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ABSTRACT

Kandel, Y. R., Haudenshield, J. S., Srour, A. Y., Islam, K. T., Fakhoury,
A. M., Santos, P., Wang, J., Chilvers, M. I., Hartman, G. L., Malvick,
D. K., Flpoyd, C. M., Mueller, D. S., and Leandro, L. F. S. 2015.
Multilaboratory comparison of quantitative PCR assays for detection
and quantification of Fusarium virguliforme from soybean roots and
soil. Phytopathology 105:1601-1611.

The ability to accurately detect and quantify Fusarium virguliforme,
the cause of sudden death syndrome (SDS) in soybean, in samples such
as plant root tissue and soil is extremely valuable for accurate disease
diagnoses and to address research questions. Numerous quantitative real-
time polymerase chain reaction (qPCR) assays have been developed for
this pathogen but their sensitivity and specificity for F. virguliforme have
not been compared. In this study, six qPCR assays were compared in five
independent laboratories using the same set of DNA samples from fungi,

plants, and soil. Multicopy gene-based assays targeting the ribosomal DNA
intergenic spacer (IGS) or the mitochondrial small subunit (mtSSU) showed
relatively high sensitivity (limit of detection [LOD] = 0.05 to 5 pg)
compared with a single-copy gene (FvTox1)-based assay (LOD = 5 to
50 pg). Specificity varied greatly among assays, with the FvTox1 assay ranking
the highest (100%) and two IGS assays being slightly less specific (95 to
96%). Another IGS assay targeting four SDS-causing fusaria showed lower
specificity (70%), while the two mtSSU assays were lowest (41 and 47%).
An IGS-based assay showed consistently highest sensitivity (LOD =
0.05 pg) and specificity and inclusivity above 94% and, thus, is suggested as
the most useful qPCR assay for F. virguliforme diagnosis and quantification.
However, specificity was also above 94% in two other assays and their
selection for diagnostics and research will depend on objectives, samples,
and materials used. These results will facilitate both fundamental and
disease management research pertinent to SDS.

Sudden death syndrome (SDS) of soybean has become a major
problem inmost of the soybean-growing regions ofNorth and South
America. SDS may result in minimal to more than 80% yield loss,
depending upon cultivar, time of disease onset, and severity (Roy
et al. 1997). In North America, this disease is caused by Fusarium
virguliforme (Aoki et al. 2003; Roy 1997; Roy et al. 1997) whereas,
in South America, it is caused by F. virguliforme, F. tucumaniae,
F. brasiliense, andF. crassistipitatum (Aoki et al. 2003, 2005, 2012;
O’Donnell et al. 2010; Roy et al. 1997; Rupe and Hartman 1999).
Since the discovery of SDS in Arkansas in 1971 (Hirrel 1983), the
disease has been reported in most soybean-growing states of the
United States (Leandro et al. 2012; Rupe et al. 2001); the Canadian
province of Ontario (Anderson and Tenuta 1998); and several
countries of South America (Leandro et al. 2012), South Africa
(Tewoldemedhin et al. 2014) and Asia (Prathuangwong et al. 1996;
Sanitchon et al. 2004).
F. virguliforme is a soilborne fungus that causes root rot, reducing

root biomass in soybean (Roy et al. 1997). The pathogen also
produces one (FvTox1) ormore toxins that are translocated from the
root to the shoot and cause foliar symptoms (Brar et al. 2011;
Pudake et al. 2013). Characteristic foliar symptoms are chlorotic

mottling, interveinal necrosis, premature defoliation, and pod
abortion (Hartman et al. 2015a; Roy et al. 1997; Rupe and Hartman
1999). These foliar symptoms are similar to those associated with
brown stem rot, caused byCadophora gregata; stem canker, caused
by Diaporthe phaseolorum var. caulivora or D. phaseolorum var.
meridionalis; and red crown rot, caused by Calonectira ilicicola
(Hartman et al. 2015b; Roy et al. 1997; Rupe and Hartman 1999).
Distinctive blue sporodochia of F. virguliforme are sometimes
visible on the root surfaces and lower parts of the soybean stem.
These symptoms and signs, along with the absence of brown pith
discoloration, help differentiate SDS from diseases with similar
symptoms; however, laboratory analyses are needed to support
symptom-based diagnoses. Some Fusarium spp. that are phylo-
genetically closely related to F. virguliforme cause root rot on
bean but do not cause SDS symptoms on soybean (O’Donnell
et al. 2010). Correct diagnosis is key for all aspects of SDS re-
search, from basic research to applied research related to disease
management.
Soybean SDS is a difficult disease to manage. Varietal resistance

is perhaps the most important tool available (Leandro et al. 2012;
Mueller et al. 2003). Soybean genotype screening, a prerequisite for
resistance breeding, is challenging because of the erratic response
of genotypes in different environments. A previous study (Torto
et al. 1996) has shown that genotype reactions under greenhouse
conditions sometimes do not correspond to field reactions, possibly
due to differences in environmental conditions, stage of the plant in
greenhouse versus field during screening, strains of the fungus, or
different levels of inoculum in the field versus greenhouse.Accurate
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quantification of the SDS pathogen in the field may improve the
reliability of screening assays and the prediction of SDS risk.
Dilution plating of soil samples on semiselective media has

been used to estimate F. virguliforme density in soil (Cho et al.
2001; Luo et al. 2000, 2001) but this procedure is laborious and
time consuming because of the pathogen’s slow growth in culture.
In addition to the need for prolonged incubation, the medium
is only semiselective and it is frequently difficult to detect
F. virguliforme colonies due to the presence of other Fusarium
spp. and other fungi.
Disease diagnosis in clinical laboratories has been revolution-

ized by real-time quantitative polymerase chain reaction (qPCR)
because of several advantages compared with traditional culture-
based techniques, immunological methods, and traditional PCR
(Bilodeau 2011; Espy et al. 2006; Heid et al. 1996;McCartney et al.
2003; Mumford et al. 2006; Sanzani et al. 2014; Schena et al. 2013;
Vincelli and Tisserat 2008). First, qPCR can enable highly sensitive
and specific detection of target organisms (nucleic acid) in a
variety of specimens without the need to culture the organism.
Other important advantages offered by qPCRover conventional PCR
are accurate determinations of the initial quantity of target DNA
sequence, and eliminating the need for post-PCR processing, such as
gel electrophoresis or sequencing of the amplified products. In
contrast, some drawbacks of qPCR include occasional type 1 or type
2 errors (false-positive and false-negative results, respectively), and
potential difficulties in reproducing results using the same assay in
different laboratories (Bustin 2002, 2010; Mbofung et al. 2011).
Several PCR assays for the detection and quantification of

F. virguliforme were developed over 10 years ago when the fungus
was referred to as F. solani f. sp. glycines (Gao et al. 2004; Li and
Hartman 2003), with more recent qPCR assays developed within
the last 5 years (Mbofung et al. 2011; Wang et al. 2015; Westphal
et al. 2014). The qPCR assays targeted various regions of the fungal
genome, including the mitochondrial small subunit (mtSSU),
ribosomal RNA gene (Gao et al. 2004; Li et al. 2008), and the
intergenic spacer (IGS) region of the ribosomal RNA repeats (Wang
et al. 2015; Westphal et al. 2014). In addition, after the recent
discovery of genes directly involved in toxin production by
F. virguliforme (Brar et al. 2011; Pudake et al. 2013), the FvTox1

gene was used as a target to design primers and probes for another
assay (Mbofung et al. 2011). Specificity and sensitivity of the assays
may vary based on the type of target region, amplicon size, and its
copy number (Chern et al. 2011;Mbofung et al. 2011), aswell as the
extent to which interfering sequences may be present (nontarget
regions which may interact with the primers or probe).
Robustness may be described as an assay’s resiliency to poten-

tial inhibitors, the ability to perform in different implementations
(choice of enzyme supplier, reagents, controls, instrumentations, and
protocols) and the employment of control strategies to estimate or
prevent false-positive and false-negative results. The presence of
multiple Fusarium spp. and other closely related fungi in soybean
fields makes specific detection and quantification of F. virguliforme
challenging. The developers of the assays for F. virguliforme have
tailored each to the needs of their research focus, partially with a
view to the known distribution of SDS-causing species in their
region. Thus, a rigorous and systematic comparisonof specificity and
sensitivity of the F. virguliforme qPCR assays was needed across
different laboratories.
The goal of this studywas to explore strengths and weaknesses of

the existing qPCR assays across multiple implementations when
detecting and quantifying F. virguliforme from soil and root tissues,
and in differentiating among isolates of F. virguliforme and related
or unrelated species. This study compares the performance of six
qPCR assays on the same panel of 76 DNA samples across five
different laboratories located in the United States. Knowledge
gained from this studywill have applications for interpreting assays
in diagnostic laboratories, improving research studies, and improving
decision making in disease management.

