formic acid in methanol/ 0.3% formic acid, 0.1
ammonium formate in water) a 50 mL centrifuge tube (Q-sep QUEChERS dSPE tubes, Bristol,
PA, USA). Dicloran was extracted from sweetpotato tissue by combining 10 g of processed
material with 80:20 (0.1% formic acid in acetonitrile/ 0.1% formic acid in water) a 50 mL
centrifuge tube (Q-sep QUEChERS dSPE tubes, Bristol, PA, USA). Samples were shaken for 30

minutes and centrifuged for 10 minutes (Jeffries et al. 2016).
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Measurements of active ingredient concentrations were performed with 10 ul of the
thiabendazole, azoxystrobin, and difenoconazole samples using a ZORBAX SB-C18 column
(Rapid Resolution HT, 50 mm length x 2.1 mm inner diameter, 1.8 Micron, Agilent
Technologies, Inc., Santa Clara, CA, USA). Concentration measurements of fludioxonil were
performed with 12 pl, and dicloran were performed with 5 pl.

The retention time for thiabendazole was 0.76 minutes at a wavelength of 270
nanometers (nm). The retention time for azoxystrobin was 1.13 minutes at a wavelength of 255
nm. The retention time for fludioxonil was 0.86 minutes at a wavelength of 270 nm. The
retention time for difenoconazole was 2.48 min at a wavelength of 240 nm. The retention time
for dicloran was 0.53 minutes at a wavelength of 350 nm.

For thiabendazole and difenoconazole, the limit of detection (LOD) was 1 part per billion
(ppb) and the limit of quantification (LOQ) was 2 ppb. For azoxystrobin, the LOD was 0.5 and
the LOQ was 1 ppb. For fludioxonil and dicloran the LOD was 5 ppb and the LOQ was 10 ppb.

Recovery of active ingredients from sweetpotato tissue in fortified controls for
thiabendazole was 96 to 110% The recovery for azoxystrobin was 93 to 97%. The recovery for
difenoconazole was 95 to 98%. The recovery for fludioxonil was 93%. The recovery for dicloran

was 97%.

Data Analysis

All data were analyzed using R Statistical software 4.3.2 (R Core Team n.d.). For all
response variables evaluated, experiment replicates were not statistically different (a = 0.05) and
were combined for analysis. The final percent disease incidence and final percent disease

severity were analyzed using a beta regression model (‘betareg’), with a small amount of error (+
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0.00001) being included to remove any 0 and 1 data from the dataset (Cribari-Neto and Zeileis
2010). The area under disease progress curve (AUDPC) was calculated for both percent disease
incidence and percent disease severity measures to evaluate the impacts of treatments over time
(Madden et al. 2007). Disease incidence and severity AUDPC were analyzed using a mixed
effected model with a gamma distribution using the ‘lme4’ package (Bates et al. 2014). Figures
were generated with ‘ggplot2’ (Wickham 2016) using confidence intervals calculated using the

‘emmeans’ package (Lenth 2024).

Residue data were summarized as parts per million (PPM) of the active ingredient
quantified using HPLC analysis, then analyzed using a general linear model by treatment
application (Table 1). Confidence intervals were calculated using ‘emmeans’(Lenth 2024), and
generated means separation designations using the ‘multcomp’ package with Tukey’s method for
p-value adjustment (Hothorn et al. 2008). Figures were generated with ‘ggplot2’ (Wickham

2016) using confidence intervals calculated using the ‘emmeans’ package (Lenth 2024).

RESULTS

Fungicide efficacy after postharvest application

Final percent disease incidence variance was dependent on treatment (Figure 2.2). All
nontreated sweetpotatoes had 100% final disease incidence. The final percent disease incidence
in sweetpotatoes treated with thiabendazole ranged from 10% to 90%. The azoxystrobin +
fludioxonil + difenoconazole ranged from 50% to 100%. The azoxystrobin + fludioxonil ranged

from 80% to 100%. The fludioxonil ranged from 90% to 100%. The dicloran had 100% final
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incidence. Percent disease incidence was reduced by thiabendazole (P < 0.001) and the
combination fungicide containing azoxystrobin + fludioxonil + difenoconazole (P = 0.009).
Treatments with dicloran, fludioxonil, or azoxystrobin + fludioxonil were not different from the

nontreated control.

Disease incidence over time as estimated by the AUDPC was also variable depending on
treatment (Figure 2.3). The AUDPC of nontreated sweetpotatoes ranged from 1995 to 2100.
Thiabendazole ranged from 35 to 1190. The azoxystrobin + fludioxonil + difenoconazole ranged
from 735 to 1575. The azoxystrobin + fludioxonil ranged from 805 to 1855. Fludioxonil ranged
from 1575 to 2065. Dicloran ranged from 1960 to 2100. The AUDPC of sweetpotatoes treated
with either dicloran or fludioxonil were not different from the nontreated control (P > 0.5). The
AUDPC of sweetpotatoes treated with thiabendazole (P < 0.001), azoxystrobin, fludioxonil, and
difenoconazole (P < 0.001), and azoxystrobin and fludioxonil (P = 0.006) were different from

nontreated sweetpotatoes.

Final disease severity variability was similar across treatments (Figure 2.4). The final
disease severity of the nontreated sweetpotatoes ranged from 15.1% to 30%. Thiabendazole
ranged from 0.1% to 4.4%, The azoxystrobin + fludioxonil + difenoconazole ranged from 0.6%
to 3%. The azoxystrobin + fludioxonil ranged from 1.2% to 3.2%. Fludioxonil ranged from 6.2%
to 11.8%. Dicloran ranged from 14.7% to 30%. All treatment AUDPC values were different

from the nontreated control (P < 0.001) except for the dicloran treatment (P = 0.778).

