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ABSTRACT

Scruggs, A. C., and Quesada-Ocampo, L. M. 2016. Etiology and epi-
demiological conditions promoting Fusarium root rot in sweetpotato.
Phytopathology 106:909-919.

Sweetpotato production in the United States is limited by several posthar-
vest diseases, and one of the most common is Fusarium root rot. Although
Fusarium solani is believed to be the primary causal agent of disease,
numerous other Fusarium spp. have been reported to infect sweetpotato.
However, the diversity of Fusarium spp. infecting sweetpotato in North
Carolina is unknown. In addition, the lack of labeled and effective fungi-
cides for control of Fusarium root rot in sweetpotato creates the need for in-
tegrated strategies to control disease. Nonetheless, epidemiological factors
that promote Fusarium root rot in sweetpotato remain unexplored. A survey
of Fusarium spp. 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 35�C), 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’ sweetpotato.
Fusarium root rot was significantly reduced (P < 0.05) at lower temper-
atures (13�C), low relative humidity levels (80%), and low initial inoculum
levels for both pathogens. Sporulation of F. proliferatum was also reduced
under the same conditions. Qualitative mycotoxin analysis of roots infected
with one of five Fusarium spp. revealed the production of fumonisin B1 by
F. proliferatum when infecting sweetpotato. This study is a step toward char-
acterizing the etiology and epidemiology of Fusarium root rot in sweetpotato,
which allows for improved disease management recommendations to limit
postharvest losses to this disease.

Sweetpotato (Ipomoea batatas) is an important crop around the
world, particularly in developing countries, and currently ranks
seventh among the most important food crops worldwide in
production (FAOSTAT 2009). Being very high in vitamin A and
other essential nutrients (Woolfe 1992), sweetpotato roots are used
to combat nutritional disorders in some countries of Africa and
Asia. Sweetpotato roots 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 (Bickers 2015). A recent,
rapid increase in U.S. 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 sweetpotato in the
United States and is responsible for over 40% of the nation’s produc-
tion, which is valued at over $260 million (NCDA&CS 2015).
Although sweetpotato production is limited by a variety of abi-

otic and biotic factors, plant disease is a significant threat to the in-
dustry worldwide (Clark et al. 2013). Fusarium root rot is a major
postharvest disease of sweetpotato, particularly in the southeastern
United States, where the majority of sweetpotato crops 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 andmostly occurs during long-
term storage. Root rot lesions on sweetpotato 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 spp. have been reported to infect sweet-

potato roots (Farr and Rossman 2006); however, Fusarium solani is
considered the primary cause of Fusarium root rot (Clark et al.
2013) and, thus, the subject ofmost research conducted to date. Due
to the lack of research and survey in this area, it is likely that addi-
tional Fusarium spp. also infect sweetpotato and have gone unre-
ported. 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
(daSilva andClark2013;Farr andRossman2006).Theextent towhich
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 for controlling this disease and limiting
potential mycotoxin contamination.
A recent study suggests that F. solanimay 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 condi-
tions 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, aswell as proper curing soon after harvest, are
important steps to minimizing Fusarium root rot. Approximately
100 days after planting, sweetpotato roots 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
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5 to 7 days to be cured (Edmunds et al. 2008). This process allows for
suberization and wound periderm formation to heal any wounds that
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, because some cultivars are more resistant than others (Clark
et al. 1986). No studies to date have examined the susceptibility of
‘Covington’ sweetpotato to Fusarium root rot, which is the primary
variety being grown in North Carolina. Although it is known that
environmental conditions affect disease progression in other crops
andpathosystems (Granke andHausbeck2010;Whiting et al. 2001),
no specific factors influencing Fusarium root rot of sweetpotato have
been identified. Establishing what temperature, humidity, and inocu-
lum 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: (i) to identify the diversity of
Fusarium spp. that are infecting sweetpotato roots in North Carolina
and determine their virulence and potential formycotoxin production
and (ii) 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-diametermycelial plugs) thatmay
occur throughout the postharvest life of a sweetpotato root on disease
progression of Fusarium root rot. With this information, accurate
recommendations can be made to growers and packers so that envi-
ronmental 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.

MATERIALS AND METHODS

Sampling and isolation of Fusarium spp. infecting sweetpotato.
Covington sweetpotato roots with suspected Fusarium infection
were sampled from commercial packinghouses in North Carolina,
representing 11 commercial sweetpotato farms and covering seven
counties in eastern North Carolina (Supplementary Table S1). Cov-
ington 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 it onto a 100-mm petri dish containing potato dextrose agar
(PDA) amended with ampicillin at 20 mg/liter and rifampicin at
20 mg/liter. 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 h, 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.