MATERIALS AND METHODS

Experimental design. A multilaboratory comparison of six
independent qPCR assays for detection and quantification of
F. virguliformewas carried out in five research laboratories located
in the United States (Table 1). The assays included wereWang et al.
(2015), Fakhoury et al. (this study),Gao et al. (2004),Mbofung et al.
(2011), Li et al. (2008), and Westphal et al. (2014). Letters A to F
were assigned to the six assays, respectively (Table 2).

TABLE 1. Protocols, reagents, and instruments used in five laboratories participating in this study for comparison of six quantitative polymerase chain reaction
(qPCR) assays developed to detect and quantify Fusarium virguliforme

Lab
locationz

DNA extraction
protocol

qPCR instrument
and software

Brand of qPCR reagents
(Master Mix)

Data analysis (threshold
adjustment)

ISU DNeasy Plant Mini Kit (Qiagen
Germantown, MD)
for plant and fungus and MoBio
(Carlsbad, CA) Power soil DNA
extraction kit for soil

Bio-Rad iQ5/iCycler iQ5 optical
system software (version 2.1;
Bio-Rad Laboratories, Inc.)

PerfeCTa qPCR SuperMix with
Rox (Quanta Biosciences,
Inc., Gaithersburg, MD)

Cycle threshold was manually
adjusted within the exponential
phase maximizing the efficiency
and R2

MSU DNeasy Plant Mini Kit (Qiagen,
Germantown, MD)

ABI StepOnePlus (Applied
Biosystems), software v2.3

TaqMan Universal real-time
PCR master mix (2×)
(Applied Biosystems)

Baseline threshold was adjusted
automatically by machine

SIU Cetyltrimethylammonium bromide
DNA extraction

Bio-Rad CFX96 Real-time PCR
(Bio-Rad, Hercules, CA), CFX
manager v 3.1 software

GoTaq Flexi DNA polymerase
from Promega Corp.

Baseline threshold was set
manually using the single
threshold mode at a fluorescence
value above background giving
the best slope and R2

UI FastDNA Spin Kit and FastDNA
Spin Kit for Soil (MP Biomedicals,
Solon, OH) and EZNA MicroElute
DNA Clean Up Kit (Omega Bio-Tek,
Norcross, GA)

Stratagene (Agilent
Technologies,
Santa Clara, CA) Mx3005p
Real-time PCR instrument,
with MxPro 4.1 software

Invitrogen (Life Technologies,
Grand Island, NY) Platinum
Quantitative PCR SuperMix-
UDG

Amplification-based automatic
threshold adjustment

UMN FastDNA Kit (MP Biomedicals) for
fungal cultures; (Malvick and Grunden
2005) for plant samples; and PowerSoil
DNA Kit (MoBio Laboratories,
Carlsbad, CA) for soil

Applied Biosystems 7500 (Life
Technologies, Grand Island,
NY) software version 2.0.6

Applied Biosystems TaqMan
Gene Expression

Baseline threshold was adjusted
automatically by machine

z ISU = Iowa State University, Ames; MSU = Michigan State University, East Lansing; SIU = Southern Illinois University, Carbondale; UI = University of Illinois
and United States Department of Agriculture–Agricultural Research Service, Urbana; and UMN = University of Minnesota, St. Paul.

1602 PHYTOPATHOLOGY



TABLE 2. Primers and probes, polymerase chain reaction (PCR) reagents, and thermal profile of six Fusarium virguliforme-specific quantitative (q)PCR assays used in a
comparison study conducted in five different laboratories

Assay and
reference

Target
regiony

Forward primer (F), reverse primer (R), probe internal control sequence,
primers, and probesz

PCR mix (final
volume 20 µl) Thermal profile

A (Haudenshield and
Hartman 2011;
Wang et al. 2015)

28S-18S
rRNA IGS

F 59-GTAAGTGAGATTTAGTCTAGGGTAGGTGAC-39 Master mix, 1× 2 min at 50�C

R 59-GGGACCACCTACCCTACACCTACT-39 Primers, 500 nM each 2 min at 95�C
Probe Probe, 250 nM 40 cycles of (15 s

at 95�C and 30 s
at 60�C)

59-6FAM-TTTGGTCTAGGGTAGGCCG-/MGBNFQ/-39 IC forward primer,
600 nM

…

Internal control target (linearized plasmid) IC reverse primer,
200 nM

…

pJSH-B14 59-GATACCCAAG TAGTCTTTGC AGTAAATGCA TGC
TTAGGAC GAGAACTCCC ACATCGAGCT GGACATCTGC ATG
TTGATAG GGGACTAGGC ATTAA-39

IC probe, 200 nM …

IC-F 59-CTAGGACGAGAACTCCCACAT-39 Bovine serum albumen
(BSA), 400 ng/µl

…

IC-R 59-CAATCAGCGGGTGTTTCA-39 … …
IC-Probe 59-HEX-TGCTTAGGACGAGAACTCCCACATC-/
IBFQ/-39

… …

B, (Fakhoury;
this study)

28S-18S
rRNA IGS

F 59-GTCAAAATCAGTGTAGGGTAGGT-39 GoTaq Flexi buffer, 1× 2 min at 95�C

R 59-ACGGGTCGAGACCAGATTT-39 Primers, 900 nM each 40 cycles of (15 s
at 95�C and 60 s
at 60�C)

Probe Probe, 250 nM …
59-6FAM-TCCGCAAAAA/ZEN/TCAGGGCATCCCAC/IABkFQ-39 MgCl2, 3 mM …

dNTP, 0.2 mM each …
GoTaq DNA
polymerase, 1.25 U

…

C, (Gao et al. 2004;
Haudenshield and
Hartman 2011)

mtSSU rRNA F 59-GATACCCAAGTAGTCTTTGCAGTAAATG-39 Master mix, 1× 2 min at 50�C

R 59-TTAATGCCTAGTCCCCTATCAACAT-39 Primers, 900 nM each 2 min at 95�C
Probe Probe, 200 nM 40 cycles of (15 s

at 95�C and 30 s
at 60�C)

59-6FAM-TGAATGCCATAGGTCAGAT-/MGBNFQ/-39 MgCl2, 6.0 mM …
Internal control target (synthetic sequence) Internal control

probe, 150 nM
…

FsgIC-sEquation 59-GATACCCAAG TAGTCTTTGC AGTAAATGCA
TGCTTAGGAC GAGAACTCCC ACATCGAGCT GGACATCTGC
ATGTTGATAG GGGACTAGGC ATTAA-39

Internal control
target, 50 ymol

…

CoreIC-Probe 59-HEX-TGC TTA GGA CGA GAA CTC CCA CAT C-IBFQ-39 BSA, 400 ng/µl …
D, (Mbofung
et al. 2011)

FvTox1 F 59-GCA GGC CAT GTT GGT TCT GTA-39 Master mix, 1× 10 min at 95�C

R 59-GCA CGT AAA GTG AGT CGT CTC ATC-39 Primers, 300 nM each 40 cycles of (15 s
at 95�C and 45 s
at 60�C)