Disease severity over time as estimated by the AUDPC was similar across treatments
(Figure 2.5). The disease severity AUDPC for the nontreated sweetpotatoes ranged from 146.3 to
235.2. Thiabendazole ranged from 0.4 to 31.2. The azoxystrobin + fludioxonil + difenoconazole

ranged from 8.4 to 31.5. The azoxystrobin + fludioxonil ranged from 1.6 to 33.6. Fludioxonil
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ranged from 67.9 to 126.7. Dicloran ranged from 119.4 to 292.6. The disease severity AUDPC
of all treatments was different from the nontreated control (P < 0.001), except for the dicloran

treatment which was not different (P = 0.937).

Residue levels after postharvest application of fungicides

The measured residue of thiabendazole ranged from 2.16 ppm to 3.57 ppm. The residue
of azoxystrobin from azoxystrobin + fludioxonil + difenoconazole ranged from 0.56 ppm to 1.32
ppm. The residue of fludioxonil from azoxystrobin + fludioxonil + difenoconazole ranged from
0.56 ppm to 1.38 ppm. The residue of azoxystrobin from azoxystrobin + fludioxonil ranged from
0.8ppm to 1.6 ppm. The residue of fludioxonil from azoxystrobin + fludioxonil ranged from 0.44
ppm to 0.99 ppm. The residue of fludioxonil ranged from 0.01 ppm to 0.03 ppm. The residue of
dicloran ranged from 0.17 ppm to 0.32 ppm.

The mean residue level of all active ingredients was below the MRL for the US (Table 3).
Mertect (thiabendazole) was the only product where all active ingredients had a residue mean
below the MRL for the EU (Table 3). However, there were three samples of thiabendazole that
measured 3.57 ppm, 3.18 ppm, and 3.05 ppm. This is above the US and the EU MRL of 3.0 ppm.

No product had residue levels with all measured samples below the EU MRL (Table 3).

DISCUSSION

This is the first study to comprehensively evaluate both fungicide efficacy, and resulting

residues, to reduce the impact of C. fimbriata. The sweetpotatoes treated with thiabendazole had

32



the lowest final disease incidence and the lowest disease incidence AUDPC of all treatments,
indicating that thiabendazole is providing the greatest inhibition of C. fimbriata growth over the
entire trial (Table 2). This is consistent with previous studies evaluating thiabendazole efficacy
(Scruggs et al. 2017; Collins et al. 2020, 2022). Azoxystrobin + fludioxonil + difenoconazole
also reduced of disease incidence, as well as AUDPC, when compared to the nontreated control;
however, azoxystrobin + fludioxonil only reduced disease incidence AUDPC (Table 2). This
could indicate that the difenoconazole provides some additional level of disease reduction.
Similarly to this study, Scruggs et al (2017) found azoxystrobin to be poor at reducing C.
fimbriata growth in vitro and difenoconazole to be effective at reducing C. fimbriata growth both
in in vitro and in a postharvest trial for at least 21 days. This could also indicate that fludioxonil
is providing a notable reduction of disease early in the trial, but it does not have the longevity of
azoxystrobin + fludioxonil + difenoconazole nor thiabendazole.

In this study, disease severity is the approximation of the surface area of the
sweetpotatoes covered by lesions caused by black rot. The presence of any lesions, whether one
or multiple, counts as an infected sweetpotato in terms of disease incidence, which may impact
the interpretation of disease control. Many sweetpotatoes may have only had a few small lesions,
resulting in a high disease incidence, but if the lesions were small, the severity would be low.
Previous studies evaluating fungicide efficacy for C. fimbriata control also evaluated disease
severity; however, it is unclear if the rating strategy was similar (Scruggs et al. 2017). Final
black rot disease severity and disease severity AUDPC was reduced by all treatments except
dicloran (Table 2). This could indicate that the fungicides are limiting the growth of the pathogen
after the disease starts but not preventing initial infections. An in vitro fungicide assay has shown

that thiabendazole, difenoconazole, and fludioxonil are effective at reducing the growth of C.
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fimbriata at 1 ppm and 5 ppm, but none halt its growth all together (Scruggs et al. 2017). A
combination of a product that has a high level of initial disease inhibition combined with a
product that slows the growth of the disease over a longer period could be an effective
management tool.

In this study, fludioxonil is only shown to significantly reduce disease severity and not
incidence (Table 2). However, azoxystrobin + fludioxonil + difenoconazole and azoxystrobin +
fludioxonil significantly reduce both disease severity and disease incidence AUDPC (Table 1).
This does not align with a previous study by Scruggs et al (2017) that showed fludioxonil to be
effective at reducing C. fimbriata growth in vitro. The rate used in Scruggs’ experiments is 2.5
mL/L, twice as high as used in this study, the calculated initial concentration for Scruggs et al
(2017) was 1.2 ppm. The concentration of fludioxonil is different in the premix products Stadium
(azoxystrobin + fludioxonil + difenoconazole) and Graduate A+ (azoxystrobin + fludioxonil)
than in the single active ingredient product Scholar (fludioxonil) (Table 3). The applied
concentration of the premix products Stadium and Graduate A+ is 4.5 ppm while the applied
concentration of Scholar is 0.5 ppm of fludioxonil, which is nine times lower than the premix
products (Table 3). Significant variation of active ingredients and their rates in a product may
result in variability in residue limits and could affect the ability of these products to be used for
export markets.

While the mean residue limits of the products tested in this study were below the MRLs
set by the US, the mean residues for some active ingredients were above the maximum residue
limits set by the EU (table 3). Except for thiabendazole, all products had at least one active
ingredient residue higher than the MRL set by the EU. In addition, several samples from one of

the experiments in this study had thiabendazole residues above 3 ppm. There is no clear
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indication as to what caused these samples to have a higher residue than the others. The residue
values of the other experiment were more similar to each other. One potential cause could be a
slightly inconsistent application leading to higher application volume to some of treated
sweetpotatoes. The sprayer is controlled by a hand operated valve and is only as accurate as the
applicator. Commercial packing line sprayers are operated by optical sensors and are typically
more accurate. Even with more accurate sprayer technology, proper maintenance and regular
calibration need to be performed when applying thiabendazole due to the residues being near the
MRL threshold. In a study of thiabendazole residues in citrus, residues ranged from 0.35 ppm to
1.56 ppm on various citrus fruit (Zhou et al. 2020). Based on a current label for a thiabendazole
product, Alumni (Syngenta, Greensboro, NC), the initial application concentration of
thiabendazole would be approximately 3.9 ppm. The measured residues would range from 9% to
40% of the initial concentration, which is slightly lower than 33% to 55% of the initial
concentration measured in this study.