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 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 h. Tissue was then
disrupted by adding three glass beads to each tube and homoge-
nized for 30 s using an Omni Bead Ruptor 24 (Omni Interna-
tional, Kennesaw, GA). DNA extractions were performed using a

standard phenol-chloroform extraction protocol (Iowa State Univer-
sity PTF 2003).
Total DNAwas used to amplify the internal transcribed spacer

(ITS) region with primers ITS1 and ITS4 (White et al. 1990). All
polymerase chain reactions (PCR) were performed in a T100
Thermocycler (Bio-Rad, Hercules, CA) with the following param-
eters: 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
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, North Carolina State University, on a LifeTech
3730xl DNA Analyzer (Life Technologies, Carlsbad, CA) using the
forward primer thatwas used to amplify theDNA.Electropherogram
files from the LifeTech 3730xl DNA Analyzer were viewed for
quality of reaction in FinchTV (Geospiza, Inc., Seattle) and sequence
reactions were repeated if necessary. Sequences were compared
against theNational Center for Biotechnology InformationGenBank
database using BLAST (Altschul et al. 1990) and the Fusarium-ID
Database (Geiser et al. 2004) for species identification.

Phylogenetic analysis. Sequenceswere aligned usingClustalWS
(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.Haplotypeswere
identified using the haplotype block workflow in theMobyle SNAP
Workbench (Monacell and Carbone 2014). Identical sequences were
collapsed into 42 haplotype groups (Table 1). In all, 398 variable sites
across the concatenated datasetwere 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 sub-
stitution model, with a rapid bootstrap random number seed set at
2,139. The algorithm selected performed a rapid bootstrap analysis
and searched for the highest scoring maximum-likelihood tree in one
run. In addition tomaximum-likelihood analysis,maximum-parsimony
analysis was also conducted inMEGA 6.06 (Tamura et al. 2013) using
the subtree-pruning-regrafting algorithm (Nei andKumar 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.

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 sweetpotato (Table 2). Six Covington sweet-
potato roots were wounded using a rubber-band-propelled wooden
dowel previously developedbyHolmesandStange (2002), calibrated
to inflict a bruising wound 2 mm deep into the sweetpotato root.
Roots were inoculated using a 5-mmmycelia 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.
Rootswere 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
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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 were 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 spp. identified in the
survey that have been reported to produce deoxynivalenol (DON),
T-2, or fumonisin B1 (Table 3). Twoweeks after inoculation, infected
sweetpotato tissue was collected from 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 (ACDiagnostics, 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.
Activelygrowingcultures ofF. solani isolateAS086andF.proliferatum
isolate AS050were 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 North Carolina 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) was performed and PCR products were
sequenced tomolecularly characterize the isolates. A BLAST search
of the produced sequences from AS086 revealed a 100% identity to
GenBank accession number JF323000, which corresponded to an
F. solani isolate. Likewise, sequences generated from isolate AS050
revealed a 100% identity to GenBank accession number KJ608097,
corresponding to an F. proliferatum isolate. ITS sequences for the
F. solani andF. proliferatum isolates used in this studyweredeposited
into GenBank under accession numbers KU507202 and KU507203,
respectively. Cultures were maintained on PDA and stored at 4�C.
Isolates were transferred onto fresh PDA media 7 days before
inoculation and kept under light at 23�C.

Covington roots were obtained from individual commercial sweet-
potato farms at the time of each inoculation. All roots used in this
study had been previously cured at industry standards (Edmunds
et al. 2008) andwere selected based upon consistent size, shape, and
a disease-free appearance. Prior to inoculation, sweetpotato roots
were surface sterilized by soaking them in 5% sodium hypochlorite
for 5 min, individually rinsing them with sterile water, and placing
them into a laminar flow hood to air dry. Upon drying, sweetpotato
roots were placed into a plastic box one at a time.

Wounding and inoculation. Prior studies indicate that bruising
is themost conducivewound 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 19 mm 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 to 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-by-20-by-14-cm
plastic containers.
Sweetpotato roots were inoculated using mycelium plugs from

7-day-old cultures. Plugs were taken along the outer edge of
cultures to ensure that the same amount and type of inoculum was
contained in each plug. Plugswere placed face downonto the edge of
the wounded area of the root, ensuring that the fungus contacted
internal tissue beyond the periderm.