Probe Probe, 200 nM …
59-6-FAM ACT CAG CGC CCA GGA-/MGBNFQ/-39 … …

E, (Haudenshield and
Hartman 2011; Li
et al. 2008)

mtSSU rRNA F 59-GGCTGAACTGGCAACTTGGA-39 Master mix, 1× 2 min at 50�C

R 59-CAAAGCTTCATTCAATCCTAATACAATC-39 Primers, 300 nM each 2 min at 95�C
Probe 59-6FAM-TCTTCTAGGATGGGCTGGT-/MGBNFQ/-39 Probe, 200 nM 40 cycles of (15 s

at 95�C and 30 s
at 60�C)

Internal control target (synthetic sequence) MgCl2, 6.0 mM …
FvLiIC-sEquation 59-GGCTGAACTG GCAACTTGGA CATGCTT
AGG ACGAGAACTC CCACATCGAG CTGGACATCT GCGATT
GTAT TAGGATTGAA TGAAGCTTTG-39

Internal control probe,
150 nM

…

CoreIC-Probe 59-HEX-TGC TTA GGA CGA GAA CTC CCA CAT C-IBFQ-39 Internal control target,
50 ymol

…

… BSA, 400 ng/µl …
F, (Westphal
et al. 2014)

28S-18S
rRNA IGS

59-GGTGGTGCGGAAGGTCT-39 Master mix, 1× 2 min at 50�C

59-CCCTACACCTTTCGTACCAT-39 Primers, 450 nM each 10 min at 95�C
59-6FAM-ATAGGGTAGGCGGATCTGACTTGGCG-/TAMRA/-39 Probe, 200 nM 40 cycles of (15 s

at 95�C and 60 s
at 66�C)

y IGS = intergenic spacer of ribosomal RNA repeats, rRNA = ribosomal RNA, and mtSSU = mitochondrial small subunit ribosomal RNA gene.
z Probe source: MGB probes and probes for Westphal et al. (2014) and Wang et al. (2015) assays were purchased from Life Technologies, Grand Island, NY; other probes
were purchased from Integrated DNA Technologies, Inc. (IDT), Coralville, IA. Internal control DNA was ordered from Addgene, Cambridge, MA (http://www.addgene.
org) or received from Hartman Lab (University of Illinois and United States Department of Agriculture–Agricultural Research Service, Urbana). Primer source: Wang et al.
(2015) assay from Sigma-Aldrich as high-performance liquid chromatography purified oligos; Fakhoury et al. (this study), Gao et al. (2004), Mbofung et al. (2011), Li et al.
(2008), and Westphal et al. (2014) assays from IDT.
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All six assays were run using the same panel of DNA samples
from pure cultures and from plant and soil samples in each of the
participating laboratories. To determine the influence of laboratory
variation on the qPCR assays, amplification was done in each
laboratory with their unique working environments, brands of
reagents and consumables, instrumentation, and method of data
analysis (Table 1).

Sample preparation. In total, 76 DNA samples were tested,
including 54 DNA samples from pure fungal cultures (Table 3) and
22 DNA samples from soybean root tissue or soil (Table 4). The 54
DNA samples from pure cultures comprised of 19 isolates of
F. virguliforme from different geographic regions and 35 isolates of
other fungal species that included 13 Fusarium spp., three of which
(F. brasiliense, F. crassistipitatum, and F. tucumaniae) also cause
SDS, and two other species frequently found in soybean fields
(Macrophomina phaseolina and Rhizoctonia solani) (Table 3).
Species identification of all isolates was confirmed by partial
sequencing of the translation elongation factor (EF-1a) using the
primer sequence EF-1H andEF-2T (O’Donnell et al. 1998). Isolates
were obtained from participating laboratories and from the United
States Department of Agriculture–Agricultural Research Service
Culture Collection (National Center for Agricultural Utilization
Research, Peoria, IL). To validate assay specificity and sensitivity
for quantifyingF. virguliforme from field and greenhousematerials,
22 samples from roots (n = 11) and soil (n = 11) were collected and
tested (Table 4). Root and soil samples were collected from either
the greenhouse (n = 7) or field (n = 15) (Table 4). Of the 22 DNA
from root and soil samples, 12 were known or suspected to be
infected or infested by F. virguliforme and 10 were presumably
noninfested.
DNA was extracted following standard protocols in each

laboratory (Table 1) and submitted to Iowa State University (ISU)
for quantification and preparation of a single set of DNA samples to
use throughout the study. Upon receipt, DNA samples were stored
at _20�C until needed. Quantity and quality of the DNA were
determined using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE). After the DNA concentration
was determined, eachDNA sample from pure culturewas diluted to
1 ng/µl in DNase-, RNase-, and protease-free Tris-EDTA buffer
(10 mMTris and 1mMEDTA, pH 8.0 ± 0.1). Concentrations of the
DNA from root and soil samples were quantified using the same
method but concentrations were not adjusted. To reduce potential
biases, the DNA samples were provided double blind to each
laboratory by assigning a random number to each sample, which
was only decoded after completion of the study, except for the
F. virguliforme isolate Mont-1 reference DNA, used for standard
curves.
After receiving the coded DNA samples from ISU, each

participating laboratory prepared dilutions. For DNA from pure
cultures, dilutions were made at 10_1, 10_3, and 10_5, resulting in
100 pg/µl, 1 pg/µl, and 10 fg/µl. For DNA from root and soil
samples, dilutions weremade at 10_1, 10_2, and 10_3. Serial dilution
(10-fold) of the reference F. virguliforme isolate Mont-1 DNA
were prepared from stock at 1 ng/µl to produce the following
concentrations: 1 ng/µl, 100 pg/µl, 10 pg/µl, 1 pg/µl, 100 fg/µl,
10 fg/µl, and 1 fg/µl. To further eliminate potential extraneous
variables from the experiment, all primers, probes, and internal
control target sequences (where used) required for the assays were
derived from a single custom synthesis of each. These were
then divided into identical substocks and distributed among the
participating laboratories by the laboratory where the assay was
developed. Although the DNA were assayed blindly by each
laboratory, the assays themselves (A through F) were known by
necessity: each laboratory implemented the assays following
provided protocols but with their own real-time PCR instruments
and preferred master mix.

qPCR amplification. The assays were conducted with two
technical replications of each of the three dilutions, for a total of six

reactions for each DNA sample. qPCR assays were performed in a
total volume of 20 µl containing 5 µl of test DNA. All the reactions
were performed in 96-well plates. Each 96-well plate includedDNA
of 76 unknownDNA samples, 2 nontemplatewater controls (NTC),
and 14 DNA samples of isolate Mont-1 for the standard curve
determination. Each of seven concentrations of Mont-1 DNAwas
run in duplicate in each plate to produce a standard curve, to act as a
positive control, and to evaluate the limit of detection (LOD) of the
assay. Thus, each of the six assays was performed in 552 reactions
per lab (three dilutions × two technical replications × 92 reactions
per plate), for a total of 2,760 reactions (five laboratories × 552
reactions per lab). Because of occasional errors in set-up, a few
reactions were rerun on separate plates, along with the requisite
standard curves. Each assay’s reaction mix and cycling conditions
were followed as described in the assay protocol provided by each
laboratory (Table 2). Each laboratory used the same brand and type
of Master Mix for all six assays that they commonly use in that
laboratory. Amplification conditions and the other reagents used for
this study were the same as those used when the assays were
developed and optimized.