The residues detected for difenoconazole in azoxystrobin + fludioxonil + difenoconazole
were above the 0.1 ppm EU MRL in every sample (Table 3). This means that the use of the
product will be limited to the domestic market only. The residue for dicloran was above the
minimum 0.01 ppm MRL in the EU (Table 3). Dicloran should not be applied on sweetpotatoes
to EU export market. The residues for multiple samples, as well as the mean residue, of
azoxystrobin in azoxystrobin + fludioxonil were above the 1 ppm MRL in the EU (Table 3).
Interestingly, the initial concentrations of azoxystrobin in azoxystrobin + fludioxonil +
difenoconazole and azoxystrobin + fludioxonil are identical, yet the residues were significantly
different. The inert ingredients of the formulation for the two fungicides could vary and may

affect the dissipation of the active ingredient. (MacLachlan and Hamilton 2011). This is similar
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to what has been observed for other chemistries in pre-mix fungicides. For example, in a study
by Abdallah et al (2024) on tomatoes, the residues of difenoconazole from different premix
fungicides were measured and found to be different while having similar initial active ingredient
dosages.

While this study identified several efficacious active ingredients in commercially
available premix formulations, the residue limits set by international trading partners limit their
utility for US sweetpotato producers. An additional limitation is the impact of formulation on the
resulting residue limits. Additional research is needed to find effective use rates that would have

measured residues consistently lower than any desired export market MRL.
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Table 2.1 Fungicide trade names, active ingredients, FRAC codes, applied rates, and the initial
concentration of each active ingredient applied to the sweetpotatoes for the postharvest
evaluation of fungicides for black rot management.

Product Active Ingredient FRAC Tested Rate Active
Trade (mL/L) Ingredient
Name Concentration

(ppm)

Nontreated - - - -
Mertect 340-F Thiabendazole 1 6.6 6.5
Stadium Azoxystrobin 11 15.6 4.5
Difenoconazole 3 35
Fludioxonil 12 4.5
Graduate A+ Azoxystrobin 11 9.4 4.5
Fludioxonil 12 4.5
Botran 5F Dicloran 14 1.5 2.0

Scholar SC Fludioxonil 12 1.3 0.5




Table 2.2 Effect of postharvest fungicide applications disease and severity of black rot in
postharvest experiments. Statistical significance is denoted by an asterisk (*)

Product Active Tested Final Final Incidence  Severity
Trade Ingredient Rate Disease Disease AUDPC AUDPC
Name (mL/L) Incidence Severity

(Y0) (%)
Mertect 340-F  Thiabendazole 6.6 48 * 1.4* 644* 11.7*
Stadium Azoxystrobin 15.6 8 * 1.7% 1148%* 17.3*
Difenoconazole

Fludioxonil
Graduate A+ Azoxystrobin 9.4 90 2.1% 1365* 22.8*

Fludioxonil
Scholar SC Fludioxonil 1.3 99 9.4 1897* 87.0%*
Botran 5F Dicloran 1.5 100 19.9 2058 185.0
Nontreated - - 100 20.3 2068.5 182.7
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Table 2.3 Residue analysis of postharvest fungicide applications per active ingredient and the
MRL for sweetpotato in the US and EU.

Product Mean

Trade Ing:et:l‘;zn ¢ Agggled Detected U(Sp 3’[mI§L Eg)gg;L
Name ppm
Mertect Thiabendazole 6.5 278 E 3 3
Azoxystrobin 4.5 0.84 C 8 1
Difenoconazole 3.5 0.39B 4 0.1
Stadium Fludioxonil 4.5 0.74 C 6 10
Azoxystrobin 4.5 1.25D 8 1
Graduate A+ Fludioxonil 4.5 0.77C 6 10
Botran Dicloran 2.0 0.24 AB 10 0.01
Scholar Fludioxonil 0.5 0.02 A 6 10
Nontreated - 0 0 - -
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Figure 2.1 Miniature sweetpotato packing line used for postharvest experiments. A, A dump
tank and a conveyor system to move the sweetpotatoes out of the dump tank. B, Postharvest
sprayer with plastic roller brushes and conveyor system to move sweetpotatoes out of the sprayer
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Figure 2.2 Differences in final disease incidence of black rot. The violin represents the variation
of the data surrounding the means. The width of the curve represents the frequency of data points
in the region. The dot represents the mean and the line represents the variance.
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CHAPTER III

Effect of sanitizer, fungicide, and packing line configuration on postharvest management of
sweetpotato black rot caused by Ceratocystis fimbriata
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ABSTRACT

Black rot of sweetpotato, caused by Ceratocystis fimbriata, is a highly damaging
postharvest disease in the United States sweetpotato industry. Sanitation and cultural practices
alone are often not enough for successful disease management. Only a few fungicides are labeled
for use in sweetpotato postharvest; however, maximum residue levels (MRL) allowed in export
markets limit fungicide use for disease management. In this study, we conducted experiments to
identify configurations of sweetpotato packing lines using dump tanks, sanitizers, and fungicides
that would minimize black rot disease incidence and severity. Sweetpotatoes were artificially
inoculated with the pathogen, placed into water-filled, plastic bins that simulated dump tanks,
and spray treatment applications were made using a miniature packing line. Any packing line
configuration that included a Mertect (thiabendazole) spray, as well as the Jet-Oxide
(Peroxyacetic acid + hydrogen peroxide) sanitizer in the dump tank treatment provided
significant reduction in disease compared to the water-only nontreated control. Our findings
provide valuable information regarding the most effective uses and combinations of products in

sweetpotato packing lines to minimize postharvest disease.