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 wounded but not
inoculated control roots were placed in individual containers and
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. Themethodwas 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. A level of 80% 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 paper towels
dampened with 15 ml of sterile water. Watchdog model B102 data
loggers (Spectrum Technologies, Plainfield, IL) were placed ran-
domly 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.
AUDPCvalueswere calculated for each variable per root using the

TABLE 2. Average area under the disease progress curve (AUDPC) values
observed 11 days postinoculation in sweetpotato roots infected with a single
isolate of each species found in our survey

Isolate Species Mean AUDPC ± SEz

AS311 Gibberella fujikuroi complex 39.38 ± 4.70 a
AS495 Fusarium 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

z Mean AUDPC ± standard error (SE) calculated by measuring lesion diam-
eter every other day for 11 days. Different letters represent statistical
significance at the 0.05 significance level, with means separated using
Tukey’s test.

TABLE 3. Mycotoxin test results from sweetpotato roots infected with dif-
ferent Fusarium spp. 14 days postinoculation using lateral-flow test kits

Isolate Species Mycotoxin testedx Resulty

AS256 Fusarium graminearum Deoxynivalenol –
PH-1z F. graminearum Deoxynivalenol –
AS050 F. proliferatum Fumonisin B1 +
AS135 F. oxysporum Fumonisin B1 –
AS088 F. acuminatum T-2 –
AS086 F. solani T-2 –

x Mycotoxin tested was selected based on previous reports of being produced
by the given Fusarium spp.

y Result is based on the reaction of a lateral-flow device with a minimum
detection point of 200 ppb.

z PH-1 = known deoxynivalenol producer in wheat (Gaffoor et al. 2005).

TABLE 1. Diversity of Fusarium spp. from a survey of infected sweetpotato
roots obtained from 11 commercial sweetpotato farms across seven 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
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trapezoidal method (Madden et al. 2007). The experiment was
arranged in a split-plot design, with experiment as the blocking
factor, temperatures aswhole plots, and humidity levels as subplots.
TheAUDPC values of the two replicated experiments were used for
statistical analyses. AUDPC data from control roots were removed
from the data set prior to statistical analyses because no infection
occurred and no symptoms developed. An ANOVAwas 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 wounded but not inoculated control roots were placed into a
growth chamber set at either 13, 18, 23, 29, and 35�C. Roots were
maintained at approximately 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)
were placed randomly in each treatment to monitor the temperature
and relative humidity throughout the duration of the experiment.
This experiment was conducted two times and disease evaluation
and data analysis were performed as described in the temperature
and humidity experiments, with inoculum level as the subplot.

RESULTS

Fusarium spp. 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. In all, 81 isolates were identical in
sequence and, therefore, collapsed to a single haplotype, resulting in
42 unique haplotypes with 398 variable sites that were used for
phylogenic analysis. F. incarnatum isolates AS318 and AS343 and
Gibberella fujikuroi complex isolateAS347were excluded from the
analysis due to failure of the elongation factor region to amplify.
However, preliminary reconstruction of a phylogenic tree using
neighbor joining based on ITS sequence alone showed isolates
AS318 andAS343 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 (Fig. 1, TreeBASE Study accession number
S18706). Maximum-parsimony analysis was also performed for
the 42 haplotypes (tree not shown) and 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 that each collected

species was capable of reinfecting sweetpotato roots to produce
symptoms similar 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. Although 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
11-day period revealed significant differences in disease progres-
sion 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, because all species identified in the survey had been
previously reported to infect sweetpotato exceptF. graminearum, this
specieswas reisolated from infected roots to confirmF. 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 spp. (Table 3). F. graminearum isolate AS256
was collected from an infected sweetpotato root and tested negative
for DON at a minimum detection concentration of 200 ppb. PH-1,
an F. graminearum isolate known to produce DON in cereal crops
(Gaffoor et al. 2005), also tested negative at 200 ppb when inocu-
lated 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 detec-
tion 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
byClark 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 contained hollow cavities under the lesion
surface, with white mycelia protruding from the cavities (Fig. 2).
Symptoms of Fusarium root rot were delayed at 13�C, not appearing
until 4 days postinoculation (dpi) for F. solani as compared with 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 bothF. solani
and F. proliferatum. In general, changes in temperature affected
both time of symptom development and rate of disease progression,
whereas changes in relative humidity largely affected 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, sporulationwas
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 or 90% humidity for F. proliferatum inoculated
roots stored at 35�C. 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 compared with other tested temperatures

TABLE 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 Fusarium proliferatum and
F. solani