Data handling and analysis. The cycle threshold was set
according to the standard practice of each laboratory. In two of the
five laboratories, the threshold value was set manually according to
the manufacturer’s instructions within the exponential phase of
amplification, maximizing the efficiency and coefficient of de-
termination (R2). In the other three laboratories, the threshold was
calculated automatically by the thermocycler software (Table 1).
Standard curves were generated by plotting the quantification

cycle threshold (Cq) value against the base10 log of the initial
concentration of the reference DNA. The resulting standard curve
was used to determine quantity of test DNA, as well as to compare
the amplification efficiency of assays across laboratories. The R2

for each run was also calculated using the standard curve data.
The LOD for each assay was determined in each laboratory as the
lowest concentration of the standard DNA that could be detected in
at least 95% of the assay runs. For example, each standard DNA
concentration was run 12 times for each assay; thus, the lowest
concentration that was amplified in all 12 runs was considered to be
the LOD. After defining the LOD, data from standard DNA below
the assay LOD were excluded from standard curves. The absolute
quantity of the testDNAsamplewas quantified by comparing theCq

values of the sample to the standard curve using the software
associated with each thermocycler. Quantification was done only
within the range of amplification of the standard curve (i.e., the
DNAquantitywas not extrapolated outside the range. The test result
was defined as positive when the quantity of DNAwas equal to or
above the LOD and negative when below the LOD. Abnormal
amplification in any well was considered missing data.
Assayswere evaluated for efficiency (the relative increase in PCR

product per cycle), specificity (the ability to exclude from detection
any non-F. virguliforme species), inclusivity (the ability to detect
all F. virguliforme isolates), and sensitivity (power to detect
small quantity) across and within each laboratory. Amplification
efficiency of each run was determined using the slope of the
standard curve generated by the serially diluted reference isolate.
Inclusivity of the assays was determined based on positive results
from the most concentrated DNA samples of all 19 F. virguliforme
isolates originating from different geographical regions. The
inclusivity was calculated as the percentage of DNA samples
correctly identified as positive out of the total positive samples from
pure culture, as explained below:

Inclusivityð%Þ = number  of   true  positives  at 0:5  ng DNA  concentration

total  number  of   F: virguliforme  samples
× 100

Specificity for each assay was determined based on results from
the most concentrated DNA samples from pure cultures, as the rate
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TABLE 3. Number of fungal DNA samples detected as false negatives and false positives by six qPCR assays developed for the detection and quantification of
Fusarium virguliformew

Assayx

A B C D E F

Codey Species Isolate DNA sourcez (n = 10) (n = 10) (n = 10) (n = 10) (n = 10) (n = 6)

False negatives
CH03 F. virguliforme Fv-2 SIU 2 2 2 2 1 0
CH04 F. virguliforme LL0003 ISU 0 0 0 0 0 1
CH08 F. virguliforme LL0014 ISU 0 0 0 1 0 1
CH11 F. virguliforme LP UI 1 4 4 10 4 4
CH15 F. virguliforme Fv-1 SIU 0 0 0 1 1 0
CH16 F. virguliforme M5 UI 1 0 0 1 0 0
CH18 F. virguliforme 4 UMN 0 0 0 0 0 0
CH19 F. virguliforme FSG1002 UI 0 0 0 0 0 0
CH23 F. virguliforme LL0032 ISU 0 0 0 1 0 0
CH30 F. virguliforme Mont-1 UI 0 0 0 0 0 0
CH33 F. virguliforme Fv-3 SIU 0 0 0 1 0 0
CH34 F. virguliforme 1 UMN 0 0 0 0 0 0
CH35 F. virguliforme STJ-3A MSU 0 0 0 0 1 0
CH39 F. virguliforme ST-11-1 MSU 0 0 0 0 0 1
CH40 F. virguliforme HU-11-1 MSU 1 0 0 0 0 1
CH41 F. virguliforme 3 UMN 0 0 0 2 0 0
CH49 F. virguliforme LL0015 ISU 0 0 0 3 0 0
CH52 F. virguliforme Fv-4 SIU 0 1 1 3 0 0
CH55 F. virguliforme VB-1 MSU 0 0 0 0 0 0
Total … … … 5 7 7 25 7 8

False positives
CH01 F. solani 76-L2 ISU 0 0 4 0 9 0
CH10 F. solani 7 UMN 0 0 1 0 1 0
CH21 F. solani 11-T3 ISU 1 4 6 0 10 0
CH29 F. solani 9 UMN 0 0 3 0 1 0
CH32 F. solani 42-T1 ISU 3 2 4 0 10 0
CH42 F. solani 5L5 ISU 0 0 5 0 10 0
CH47 F. solani 35-T7 ISU 1 0 4 0 10 0
CH51 F. solani 6 UMN 0 1 4 0 10 0
CH54 F. solani 8 UMN 0 0 1 0 0 0
CH02 F. oxysporum Fo-2 SIU 0 0 2 0 2 1
CH05 F. oxysporum Fo-1 SIU 0 1 2 0 2 0
CH14 F. oxysporum Fo-3 SIU 0 0 3 0 2 0
CH22 F. oxysporum 11 UMN 0 0 2 0 8 0
CH56 F. oxysporum 10 UMN 0 0 2 0 2 0
CH07 F. tucumaniae 31096 MSU 0 10 10 0 10 0
CH50 F. tucumaniae strain 3-2 UI 0 10 10 0 10 0
CH17 F. brasiliense 22678 MSU 5 6 9 0 10 2
CH37 F. brasiliense NRRL34938 NRRL 2 6 10 0 10 1
CH12 F. crassistipitatum NRRL 43824 NRRL 0 10 10 0 9 0
CH20 F. crassistipitatum NRRL 46170 NRRL 0 10 10 0 10 1
CH43 F. cuneirostrum U7506J UI 0 10 10 0 10 0
CH13 F. cuneirostrum NRRL 36024 NRRL 0 10 10 0 9 1
CH25 F. acuminatum 98T3 ISU 0 0 2 0 1 0
CH44 F. acuminatum 13 UMN 0 0 2 0 2 0
CH38 F. eumartii NRRL 22574 NRRL 0 0 10 0 4 0
CH45 F. eumartii NRRL 22412 NRRL 0 1 8 0 8 0
CH24 F. graminearum 12 UMN 0 0 1 0 1 0
CH26 F. graminearum 253L4 ISU 5 3 6 0 5 2
CH06 F. phaseoli NRRL 22276 NRRL 2 10 10 0 10 0
CH31 F. phaseoli NRRL 31156 NRRL 0 10 10 1 10 0
CH28 F. javanicum NRRL 22387 NRRL 0 0 9 0 6 0
CH46 F. redolens 14 UMN 0 0 1 0 0 0
CH48 F. sporotrichioides Z9L1 ISU 0 0 2 0 1 0
CH27 Macrophomina phaseolina Pine Tree UI 0 0 1 0 3 0
CH53 Rhizoctonia solani RS1039 UI 0 0 1 0 1 0
Total … … … 19 104 185 1 207 8

w Results were based only on the most concentrated (0.5 ng) DNA samples.
x Assay A = Wang et al. (2015), B = Fakhoury et al. (this study), C = Gao et al. (2004), D = Mbofung, et al. (2011), E = Li et al. (2008), and F = Westphal et al.
(2014). Sample size (n) for each of the isolates was 10 (five laboratories × two technical reps) for five assays from A to E. Assay F did not amplify normally in
two laboratories at Iowa State University, Ames (ISU) and Michigan State University, East Lansing (MSU); therefore, the sample size of each isolate for the
assay was 6.

y CH = DNA from pure culture. CH03 was not amplified at MSU because of an error during handling the sample. CH11 might have been contaminated during
sample preparation. The sample was not amplified in many cases and concentration of DNAwas very low in positive results, even though same amount of DNA
was used in all of the DNA samples from pure cultures. Resequencing also did not confirm F. virguliforme. Total = total false negatives or false positives across
all isolates.

z SIU = Southern Illinois University, Carbondale; UI = University of Illinois and the United States Department of Agriculture–Agricultural Research Service
(USDA-ARS), Urbana; UMN = University of Minnesota, St. Paul; and NRRL = USDA-ARS Culture Collection.
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TABLE 4. Quantity of Fusarium virguliforme DNA (pg) measured by six quantitative polymerase chain reaction assays in serially diluted (10
_1, 10