INTRODUCTION

Sweetpotatoes (Ipomoea batatas) are an important crop in the United States (US) that has
experienced a large growth in consumption in domestic and export markets between 2000 and
2014. Sweetpotato production in the US has consistently expanded in acreage and yield in the
same time frame (Johnson et al. 2015). North Carolina (NC) produces the largest portion,
approximately 60%, of the US’s annual sweetpotato production (NC Sweetpotato Commission

2024). In 2022, NC planted approximately 33,664 hectares of sweetpotatoes and yielded 786,649
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metric tons (USDA/NASS, 2022). In 2019, 18% of sweetpotatoes produced in the US were
exported, with 40% of that amount being produced in NC (USITC, 2021). The US is the largest
global exporter of sweetpotatoes, and the top three export markets are the European Union (EU),
the United Kingdom (UK), and Canada. These exports have a combined export value of $180
million (Davis et al. 2022). Export markets are extremely valuable to producers and packers, as
profit can be up to six times greater on exported sweetpotatoes compared to those sold in the

domestic market (USITC, 2021).

Sweetpotato production in the US is affected by many fungal diseases in both field
production and packing houses (Mascarenhas et al. n.d.; Parada-Rojas et al. 2021; Scruggs and
Quesada-Ocampo 2016a, 2016b). Black rot of sweetpotato, caused by the fungus Ceratocystis
fimbriata, is a particularly impactful disease that affects all areas of sweetpotato production
(Scruggs et al. 2017; Stahr and Quesada-Ocampo 2019). Black rot can be characterized by the
circular, sunken, dark spots on the surface of the sweetpotato (Harter et al. 1918), limiting the
marketability of sweetpotato. The pathogen can infect roots and slips of sweetpotato and can be
transmitted from one to the other (Clark and Villordon 2013; Paul et al. 2018). Spores produced
by C. fimbriata can also infect nearby sweetpotatoes in seedbed and production fields as well in

storage or packing lines. (Stahr and Quesada-Ocampo 2021).

Black rot has been historically managed with cultural strategies, but a reemergence of the
disease in 2015 suggested that sole use of cultural strategies was ineffective, and postharvest use
of fungicides became necessary to manage the disease (Scruggs et al. 2017). After the emergence
of the 2015 black rot epidemic, a Section 18 emergency exemption was approved in 2016 by the
Environmental Protection Agency (EPA) for the postharvest use of Mertect (thiabendazole) in

NC. This has been shown to be an effective fungicide for managing black rot (Parada-Rojas et al.
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2021; Scruggs et al. 2017). While Mertect has provided relief for many producers, the use of
thiabendazole may increase the risk for fungicide resistance development in C. fimbriata

populations and the product cannot be used by organic producers.

Alternative management strategies may be a valuable tool to limit black rot incidence, as
they have demonstrated efficacy for reducing postharvest diseases (Stahr and Quesada-Ocampo
2021). Sanitizers reduce other postharvest diseases like Dickeya soft rot (Collins and Quesada-
Ocampo 2020; Stahr et al. 2020; Stahr and Quesada-Ocampo 2021). A common production
practice is to place sweetpotatoes into a large dump tank filled with thousands of liters of water
to help rinse the sweetpotatoes of excess soil and debris left over from harvest (Edmunds et al.
2008). To help prevent decay and the spread of microorganisms, sanitizers are commonly added
to the water or used as an in-line spray (Edmunds et al. 2008). However, the efficacy of sanitizers

to reduce the incidence black rot disease incidence is poorly understood.

To understand the effects of different packing line treatments on black rot of sweetpotato,
we conducted an experiment with multiple packing line configurations and fungicide or sanitizer

products to optimize the reduction of black rot disease incidence in sweetpotato.

MATERIALS AND METHODS

The sweetpotatoes used for this study were grown at the Cunningham Research Station in
Kinston, NC in 2022 using conventional production practices as recommended by NC
Cooperative Extension (Schultheis et al. 2022). The sweetpotatoes were cured at the
Horticultural Crops Research Station in Clinton, NC for five days at 24°C and then transported to

the Central Crops Research Station in Clayton, NC for storage at 16 °C. The sweetpotatoes used
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were selected based upon a similar size, shape, and disease-free appearance, and rinsed with

water prior to use.

Inoculum Production and Inoculation

Cultures of C. fimbriata, isolate AS186, were grown on 100-mm carrot agar plates (16%
carrot juice, 16 g select agar per L) (Stahr et al. 2024). Cultures were stored in a dark incubator at
24 °C for 14 days. A spore suspension was created by adding five mL of a 5% Tween-20
(Thermo Fisher Scientific, Waltham, MA, USA) solution to each plate and a gloved finger was
used to dislodge ascospores from cultures grown on three 100-mm agar plates. The suspension
was collected from each plate and combined, resulting in 15 mL of suspension, and then placed
into a 15 mL plastic centrifuge tube. The spore concentration was determined by pipetting 10 uL.
of the suspension into a hemocytometer and counting the number of spores. The concentrated
spore suspension was then added to 190 L of water for a final concentration of approximately
1x103 spores/mL™!. Sweetpotatoes (n=400) were inoculated by placing them into a 379 L bin
containing the spore suspension. They were gently agitated in the spore suspension for 20
minutes to ensure a homogenous solution throughout the duration of the inoculation. Following
inoculation, the sweetpotatoes were taken out of the spore suspension and allowed to air-dry for

approximately 30 minutes.