Mean RH (%) ± SEz

Goal RH (%) F. proliferatum F. solani

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

z Mean relative humidity (RH) ± standard error (SE).
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under high humidity. Both pathogens also resulted in 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 (Fig. 3). Signif-
icant 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) forF. 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 (P < 0.001) of
inoculum level on disease progression, because AUDPC increased
with inoculum level at each tested temperature (Fig. 3E and G).
AUDPC values for lesion diameter at 80% humidity stayed

relatively constant across all tested temperatures forF. solani (Fig. 3A)
and no significant simple effects of temperature were observed at
the 80% humidity level (Supplementary Table S2). A level of 90%
humidity produced significantly higher disease levels for F. solani
at 18, 23, and 29�C compared with the same temperatures at 80%
humidity; however, maximum disease levels at each temperature
were observed at 100%humidity, except at temperatures of 13�Cfor
F. solani (Fig. 3A). At 13�C, there was no significant difference in
disease progression ofF. solani observed regardless of the humidity
level. However, as temperatures becamemore favorable for F. solani
disease development (18, 23, 29, and 35�C), a positive relationship
betweenAUDPCand relative humidity level was observed (Fig. 3C),
leading to increased disease progression at higher humidity levels. At
18, 23, and 29�C, simple effects of relative humidity were significant
at each of the tested humidity levels.
Similarly to F. solani, disease progression for F. proliferatum

at 80% humidity remained relatively constant across temperature
treatments (Fig. 3B) and revealed no significant simple effects
between the tested temperatures (Supplementary Table S3). At
the 90% humidity level, significant differences were observed
between 13 and 29�C and 18 and 29�C. The highest disease levels
for F. proliferatum occurred at the 100% humidity level for each
temperature besides 13�C (Fig. 3D), at which therewere no significant
differences between humidity levels. 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). At the 100%humidity level,
F. proliferatum disease progression at 23�C was significantly higher
than at any other tested temperature.
UnlikeF. 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) (Fig. 3F). In general, there was a positive
relationship betweenAUDPC and inoculum level (Fig. 3H) because
the high (7-mm) inoculum level was significantly different from the
low (3-mm) inoculum level at each tested temperature (Supple-
mentary Table S4). The medium (5-mm) inoculum level varied at
each temperature in its difference from the other tested inoculum
levels (Fig. 3F). Significant differences in temperature were
observed at each level of inoculum.
Similar observationsweremade for sporulation ofF. proliferatum

over the same treatments (Fig. 4). The highest sporulation was
observed at 100% humidity for temperature treatments of 18, 23,
and 29�C, which were not significantly different (Supplementary
Table S5). Sporulation generally then decreased at each of those
temperatures as humidity levels dropped (Fig. 4A). Sporulation area
at 13�Cwas significantly higher at 90% humidity as compared with
80 and 100% humidity levels and sporulation was nonexistent at
35�C across all humidity treatments (Fig. 4B). Significant interac-
tions 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
(Fig. 4C), significantly higher than high inoculum levels at other
temperatures and the other tested inoculum levels at 18�C
(Supplementary 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 signifi-
cantly lower. A positive relationship for sporulation was observed
between inoculum level and temperature at each temperature
treatment, with the exception of 35�C, at which sporulation was
inconsistent (Fig. 4D). Sporulation was significantly lower at
35�C compared with the other tested temperatures for the medium
and high inoculum levels.

DISCUSSION

Investigations into the diversity of Fusarium spp. infecting sweet-
potato 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 (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 spp. infecting potato, Hanson et al. (1996)
found that the species of Fusarium causing disease depended on
numerous factors, including whether tubers are used for seed, table
stock, 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). Although the
current study investigates only theFusarium spp. 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 (Fig. 1). However,
previous phylogenies developed based upon combined rDNA
cluster, B-tub, and elongation factor sequences of multiple species
within the Fusarium genus that produced similar results based on
maximum likelihood placed F. graminearum, F. incarnatum, and
F. acuminatum further related fromF. 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 spp. 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 infecting sweetpotato. Some haplotypes of F. solani and
F. oxysporum were found in a single location, while other were
found across multiple counties (Fig. 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 equip-
ment. 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) and, therefore, may be
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the cause of the homoplasy observed in the present study with
F. solani and F. oxysporum; however, further studies 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 spp. may also depend on the inoculation method,
potentially affecting the outcome of this test as well, because
method ofwounding has been shown to affect disease levels of other
sweetpotato pathogens (Holmes and Stange 2002). Similar results
were observed in potato, where differences in tuber susceptibility

varied among Fusarium spp. (Hanson et al. 1996). Regardless, the
present findings highlight the potential of other Fusarium spp.
besides F. solani to cause significant losses in sweetpotato.
Inmany developing countries, sweetpotato roots 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 sweetpotato (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
sweetpotato 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 sweetpotato are consistent with our findings of fumonisin B1