_2, and 10
_3)

field samples, averaged over five laboratoriesw

Samples
description,
codey Sourcez

Assayx

A B C D E F

10
_1 10

_2 10
_3 10

_1 10
_2 10

_3 10
_1 10

_2 10
_3 10

_1 10
_2 10

_3 10
_1 10

_2 10
_3 10

_1 10
_2 10

_3

Field root infected
FV02 MSU 23.6 1.9 0.2 22.3 2.3 0.2 69.8 8.6 0.1 15.3 1.9 _ 90.3 9.3 0.3 11.4 1.9 0.2

… (10) (10) (5) (10) (10) (5) (10) (10) (5) (7) (2) … (10) (10) (5) (4) (2) (2)
FV10 ISU 0.2 <0.1 _ 0.1 _ _ 0.2 <0.1 _ _ _ _ 2.0 0.1 <0.1 <0.1 _ _

… (7) (1) … (5) … … (6) (2) … … … … (8) (5) (1) (2) … …
FV14 UMN 1080.9 58.5 5.7 617.0 91.3 8.1 1804.4 108.7 9.5 1446.7 57.0 6.5 968.1 128.4 8.2 683.7 77.7 8.4

… (10) (10) (9) (10) (8) (8) (10) (10) (7) (10) (10) (6) (10) (10) (8) (6) (6) (5)
FV18 UI 266.4 17.2 1.6 167.8 24.4 1.6 256.3 26.3 1.8 116.0 11.4 0.8 266.8 30.5 2.2 126.0 18.2 1.3

… (10) (8) (8) (10) (8) (7) (10) (8) (5) (9) (5) (2) (10) (8) (7) (4) (4) (4)
Field soil

presumably
infested

FV13 SIU _ 0.4 _ _ _ _ <0.1 3.7 1.6 _ _ _ 0.1 <0.1 <0.1 _ _ _

… … (1) … … … … (1) (2) (1) … … … (2) (1) (1) … … …
FV16 UI 23.4 0.5 0.1 1.5 0.3 <0.1 26.7 1.6 <0.1 2.1 _ _ 32.4 1.8 0.1 1.0 0.1 _

… (10) (10) (1) (4) (7) (2) (10) (7) (2) (2) … … (10) (7) (4) (2) (2) …
FV17 MSU 1.0 0.1 _ 0.3 <0.1 <0.1 62.5 0.2 0.1 0.5 0.1 _ 13.8 0.2 <0.1 0.2 <0.1 _

… (10) (3) … (4) (6) (1) (10) (4) (1) (2) (1) … (10) (4) (3) (2) (1) …
FV21 ISU _ 3.0 0.8 _ 3.0 0.6 <0.1 20.0 3.6 _ 2.9 0.7 0.3 28.7 1.0 _ 4.5 1.1

… … (2) (2) … (2) (2) (2) (3) (2) … (2) (1) (4) (2) (2) … (2) (1)
Greenhouse root

infected
FV11 ISU 261.7 16.4 1.4 199.6 20.9 1.6 303.6 32.7 154.2 236.8 19.1 1.4 274.3 40.1 1.7 197.6 18.8 1.6

… (10) (10) (10) (10) (10) (9) (10) (10) (7) (10) (8) (2) (10) (10) (8) (6) (5) (4)
FV04 UI 408.7 33.3 2.3 263.9 38.7 2.9 565.9 52.3 3.6 172.9 17.8 1.7 457.0 59.5 3.6 224.1 40.9 3.4

… (10) (10) (10) (10) (10) (8) (10) (10) (9) (9) (8) (3) (10) (10) (10) (5) (6) (5)
Greenhouse soil

infested
FV03 ISU 0.9 0.1 <0.1 0.4 0.1 _ 5.8 0.1 <0.1 0.4 _ _ 5.8 0.2 _ 0.2 <0.1 _

… (10) (5) (1) (6) (3) … (8) (4) (1) (2) … … (8) (6) … (4) (2) …
FV05 UI _ _ _ _ _ _ _ <0.1 <0.1 _ _ _ 0.4 <0.1 _ _ _ _

… … … … … … … … (1) (2) … … … (4) (2) … … … …
Field root presumably

not infected
FV01 UI 1.8 0.2 <0.1 1.2 0.1 <0.1 12.8 0.5 <0.1 2.1 _ _ 13.0 0.6 <0.1 0.6 0.1 _

… (10) (8) (1) (10) (6) (1) (10) (5) (1) (3) … … (10) (6) (3) (2) (2) …
FV08 UMN 2.3 0.1 <0.1 0.7 0.1 _ 4.9 0.9 <0.1 _ _ _ 8.2 0.2 <0.1 0.4 22.4 _

… (10) (6) (1) (9) (4) … (9) (4) (1) … … … (10) (4) (1) (2) (3) …
FV09 MSU <0.1 _ _ <0.1 _ _ <0.1 <0.1 _ _ _ _ 1.6 <0.1 _ _ <0.1 _

… (1) … … (2) … … (1) (1) … … … … (7) (4) … … (2) …
Field soil presumably

not infested
FV06 UMN _ 0.9 _ _ _ _ 37.3 <0.1 _ _ _ _ 0.1 _ _ _ _ _

… … (1) … … … … (3) (3) … … … … (2) … … … … …
FV12 MSU _ <0.1 _ _ _ _ 15.3 <0.1 0.6 _ _ _ 1.2 0.1 _ _ _ _

… … (1) … … … … (1) (1) (2) … … … (8) (5) … … … …
FV15 UI 0.2 <0.1 _ 0.2 _ _ 4.6 36.7 1.8 0.1 _ _ 3.9 0.3 _ 0.1 _ _

… (8) (3) … (4) … … (7) (4) (2) (1) … … (8) (4) … (2) … …
FV20 ISU _ 3.6 _ _ _ _ 4.9 _ _ _ _ _ 0.4 _ _ _ _ _

… … (1) … … … … (2) … … … … … (5) … … … … …
Greenhouse root

not infected
FV19 UI _ _ _ _ _ _ _ <0.1 _ _ _ _ 0.1 _ _ _ _ _

… … … … … … … … (1) … … … … (1) … … … … …
FV22 … 0.1 <0.1 <0.1 0.1 _ _ 0.5 <0.1 _ _ _ _ 0.6 0.5 _ <0.1 _ _

… (8) (2) (1) (5) … … (7) (2) … … … … (6) (1) … (2) … …
Greenhouse soil

not infested
FV07 UI _ _ _ _ _ _ 163.5 <0.1 _ _ _ _ 0.1 _ _ _ _ _

… … … … … … … (2) (1) … … … … (2) … … … … …

w Quantity of DNA quantity for each sample is the average of 10 runs (five laboratories × two technical reps) for assays A to E. Assay F did not amplify normally in
two universities (Iowa State University, Ames [ISU] and Michigan State University, East Lansing [MSU]); therefore, the quantity for assay F is the average of
only six runs. Numbers in parenthesis are the number of samples identified as positive out of the total runs (6 for assay F and 10 for the other assays) _ = DNA
was not amplified.

x Assay A = Wang et al. (2015), B = Fakhoury et al. (this study), C = Gao et al. (2004), D = Mbofung, et al. (2011), E = Li et al. (2008), and F = Westphal et al.
(2014).

y FV = DNA from soybean root and soil samples.
z SIU = Southern Illinois University, Carbondale; UI = University of Illinois and the United States Department of Agriculture–Agricultural Research Service,
Urbana; and UMN = University of Minnesota, St. Paul.
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of false amplification in F. virguliforme-negative specimens com-
prising a panel of most closely related non-F. virguliforme species
and other fungal species commonly found in corn and soybean
fields. Specificity was calculated using the following formula
(Lemmon and Gardner 2008):

Specificity = 1 _
number  of   false  positives  at  0:5  ng DNA  concentration

false  positives+ true  negatives
× 100

Assay sensitivitywas determined based on (i) theLODcalculated
from the standard curve and (ii) true-positive rate in confirmed
positive samples tested in different dilutions. DNA samples from
pure cultures were run in three dilutions (5 × 10_1, 5 × 10_3, and
5 × 10_5 ng/well) to determine the sensitivity of those assays.
The true-positive rate was calculated as the percentage of samples
correctly detected as positives, using the formula given below:

True  positive  rate=
number  of   true  positives

total  number  of   F: virguliforme  samples
× 100

Analysis of variance was used to determine variation in results
attributed to laboratories and protocols for specificity and inclusivity
of each assay using procGLM in SAS (SAS Institute Inc., Cary, NC).
Means were separated using Fisher’s least significant difference
value at the P = 0.05 significance level.