Chemical Treatment Applications

Following the inoculation, fifty sweetpotatoes were placed into 106 L bins filled with
45.4 L of water and/or sanitizer mixtures described below. Treatment products used, along with
rates, are listed in Table 1. Sandy soil (25 g) was added to each of the first dip bins to simulate
the soil that is on the surface of commercially produced sweetpotatoes. The sweetpotatoes were

allowed to soak in the water, or mixture, for approximately five minutes. If applicable (Table 1),
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sweetpotatoes were moved to a second bin for an additional dump tank treatment for five
minutes. A bin with only tap water was used as a nontreated control.

Sweetpotatoes used for packing line sprayer treatments (Table 1) were loaded onto a
miniature packing line to receive the spray treatments. Fifty sweetpotatoes were loaded at a time
onto the packing line. Treatments were applied using a compressed air pressurized sprayer
delivering 2.1 L/1000 kg of sweetpotatoes at 138 kPa with four TeelJet 8002 flat fan nozzles. The
nozzles are arranged in two rows over a series of roller brushes that spin the sweetpotatoes as
they move down the line and spread the fungicide in an even, thin layer across the entire surface
area of each sweetpotato.

After treatment, the sweetpotatoes were separated into five clear plastic, 40 x 50 X 18 cm
containers. A total of 400 sweetpotatoes were included in the trial with five replications per
treatment with ten sweetpotatoes per replication. The boxes were closed and stored in the dark at
24°C and approximately 99% relative humidity for 28 days. Disease incidence was collected
weekly and determined by visually rating the number of sweetpotatoes with lesions per box.
Disease severity was collected weekly and determined by estimating the percent surface area of
the sweetpotato covered in lesions. Both ratings were taken at 7, 14, 21, and 28 days after

inoculation.

Data Analysis

All data were analyzed using R Statistical software 4.3.2 (R Core Team n.d.). For all
response variables evaluated, experiment replicates were not statistically different (a = 0.05) and
were combined for analysis. The final percent disease incidence and final percent disease
severity were analyzed using a beta regression model (‘betareg’), with a small amount of error (+

0.00001) being included to remove any 0 and 1 data from the dataset (Cribari-Neto and Zeileis
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2010). The area under the disease progress curve (AUDPC) was calculated for both percent
disease incidence and percent disease severity measures to evaluate the impacts of treatments
over time (Madden et al. 2007). Disease incidence and severity AUDPC were analyzed using a
mixed effected model with a gamma distribution using the ‘lme4’ package (Bates et al. 2014).
Figures were generated with ‘ggplot2’ (Wickham 2016) using confidence intervals calculated

using the ‘emmeans’ package (Lenth 2024).

RESULTS

Final disease incidence for all treatments were significantly different from the water dip
treatment (P < 0.008) except for the water dip followed by the PAA + H>O» spray (P =0.79). The
variability of the disease incidence measured was dependent on the treatment (Figure 1). The
percent disease incidence in the water dip treatment ranged from 70% to 100%. The water (D,
dip) and PAA + H>O> (S, spray) ranged from 80% to 100%. The water (D) + PAA + H2O> (D)
ranged from 50% to 100%. The PAA + H,O: (D) ranged from 0% to 70%. The water (D) + PAA
+ H20: (S) + thiabendazole (S) ranged from 0% to 50%. The PAA + H,0: (D) + thiabendazole
(S) ranged from 0% to 40%. The water (D) + thiabendazole (S) ranged from 0 % to 30%. The

water (D) + PAA + H20; (D) + thiabendazole (S) ranged from 0% to 10%.

The disease incidence AUDPC of the water (D) + thiabendazole (S) treatment, the PAA +
H>0O> (D) + thiabendazole (S) treatment, the water (D) + PAA + H>O (D) + thiabendazole (S)
treatment, and the water (D) + PAA + H,O; (S) + thiabendazole (S) treatment were significantly
different from the water (D) treatment (P < 0.02). The AUDPC of the PAA + H>O» (D) treatment,
water (D) and PAA + H202 (D) treatment, and water (D) and PAA + H>O> (S) treatment were
not significantly different from the water (D) treatment. Disease incidence AUDPC values were
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variable across treatments (Figure 2). The disease incidence AUDPC in the water dip treatment
ranged from 1145 to 1820. The water (D) and PAA + H20: (S) ranged from 1235 to 1785. The
water (D) PAA + H>O, (D) ranged from 585 to 1225. The PAA + H202 (D) ranged from 130 to
1050. The water (D) PAA + H,0O: (S) + thiabendazole (S) ranged from 0 to 840. The PAA + H>O»
(D) + thiabendazole (S) ranged from 0 to 350. The water (D) + thiabendazole (S) ranged from 0

to 290. The water (D) PAA + H>O> (D) + thiabendazole (S) ranged from 0 to 245.

Final disease severity for all treatments were significantly different from the water dip
treatment (P < 2¢7'%) except for the water dip followed by the PAA + HO; spray (P = 0.24). The
final percent disease severity measured was variable based upon the treatment (Figure 3). The
percent disease incidence in the water (D) treatment ranged from 2.8% to11.8%. The water (D) +
PAA + H20; (S) ranged from 3.1% to 9.3%. The water (D) PAA + H20; (D) ranged from 0.8% to
3.1%. The PAA + H20O> (D) ranged from 0% to 1.5%. The water (D PAA + H2O> (S) +
thiabendazole (S) ranged from 0% to 2.4%. The PAA + H20; (D) + thiabendazole (S) ranged
from 0% to 0.9%. The water (D) + thiabendazole (S) ranged from 0% to 0.5%. The water (D)

PAA + H20; (D) + thiabendazole (S) ranged from 0% to 0.3%.