Fig. 1. 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 et al. 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 2,139. Colored dots beside each haplotype represent the various counties in which the haplotype was found.
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in infected roots. Although lung edema has previously been
associatedwith 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 byF. graminearum (which, to our
knowledge, has not been previously reported) was also determined
in this study. F. graminearum is notorious for contaminating grain
crops with DON (Desjardins 2006); however, no DON production
was detected in sweetpotato infected with F. graminearum isolate
(AS256) and an isolate from cereals (PH-1) (Gaffoor et al. 2005).
Although, here, we report the production of fumonisin B1 by
F. proliferatum and negative results for other tested toxins, it is
important to consider that only one isolate of each pathogen was
used in our analysis and a limited set of potential mycotoxins was
tested. Additionally, mycotoxin tests were conducted 2 weeks after
inoculation, which may not have been enough time to allow for
sufficient toxin accumulation in the sweetpotato tissue for de-
tection. 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 environ-
mental factors, and the investigated species also produce additional
toxins that were not tested. The study at hand introduces the po-
tential for mycotoxin production in sweetpotato but additional

studies are certainly needed to performmore quantitative analyses
using multiple isolates and to test additional toxins that could be
produced, especially by common species causing root rot of sweet-
potato before we can understand the risk associated with using
infected sweetpotato roots as livestock 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 oneFusarium spp. over
another. A study by Reid et al. (1999) found that certain temper-
atures within corn silks favored growth of F. moniliforme over that
of F. graminearum and other temperatures favored growth of
F. graminearum overF.moniliforme inmixed inoculations. Similarly,
the species responsible for Fusarium head blight of wheat largely
depends onclimatic conditionswithin ageographic region, suggesting
that the primary causal agent of a disease can differ depending on
environmental conditions (Doohan et al. 2003). The extent towhich
field and storage conditions may affect the fitness or interaction of
Fusarium spp. 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 that environmental conditions have on other diseases, as

Fig. 2. Symptoms typical of Fusarium root rot on sweetpotato caused by Fusarium solani. A, Dark, sunken lesions form on the root surface that B, extend below the
periderm into the inner cortex of the root. In advanced lesions, hollow cavities may form under the lesion surface and C, white mycelia can be observed inside the cavities.
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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 will result in the
increase or decrease of occurrence for particular species in sweetpotato.
Furthermore, the diversity ofFusarium spp. infecting sweetpotato roots

may also be affected by climatic conditions, such that certain species in
warmer climatesmaybemoreprevalent 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, compared with 23�C for F. proliferatum, and temperatures

Fig. 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, Fusarium solani (AS086) and B, F. proliferatum (AS050); temperature across different relative humidity
treatments for C, F. solani (AS086) and D, F. proliferatum (AS050); initial inoculum levels across different temperature treatments for E, F. solani (AS086) and F,
F. proliferatum (AS050); and temperature across different initial inoculum level treatments for G, F. solani (AS086) and H, F. proliferatum (AS050). Error bars
depict the standard error of the mean.
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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 that grew at a temperature
range of 4 to 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 andF. solani correspond to the differences in disease
progression of root rot observed in this study, with F. solani causing
higher levels of disease at higher temperatures compared with
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, becauseAlberts 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
(<12�C) 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 of Fusarium head
blight of wheat observed similar results, because infection of wheat
spikes by F. avenaceum and F. graminearum was lower at lower
compared with higher humidities (Rossi et al. 2001). However,
infection by F. culmorumwas 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 13�C 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 recom-
mended due to losses fromphysiological processes such as increased
respiration (Ezell et al. 1956). Regardless of the species causing
Fusarium root rot of sweetpotato, based on the results of this study,
long-term storage of sweetpotato roots at 13�C and 85 to 90%
humidity and maintaining sanitary conditions is recommended for
reducing losses to Fusarium root rot. Current recommendations
of storage at 13�C and 85% humidity with 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 temperatures, 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 contrast-
ing 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 spp. to produce myco-
toxins in infected sweetpotato, 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 spp. identified in
sweetpotato should be conducted to better understand the pathogen
populations and interactions occurring on sweetpotato in North

Carolina. Although onlyF. proliferatumwas 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

Fig. 4. Area under the disease progress curve (AUDPC) values calculated by
measuring sporulation of Fusarium proliferatum every other day for 11 days as
a response to A, relative humidity across different temperatures; B, tempera-
ture across different relative humidity treatments; C, initial inoculum levels
across different temperatures; and D, temperature across different initial in-
oculum level treatments. Error bars depict the standard error of the mean.
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epidemiology of Fusarium root rot in sweetpotato can lead to
improved control and management of this disease.
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