RESULTS

Amplification efficiency of qPCR assays. The efficiency of
PCR to amplify target DNA was different among assays within a
laboratory and among laboratories within an assay. The individual
efficiency per run ranged from 71 to 132% across all assays and
laboratory conditions (data not shown). On average, assay D showed
the highest deviation from 100% for the amplification efficiency
(Table 5). Assay F did not amplify normally at ISU and resulted
in close to 50% efficiency at Michigan State University (MSU);
therefore, assay F data from these two universities were excluded
from the analysis.R2, the fit of all data to the standard curve plot, was
above 0.96 in all assays conducted in all laboratories (Table 5).
Occasional abnormal amplification was noticed in a few wells and
they were handled as missing data.
Most of the assays had no amplification in the NTC wells. One

assay (F) exhibited weak amplification in someNTCwells in all the
laboratories but DNA quantities (cycle thresholds) in each of those
false-positive wells fell below the LOD for the assay; therefore,
these data had no impact on the results.

LOD and analytical sensitivity of the qPCR assays. Cycle
threshold values of each of the concentrations for all six assays and
runs have been provided in Supplementary Table S1. The interassay
and interlaboratory variation was high for the LOD. The LOD
ranged from 50 to 0.05 pg, depending on assay and laboratory

(Table 6). The highest sensitivity was observed in assay A, with the
detection limit of 0.05 pg in all of the laboratories and runs. Assays
B, C, E, and F reported a 0.05-pg LOD in some laboratories but they
were not as consistent across laboratories (Table 6). The lowest
sensitivity (high LOD) was observed in assay D, along with a high
variation across laboratories (Table 6).
The positive detection rate for known F. virguliforme-positive

isolates in three different concentrations, which were used to
determine the sensitivity, was significantly different among the
assays (P< 0.001). AssaysA, B, C, E, and F accurately identified 93
to 97%while assayD,which had the lowest LOD, amplified 87%of
F. virguliforme isolates in the samples with the most concentrated
DNA (DNA at 0.5 ng/well). None of the assays amplifiedmore than
22% of the most diluted samples (0.05 pg of DNA) (Table 6). At a
concentration of 5 pg of DNA, assays A (92% detection) and D
(27% detection) showed the highest and lowest true-positive rates,
respectively (Table 6).

Specificity and Inclusivity of the qPCR assays. Evaluation
of specificity for identification of F. virguliforme determined that
the assays varied in ability to distinguish F. virguliforme from other
species (P < 0.01). Overall specificity ranged from 100 to 41%
(Table 7). The highest specificity among the six assays compared
was observed in assay D (100%; Table 7), which falsely amplified
1 of 350 of the negative samples. Assay D was followed by assays
F and A, with specificity of 96% (8 of 210 negative samples were
misidentified) and 95% (19 of 350 negative samples were
misidentified), respectively. Assay E was the least specific among
the assays compared, with specificity of 41%, which amplified
207 of 350 of the non-F. virguliforme samples (Tables 3 and 7).
Assays with low specificity were unable to differentiate

F. virguliforme from other SDS and closely related bean root rot
pathogens. Assay E amplified other SDS- and bean-root-rot-causing
Fusarium spp. F. cuneirostrum and F. phaseoli and some F. solani
isolates; isolates of F. eumartii, F. javanicum, and F. oxysporum, and a
few F. solani were falsely amplified in some laboratory conditions.
Likewise, assay C showed false amplification to other SDS- and
closely related bean-root-rot-causing fusaria and F. eumartii. In
addition, F. graminearum, F. oxysporum, F. sporotrichioides, and
F. solani, also produced false-positive results in some laboratories.
Assay Bwas unable to discriminate between F. virguliforme and other
SDS- and bean-root-rot-causing pathogens (Table 3). Assays A and F
demonstrated a few false amplifications in some laboratories but none
of the species were consistently misidentified as F. virguliforme in all
of the laboratories. Except for a few sporadic cases for assay C and
E, all assays correctly showed negative response to isolates of
M. phaseolina and R. solani (Table 3).
Of the total number of tests (19 confirmedF. virguliforme isolates×

five laboratories × two replications), the inclusivity of the qPCR
assays ranged from 87 to 97% (Table 7). The DNA from isolate
CH03 was classified as a negative at MSU in all assays but this was
traced to an error during sample preparation. Mixed results were

TABLE 5. Efficiency of six quantitative polymerase chain reaction assays developed to detect and quantify Fusarium virguliforme as measured in laboratories in
five locationsx

Assayy

Locationz A B C D E F

ISU 83.1 ± 1.63 96.2 ± 1.79 88.3 ± 3.56 91.4 ± 1.71 89.4 ± 3.35 NA
MSU 94.9 ± 0.67 102.0 ± 0.88 98.8 ± 1.48 88.3 ± 1.06 95.4 ± 0.78 NA
SIU 93.0 ± 5.17 95.3 ± 3.01 96.9 ± 3.03 80.3 ± 3.28 92.8 ± 2.36 88.0 ± 2.76
UI 101.7 ± 1.34 102.5 ± 0.92 102.4 ± 1.01 108.4 ± 3.64 100.2 ± 0.49 100.7 ± 0.91
UMN 87.3 ± 0.91 88.9 ± 0.73 83.2 ± 1.00 78.0 ± 1.27 78.8 ± 1.33 119.7 ± 3.50

x All assays obtained > 0.98 R2 except assay C (0.97) and assay F (0.96) at Southern Illinois University, Carbondale (SIU). NA = not available. Assay F failed to
amplify normally at Iowa State University, Ames (ISU) and Michigan State University, East Lansing (MSU); therefore, data from those universities for assay F
were not used for analysis.

y Assay A = Wang et al. (2015), B = Fakhoury et al. (this study), C = Gao et al. (2004), D = Mbofung, et al. (2011), E = Li et al. (2008), and F = Westphal et al.
(2014).

z UI = University of Illinois and United States Department of Agriculture–Agricultural Research Service, Urbana; and UMN = University of Minnesota, St. Paul.
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obtained for the DNA of an isolate (CH11) which was supposedly
F. virguliforme (Table 3). DNA quantities were close to the LOD
when positive results were obtained (data not shown). The CH11
DNAwas resequenced after the experiment was completed to verify
the identification and the sequencing results matched to Sarocla-
dium kiliense.