The disease severity AUDPC of the water (D) + thiabendazole (S) treatment, the PAA +
H>0» (D) + thiabendazole (S) treatment, the water (D) PAA + H>O; (D) + thiabendazole (S)
treatment, and the water (D) PAA + H>O> (S) + thiabendazole (S) treatment were significantly
different from the water (D) treatment (P < 2¢°'®). The AUDPC of the PAA + H,0; (D) treatment,
water (D) + PAA + H,0: (D) treatment, and water (D) + PAA + H20» (S) treatment were not
significantly different from the water (D) treatment. Disease incidence AUDPC values were
variable across treatments (Figure 4). The disease incidence AUDPC in the water dip treatment

ranged from 32.9 to 79.8. The water (D) + PAA + H20> (S) ranged from 30.6 to 66.5. The water
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(D) PAA + H2O» (D) ranged from 8.9 to 26. The PAA + H,0; (D) ranged from 0.7 to 16.5. The
water (D) PAA + H>O» (S) + thiabendazole (S) ranged from 0 to 18.9. The PAA + H,O» (D) +
thiabendazole (S) ranged from 0 to 6. The water (D) + thiabendazole (S) ranged from 0 to 3.2.

The water (D) PAA + H>O, (D) + thiabendazole (S) ranged from 0 to 4.6.

DISCUSSION

This is the first study conducted to evaluate the effects of different configurations of a
sweetpotato packing line on black rot disease incidence. The study included different product
types, a sanitizer and a conventional fungicide, as well as different application methods, a single
dip, multiple dips, and in-line spray in a systems approach design (Table 1). In this study, all the
treatments with thiabendazole and the two treatments that contained PAA + H>0; as a dip
significantly reduced the disease incidence and severity (Figure 1, Figure 3). Thiabendazole
appeared to reduce black rot disease incidence consistently regardless of an initial dip treatment,
which may be in part due to the mode of action of the fungicide. The mode of action of
thiabendazole is to prevent cellular mitosis by inhibiting microtubuline polymerization,
preventing the growth of the fungus (EPA 2006); therefore, effectively terminating the spread of
the disease for a moderate duration of time, at least four weeks in this study. Longer storage
times may see greater final disease incidence and severity even when using thiabendazole. The
treatment that only included PAA + H>O; as a spray was no different than the water (D) alone
(Figure 1, Figure 3). This could be due to the contact time of the PAA + H>0,, and the amount of
product available on the sweetpotato surface. The recommended contact time is 45 seconds
minimum (Jet Oxide, Jet Harvest Solutions Longwood, FL); however, the contact time in the bin
was 5 minutes + dry time, while the spray was 30 seconds + dry time, which exceeds the
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recommended 45 second minimum contact time. The mode of action of PAA may also impact the
efficacy in this study, as the mode of action is related to the release of active oxygen that can
rupture the cell wall and membranes of pathogens. The release of the active oxygen would result
in the breakdown of the product and loss of efficacy over time (Gehr and Cochrane 2002). Any
spore not killed in the short amount of time the product would by active would likely go on to
germinate and grow to cause disease. The amount of active ingredient in application may also
influence the activity in practical application. PAA has been shown to have a kill rate of fungi at
0.003%, Jet-Oxide has a mixed concentration 0.01% PAA (GREENSPAN and Mackellar 1951),
suggesting that the active ingredient volume should be sufficient in this system at the mixed

concentration.

The AUDPC was a quantitative summary of disease intensity over time used to compare
management strategies in this study. The trapezoidal method for estimating the AUDPC is used
to discretize the time variable and calculate the average disease intensity between each pair time
points. Y(0) = yo is the disease level at # = 0 , the first disease severity observation in the study.
A(tr), the AUDPC at ¢ = ¢, is the total accumulated disease until # = #, where K= a desired time
point (Madden et al. 2017). Our results found that the treatments that included an in-line spray of
thiabendazole reduced the AUDPC for both disease incidence and disease severity, regardless of
any other treatment or application method, when compared to the water or PAA + H,O, without
thiabendazole (Figure 2, Figure 4). Similarly, a previous study by Stahr et al (2021) has shown
PAA + H>0O; used a dip treatment to be poor at reducing black rot in sweetpotato. The effect of
the sanitizer is only active for a short period of time compared to the residual effect of
thiabendazole (Gehr and Cochrane 2002), which was also demonstrated in this study. As

previously mentioned, the mode of action of thiabendazole would likely result in reduced amount
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of pathogen growth due to the reduction in primary and secondary inoculum. The residual
thiabendazole on the sweetpotato could prevent disease from progressing from the small amount
of, if any, escaped spores remaining on the sweetpotato during the post-packing storage duration,

whereas the sanitizer would not have the same residual efficacy.

The use of PAA + H>O» is often preferred over other common antimicrobial sanitizers,
such as chlorine and hypochlorite, because of the more environmentally friendly by-products of
decomposition (oxygen, acetic acid, water) and the greater stability in the presence of organic
matter (Hilgren and Salverda 2000). Senter et al (1985) showed that chlorine treatments to wash
water had little to no effect on surface microorganisms of tomatoes and oranges in packing. The
same could be true for sweetpotato especially with the large amount of soil on the surface of the
stored sweetpotatoes being added to the dump tank water. However, while organic matter has
been shown to reduce efficacy of chlorine based products, PAA based products are largely
unaffected by organic matter (Alvaro et al. 2009; Rodgers et al. 2004). The general efficacy of
PAA towards microorganisms can be ranked: Bacteria>viruses>bacterial spores>protozoan cysts
(Liberti and Notarnicola 1999; RUDD and HOPKINSON 1989). The efficacy of PAA could be
limited by the presence of the cell wall in fungi, which could take longer to damage than the
membranes of bacterial cells. The contact time in other studies where PAA is shown to be
effective against fungi can be anywhere from 1 to 30 minutes as opposed to the 30 seconds to 5

minutes in this study (Hopkins et al. 2003; Kitis 2004; Vandekinderen et al. 2009).

In summary, treatments that included a thiabendazole spray had the lowest disease
incidence and disease severity of black rot over the course of the experiment as well at the final
observation. The treatments that included a dip with PAA + H>O> had lower disease incidence

and disease severity at the final rating (Figure 1), but not when accounting for the AUDPC of the
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entire trial (Figure 2 A, B). This could be due to multiple possible issues with the use of the
sanitizer product. Further investigations of application methods for sanitizers should include
longer contact times, which may potentially optimize their use. Additional combinations of
sanitizer types should also be investigated, for instance, using PAA + H>O; in the dump tanks
where the highest organic matter is present followed by a chlorine or hypochlorite-based product
as a spray on the sweetpotatoes coming out of the dump tank to leverage multiple modes of
action, or the inclusion of UV in addition to the PAA based product to increase the efficacy of

contact sanitizers (Rajala-Mustonen et al. 1997).

ACKNOWLEDGEMENTS

The authors thank all the members of the Quesada lab for their valuable help. This work
was supported by funds from the Technical Assistance for Specialty Crops Program Award No.

TASC-2021-03, and the NC State Hatch Project No. NC02890.

60



LITERATURE CITED

Alvaro, J. E., Moreno, S., Dianez, F., Santos, M., Carrasco, G., and Urrestarazu, M. 2009.

Effects of peracetic acid disinfectant on the postharvest of some fresh vegetables. J. Food

Eng. 95:11-15. https://doi.org/10.1016/j.jfoodeng.2009.05.003.

Bates, D., Michler, M., Bolker, B., and Walker, S. 2014. Fitting Linear Mixed-Effects Models

using Ime4. . https://doi.org/10.48550/arXiv.1406.5823.

Clark, C. A., and Villordon, A. 2013. Cultivation and Storage. In Compendium of Sweetpotato
Diseases, Pests, and Disorders, eds. T.P. Smith, G. J. Holmes, and D. M. Ferrin.

American Phytopathological Society.

Collins, H., and Quesada-Ocampo, L. M. 2020. Evaluation of fungicides for postharvest

management of Dickeya dadantii in sweetpotato, 2020. Plant Dis. Manag. Rep. 15.

Cribari-Neto, F., and Zeileis, A. 2010. Beta Regression in R. J. Stat. Softw. 34:1-24.

https://doi.org/10.18637/jss.v034.102.

Davis, W. V., Weber, C., and Lucier, G. 2022. Vegetables and Pulses Outlook: April 2022.

Edmunds, B., Boyette, M., Clark, C., Smith, T., and Holmes, G. 2008.

Postharvest Handling of Sweetpotatoes.pdf. North Carolina Extension Service.

EPA. 2006. Review of New Use for Thiabendazole (Mertect 340-F) as a seed treatment on dry

peas. .

Gehr, R., and Cochrane, D. 2002. PERACETIC ACID (PAA) AS A DISINFECTANT FOR

MUNICIPAL WASTEWATERS: ENCOURAGING PERFORMANCE RESULTS

61



FROM PHYSICOCHEMICAL AS WELL AS BIOLOGICAL EFFLUENTS. Proc.

Water Environ. Fed. 2002:182—198. https://doi.org/10.2175/193864702785033527.

GREENSPAN, F., and Mackellar, D. 1951. THE APPLICATION OF PERACETIC ACID

GERMICIDAL WASHES TO MOLD CONTROL OF TOMATOES. FOOD Technol. 5.

Harter, L. L., Weimir, J. L., and Adams, J. M. R. 1918. Sweet-Potato Storage Rots. J. Agric. Res.

15:344-346.

Hilgren, J. D., and Salverda, J. A. 2000. Antimicrobial Efficacy of a Peroxyacetic/Octanoic Acid
Mixture in Fresh-Cut-Vegetable Process Waters. J. Food Sci. 65:1376—1379.

https://do1.org/10.1111/5.1365-2621.2000.tb10615 .x.

Hopkins, D. L., Thompson, C. M., Hilgren, J., and Lovic, B. 2003. Wet Seed Treatment with
Peroxyacetic Acid for the Control of Bacterial Fruit Blotch and Other Seedborne
Diseases of Watermelon. Plant Dis. 87:1495-1499.

https://doi.0org/10.1094/PDIS.2003.87.12.1495.

Johnson, T., Wilson, N., Worosz, M., Fields, D., and Bond, J. 2015. Commodity Highlight:

Sweet Potatoes. .

Kitis, M. 2004. Disinfection of wastewater with peracetic acid: a review. Environ. Int. 30:47-55.

https://doi.org/10.1016/S0160-4120(03)00147-8.

Lenth, R. 2024. emmeans: Estimated Marginal Means, aka Least-Squares Means_. R Package

Version 1100.

62



Liberti, L., and Notarnicola, M. 1999. Advanced treatment and disinfection for municipal
wastewater reuse in agriculture. Water Sci. Technol. 40:235-245.

https://doi.org/10.1016/S0273-1223(99)00505-3.

Madden, L. V., Gareth, H., and van den Bosch, F. 2017. The Study of Plant Disease Epidemics.

Madden, L. V., Hughes, G., and Van Den Bosch, F. 2007. The Study of Plant Disease Epidemics.

Mascarenhas, J. M., Collins, H., Ahmed, K., Gannon, T. W., Almeyda, C. V., Thiessen, L.,
Huseth, A., and Quesada-Ocampo, L. Assessing pesticide residue levels in sweetpotato
roots and slips treated with fungicides for management of southern blight and circular
spot disease caused by Agroathelia rolfsii. Plant Dis. 0:null.

https://doi.0org/10.1094/PDIS-04-24-0849-RE.

NC Sweetpotato Commission. 2024. Acreage Comparison. .

Parada-Rojas, C. H., Pecota, K., Almeyda, C., Yencho, G. C., and Quesada-Ocampo, L. M.
2021. Sweetpotato Root Development Influences Susceptibility to Black Rot Caused by
the Fungal Pathogen Ceratocystis fimbriata. Phytopathology® 111:1660—1669.

https://doi.org/10.1094/PHYTO-12-20-0541-R.

Paul, N. C., Nam, S.-S., Kachroo, A., Kim, Y.-H., and Yang, J.-W. 2018. Characterization and
pathogenicity of sweet potato (Ipomoea batatas) black rot caused by Ceratocystis
fimbriata in Korea. Eur. J. Plant Pathol. 152:833—-840. https://doi.org/10.1007/s10658-

018-1522-8.