Detection and estimation of target DNA from root and
soil samples. The number of samples diagnosed as positive and the
corresponding DNA quantities, averaged over all five laboratories
and determined by each assay for the samples from roots and soils,

are given in Table 4. Inhibition due to PCR inhibitors was not
observed in any of the field DNA samples, based on the similar
amplification of the exogenous control DNA (Haudenshield and
Hartman 2011) in field samples and NTC (data not shown). Quantity
estimates by each assay in each lab are given in Supplementary
Table S2. In general, assays C and E detected greater DNA quantities
in field DNA samples than other assays. The most successful
detection was obtained using the highest DNA concentration (10_1

dilution from the stock DNA) and assay A, which detected 37 of 40
reactions tested from infected field roots (four samples from infected
fields × five laboratories × two technical reps). Assays B, C, D, and E
correctly identified 35, 36, 26, and 38 of 40 reactions, respectively,
while assay F diagnosed 16 of 24 reactions from inoculated field root
samples. One field root sample originating from ISU contained low
amounts ofDNAandwas diagnosed as negative bymost of the assays
(FV10; Table 4). Quantities of F. virguliforme DNA in presumably
infested field soil sampleswas equal to or below the LOD formost of
the assays; hence, only 20, 8, 23, 4, and 26 of 40 reactions were
amplified by assaysA,B,C,D, andE, respectively (Table 4). Assay F
amplified only4 of 24 reactions of field soil samples.Most of the tests
gave negative results for the two infested field soil DNA samples,
FV13 and FV21 (Table 4).
All assays detected F. virguliforme DNA in infected root samples

from thegreenhouse.EstimatedDNAquantities in infestedgreenhouse
soil were low in all samples. One of the DNA samples extracted from
infested greenhouse soil (FV05) was classified as negative by many
assays. Surprisingly, most of the assays gave weak amplification to
some DNA samples that were expected to be negative. For instance,
twoDNAsamples isolated fromnonsymptomatic soybean roots (FV01
and FV08), one soil sample collected from a field with no history of
SDS (FV15), and one sample from greenhouse-grown noninoculated
soybean root (FV22)wereweakly positive.As expected,DNA isolated
from noninfested greenhouse soil was diagnosed as negative by most
assays but a few false-positive amplifications were observed with
assays C and E (Table 4).

DISCUSSION

In this study, six independent qPCR assays that had been
developed for detection and quantification of F. virguliforme were
compared for several parameters in five different research labora-
tories, using the same panel of 76 DNA samples. We found that
the amplification efficiency and the quantity of template DNA
measured by qPCRvaried across assays and laboratories. In an ideal
situation, the amplification efficiency (E) of a PCR reaction is
100%,whichmeans that the amount of initial DNA concentration is
doubled each cycle. However, efficiency is affected by many
factors, including PCR instrumentation, reagents, assay design, and
analysis methods or data interpretation (Bustin 2002; Schefe et al.
2006; Wong and Medrano 2005).
The qPCR assays tested in this study varied in specificity.

Specificity is particularly important in SDS research because
soybean roots can be infected by several Fusarium spp. or be
associated with nonpathogenicFusarium spp. that are ubiquitous in
soil. In the present study, specificity was tested against multiple
isolates of 13 different Fusarium spp. and two other common fungi
associatedwith soybean,R. solani andM. phaseolina. TheFvTox-1-
based assay (assay D) showed the highest specificity (100%) in
discriminating F. virguliforme from nontarget species consistently
across the laboratories, whereas the mtSSU-based assays (C and E)
were the least specific. This result agrees with the findings of
Mbofung et al. (2011) and supports their hypothesis that the
sequence of FvTox1 gene in F. virguliforme is unique and that an
assay based on this gene (assay D) could be useful to distinguish
F. virguliforme from the other SDS pathogens and their close
relatives. An in silico analysis of the primers and probes of the
various assays reflected the findings of the wet lab data, with
assays A and D having the least number of nonspecific hits

TABLE 6. Limit of detection (LOD) and percentage of true-positive samples
detected by six quantitative polymerase chain reaction assays in three dilutions
of 19 F. virguliforme DNA samples, each conducted in laboratories in five
different locationsy

True positive (%)

500 (pg) 5 (pg) 0.05 (pg)

Assay, locationz LOD (pg) n = 38 n = 38 n = 38

A
ISU 0.05 100.0 100.0 42.1
MSU 0.05 92.1 89.5 0.0
SIU 0.05 94.7 94.7 39.5
UI 0.05 100.0 94.7 21.1
UMN 0.05 100.0 78.9 5.3
Mean … 97.4 a 91.6 a 21.6 a

B
ISU 0.05 100.0 100.0 52.6
MSU 0.5 86.8 28.9 0.0
SIU 0.5 94.7 94.7 10.5
UI 0.05 100.0 94.7 28.9
UMN 0.05 100.0 81.6 13.2
Mean … 96.3 a 80.0 b 21.1 a

C
ISU 5 94.7 68.4 5.3
MSU 0.05 92.1 44.7 0.0
SIU 5 94.7 15.8 0.0
UI 0.05 100.0 94.7 28.9
UMN 0.5 100.0 92.1 44.7
Mean … 96.3 a 63.2 c 15.8 ab

D
ISU 5 94.7 60.5 0.0
MSU 5 86.8 0.0 0.0
SIU 5 84.2 31.6 2.6
UI 50 73.7 0.0 0.0
UMN 5 94.7 44.7 0.0
Mean … 86.8 b 27.4 e 0.5 c

E
ISU 5 94.7 65.8 0.0
MSU 0.05 89.5 60.5 0.0
SIU 0.5 97.4 84.2 2.6
UI 0.05 100.0 94.7 31.6
UMN 0.05 100.0 89.5 44.7
Mean … 96.3 a 78.9 b 15.8 ab

F
ISU NA NA NA NA
MSU NA NA NA NA
SIU 5 86.8 0.0 0.0
UI 0.05 100.0 94.7 26.3
UMN 0.05 92.1 57.9 0.0
Mean … 93.0 a 50.9 d 8.8 bc

y LOD for each assay was determined in each lab as the lowest concentration
of the standard DNA that could be detected in at least 95% of the runs.
NA = not available. Assay F did not amplify normally at ISU and MSU so data
from those universities for assay F were not used for analysis. Means per assay
were compared using Fisher’s least significant difference. Means followed by
the same letter within a column do not differ significantly at P = 0.05.

z Assay A = Wang et al. (2015), B = Fakhoury et al. (this study), C = Gao et al.
(2004), D = Mbofung, et al. (2011), E = Li et al. (2008), and F = Westphal
et al. (2014). ISU = Iowa State University, Ames; MSU = Michigan State
University, East Lansing; SIU = Southern Illinois University, Carbondale; UI =
University of Illinois and United States Department of Agriculture–
Agricultural Research Service, Urbana; and UMN = University of Minnesota,
St. Paul.
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(Supplementary Table S3). Diagnosticians using this assay in some
parts of the world where species other than F. virguliforme also
cause SDSwould need to bear inmind that a negative call would not
refute SDS incidence, only that it would exclude F. virguliforme as
the agent.
The discrepancy in specificity among the assays compared in

this study was most likely related to the variability in the regions
targeted for amplification. The earliest developed assays (Gao
et al. 2004; Li et al. 2008) used highly conserved loci and, thus,
were not species specific (Mbofung et al. 2011; O’Donnell et al.
2010). Another challenge to the development of qPCR tools for
F. virguliforme has been the taxonomic revisions of Fusarium spp.
Initially, the SDS-causing pathogen was called F. solani form A
(Roy et al. 1989), which was reclassified and renamed as F. solani
f. sp. glycines in 1997 (Roy 1997), and thenF. virguliforme in 2003
(Aoki et al. 2003). The SDS and closely related bean root rot
pathogens fall within clade 2 of the F. solani species complex
(O’Donnell et al. 2010). Assays C and E that were developed prior
to the recent classification or without considering the species
diversity within clade 2 of the F. solani species complex failed to
delimit F. virguliforme from closely related species (O’Donnell
et al. 2010), whereas assays A, D, and F were successful in that
discrimination. Assay B was developed for the simultaneous
detection and quantification of all fusaria causing SDS, including
F. virguliforme, F, brasiliense, F. tucumaniae, and F crassistipi-
tatum. Assay B did not show specificity to SDS-causing species
within clade 2 of the F. solani species complex clade but it did not
amplify fusaria outside this clade.
Inclusivity, the ability to include all the F. virguliforme isolates,

was tested against 19 different F. virguliforme isolates originating
from different geographical regions. The average inclusivity across

laboratories for each assay ranged from 87 to 97%. Inclusivity
was affected by an inconsistent result of one of the supposedly
F. virguliforme isolate DNA (CH11). Resequencing after comple-
tion of the runs did not verify the identification because the
sequence matched with an unrelated genus. This suggests that the
sample might have been contaminated during sample preparation.
Therefore, the assay that was least sensitive might have been failed
to amplify, while otherswith higher sensitivity showed inconsistency
due to the low amount of F. virguliforme DNA in the contaminated
sample. In general, our study suggests that all assays, except D, had
high inclusivity (above 93%) despite the genetic diversity (Mbofung
et al. 2012) and variability in aggressiveness (Li et al. 2009; Malvick
and Bussey 2008) reported for F. virguliforme.
Sensitivity, the ability to reliably detect a small amount of target