R Core Team. R: A Language and Environment for Statistical Computing. 2020.

63



Rajala-Mustonen, R. L., Toivola, P. S., and Heinonen-Tanski, H. 1997. Effects of peracetic acid
and UV irradiation on the inactivation of coliphages in wastewater. Water Sci. Technol.

35:237-241. https://doi.org/10.1016/S0273-1223(97)00265-5.

Rodgers, S. L., Cash, J. N., Siddig, M., and Ryser, E. T. 2004. A Comparison of Different
Chemical Sanitizers for Inactivating Escherichia coli O157:H7 and Listeria
monocytogenes in Solution and on Apples, Lettuce, Strawberries, and Cantaloupe. J.

Food Prot. 67:721-731. https://doi.org/10.4315/0362-028X-67.4.721.

RUDD, T., and HOPKINSON, L. M. 1989. Comparison of Disinfection Techniques for Sewage
and Sewage Effluents. Water Environ. J. 3:612-618. https://doi.org/10.1111/j.1747-

6593.1989.tb01443 x.

Schultheis, J. R., Shankle, M., and Smith, T. P. 2022. Sweetpotato. In Southeast U.S. Vegetable

Crop Handbook, ed. J. M. Kemble. Great American Media, pp. 121-123.

Scruggs, A. C., Basaiah, T., Adams, M. L., and Quesada-Ocampo, L. M. 2017. Genetic
Diversity, Fungicide Sensitivity, and Host Resistance to Ceratocystis fimbriata Infecting
Sweetpotato in North Carolina. Plant Dis. 101:994-1001. https://doi.org/10.1094/PDIS-

11-16-1583-RE.

Scruggs, A. C., and Quesada-Ocampo, L. M. 2016a. Cultural, Chemical, and Alternative Control
Strategies for Rhizopus Soft Rot of Sweetpotato. Plant Dis. 100:1532—-1540.

https://doi.org/10.1094/PDIS-01-16-0051-RE.

Scruggs, A. C., and Quesada-Ocampo, L. M. 2016b. Etiology and Epidemiological Conditions
Promoting Fusarium Root Rot in Sweetpotato. Phytopathology® 106:909-919.
https://doi.org/10.1094/PHYTO-01-16-0009-R.

64



Senter, S. D., Cox, N. A., Bailey, J. S., and Forbus, JR. 1985. Microbiological Changes in Fresh

Market Tomatoes During Packing Operations. J. Food Sci. 50.

Stahr, M. N., Butler, S., Huerta, A. I, Ritchie, D. F., and Quesada-Ocampo, L. M. 2020. First
Report of Bacterial Root Rot, Caused by Dickeya dadantii , on Sweetpotato ( Ipomoea
batatas ) in North Carolina. Plant Dis. 104:2723-2723. https://doi.org/10.1094/pdis-03-

20-0568-pdn.

Stahr, M. N., Parada-Rojas, C., Childs, K. L., Alfenas, R. F., Fernandes, F. M., Avila, K., and
Quesada-Ocampo, L. M. 2024. Long-Read Sequencing Genome Assembly of
Ceratocystis fimbriata Enables Development of Molecular Diagnostics for Sweetpotato
Black Rot. Phytopathology® 114:1411-1420. https://doi.org/10.1094/PHY TO-09-23-

0341-R.

Stahr, M. N., and Quesada-Ocampo, L. M. 2021. Effects of Water Temperature, Inoculum
Concentration and Age, and Sanitizers on Infection of Ceratocystis fimbriata , Causal
Agent of Black Rot in Sweetpotato. Plant Dis. 105:1365-1372.

https://doi.0org/10.1094/PDIS-07-20-1475-RE.

Stahr, M., and Quesada-Ocampo, L. M. 2019. Black Rot of Sweetpotato: A Comprehensive

Diagnostic Guide. Plant Health Prog. 20:255-260.

Vandekinderen, 1., Devlieghere, F., Meulenaer, B. D., Ragaert, P., and Camp, J. V. 20009.
Optimization and evaluation of a decontamination step with peroxyacetic acid for fresh-

cut produce. Food Microbiol. 26:882—888. https://doi.org/10.1016/j.fm.2009.06.004.

Wickham, H. 2016. Ggplot2: elegant graphics for data analysis. Springer-Verl. N. Y.

65



Table 3.1 List of treatments, active ingredients, application rate, and application methods in

postharvest experiments.

Product rate

Treatment Active ingredient (mL/L) Application Method
Water (NTC) - Dip
Jet-Oxide PAA+HO, 1.8 Dip
Water i} - Dip 1
Jet-Oxide PAA+HO, 1.8 Dip 2
Water ) - Dip
Jet-Oxide PAA+HO, 1.8 Spray
Water - - Dip
Mertect Thiabendazole 6.6 Spray
Jet-Oxide PAA+H,0, 1.8 Dip
Mertect Thiabendazole 6.6 Spray
Water ) - Dip 1
Jet-Oxide PAA+H,0, 1.8 Dip 2
Mertect Thiabendazole 6.6 Spray
Water ) - Dip
Jet-Oxide PAA+H,0, 1.8 Spray 1
Mertect Thiabendazole 6.6 Spray 2
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Figure 3.1 Differences in final disease incidence of black rot. The violin represents the variation
of the data surrounding the means. The width of the curve represents the frequency of data points

in the region. The dot represents the mean and the line represents the variance.
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Figure 3.3 Differences in final disease severity of black rot. The violin represents the variation
of the data surrounding the means. The width of the curve represents the frequency of data points

in the region. The dot represents the mean and the line represents the variance.
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Figure 3.4 Differences in disease severity AUDPC of black rot. The violin represents the
variation of the data surrounding the means. The width of the curve represents the frequency of

data points in the region. The dot represents the mean and the line represents the variance.
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