DNA, is another critically important component of any qPCR assay.
The present study showed that the LOD varied across the assays,
with the assays based on multiple-copy genes having lower LOD
(100-fold greater sensitivity) than assays based on single-copy
genes. This is consistent with previous studies (Chern et al. 2011;
Wang et al. 2015) showing that the assays that amplify multicopy
target regions have lower detection limits and provide greater
analytical sensitivity than assays targeting a single-copy gene.
AssayA consistently showed the greatest sensitivitywith the lowest
detection limit (i.e., 0.05 pg) and highest true-positive detection rate
across all laboratories. However, some of the other assays also
showed the same LOD of 0.05 pg in two or more of the laboratories
where theywere tested. This illustrates the degree towhich differing
reagents and instruments may affect the performance of the assays.
The 0.05-pg LOD corresponds to an approximately two-haploid-
nuclei genome based on an estimated 51-Mbp genome size of the
species (Srivastava et al. 2014) and, thus, the assays are likely

TABLE 7. Specificity and inclusivity of six quantitative polymerase chain reaction assays developed to detect and quantify Fusarium virguliforme determined in
laboratories in five different locationsx

Assayy

Specificity (%) Inclusivity (%)

Locationz A B C D E F A B C D E F

ISU 94.3 72.9 62.9 100.0 51.4 NA 100.0 100.0 94.7 94.7 94.7 NA
MSU 98.6 75.7 62.9 98.6 40.0 NA 92.1 86.8 92.1 86.8 89.5 NA
SIU 94.3 71.4 35.7 100.0 48.6 95.7 94.7 94.7 94.7 84.2 97.4 86.8
UI 90.0 62.9 55.7 100.0 42.9 92.9 100.0 100.0 100.0 73.7 100.0 100.0
UMN 95.7 68.6 18.6 100.0 21.4 100.0 100.0 100.0 100.0 94.7 100.0 92.1
Mean 94.6 b 70.3 c 47.2 d 99.7 a 40.9 e 96.2 b 97.4 a 96.3 a 96.3 a 86.8 b 96.3 a 93.0 a

x Specificity (the ability to detect only F. virguliforme) and inclusivity (the ability to detect all F. virguliforme isolates tested) of each assay were calculated
using the following formulas: Specificity= 1 _ ðnumber  of   FP  at  0:5  ng DNA  concentration=½TN + FP�Þ × 100 where FP = false positive and TN =
true negative; Inclusivity= ðnumber  of   true  positives  at  0:5  ng DNA  concentration=total  number  of   F:virguliforme  samplesÞ × 100 NA = not available.
Assay F failed to amplify normally at Iowa State University, Ames (ISU) and Michigan State University, East Lansing (MSU); therefore, data from those
universities for assay F were not used in the analysis. Mean specificity and inclusivity were compared using Fisher’s least significant difference. Means followed
by the same letter within a variable do not differ significantly at P = 0.05.

y Assay A = Wang et al. (2015), B = Fakhoury et al. (this study), C = Gao et al. (2004), D = Mbofung, et al. (2011), E = Li et al. (2008), and F = Westphal et al.
(2014).

z SIU = Southern Illinois University, Carbondale; UI = University of Illinois and United States Department of Agriculture–Agricultural Research Service, Urbana;
and UMN = University of Minnesota, St. Paul.

TABLE 8. Summary of key comparative performance variables among quantitative polymerase chain reaction assays for F. virguliforme shown as average values or
ranges obtained in five laboratoriesy

Assayz Specificity (%) Inclusivity (%) False positives (%) False negatives (%) Sensitivity range across labs

A 94.6 b 97.4 a 5.4 2.6 0.05
B 70.3 c 96.3 a 29.7 3.7 0.05 to 0.5
C 47.2 d 96.3 a 52.9 3.7 0.05 to 5.0
D 99.7 a 86.8 b 0.3 13.2 5.0 to 50.0
E 40.9 e 96.3 a 59.1 3.7 0.05 to 5.0
F 96.2 b 93.0 a 3.8 7.0 0.05 to 5.0

y Higher values are better for specificity and inclusivity and lower values are better for false positives, false negatives, and sensitivity. Means per assay were
compared using Fisher’s least significant difference. Means followed by the same letter within a variable do not differ significantly at P = 0.05.

z Assay A = Wang et al. (2015), B = Fakhoury et al. (this study), C = Gao et al. (2004), D = Mbofung, et al. (2011), E = Li et al. (2008), and F = Westphal et al.
(2014).
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detecting a very small quantity of F. virguliforme DNA, as enabled
by the multicopy nature of the target sequence. In contrast, the
lowest sensitivity was observed in the single-copy gene FvTox1-
based assay D. The difference in sensitivity among the assays was
clearly observed with the true-positive rate at the concentration of
DNA at 5 pg/well, although most of the assays detected nearly all
positive samples in the highest concentration (500 pg of DNA). The
maximumpositive sample detection rate ofDNAat 5 pg/well (92%)
was observed for assay A, while assay D only detected 27%of these
samples.
Although the present study showed a positive correlation among

the qPCR assays for the quantity ofDNAestimated in field samples,
assays C and E yielded a higher quantity of DNA more frequently
than all other assays did, probably due to amplification of nontarget
species by those assays. A few presumably infested or noninfested
field samples did not produce results (positive or negative
amplification, respectively) as expected, possibly due to factors
such as patchy distribution of the pathogens in the field, levels of
F. virguliforme below LOD, and unknown long-term history of the
fields that may have resulted in misdiagnosis of the samples. In
contrast, F. virguliforme was detected in all artificially infected
greenhouse roots by all assays.
The discrepancies in specificity and sensitivity observed in our

study, among the assays and across the laboratories on the same set
of DNA samples, underlines the fact that the performance of an
assay is influenced by factors such as reagents and equipment used.
For example, in this study, the recently published assay F (Westphal
et al. 2014) did not consistently amplify samples in two of the five
participating laboratories but the assay gained functionality in those
laboratories when the annealing temperature was changed from the
66�C described in the publication (Westphal et al. 2014) to 60�C
(data not shown). This supports the suggestion that some instruments
or master mixes may not perform similarly and assays may need to be
modified or calibrated for optimization in some situations (Espy et al.
2006;Khot et al. 2008).Therefore, it is possible that parameters suchas
efficiency and sensitivity might have been different if each assay had
been run with the optimized reagents used by its developer in all labs.
To summarize, this study was undertaken neither to approve nor

discredit any of the published assays but to compare strengths and
weaknesses of several methods in quantifying F. virguliforme in
infected plant material and infested soil, and to identify variables
that may affect one or more of the assays. The comparison showed
that the single-copy gene FvTox1 and the IGS sequence are good
target regions for F. virguliforme-specific assays. Specificity varied
highly among assays. The FvTox1 gene-based assay (assay D) was
the most specific (100%), while two IGS assays (assays A and F)
were slightly less specific (95 to 96%) and mtSSU assays were the
least specific (41 and 47%). Multicopy-gene-based assays were
more sensitive (LOD 0.05 to 5 pg) than the single-gene-based assay
FvTox1 (LOD = 5 to 50 pg) (Table 8); thus, assay D may not be
suited for analyzing samples having low pathogen density. Assay A
showed the highest sensitivity (LOD = 0.05 pg) consistently across
the laboratories. All other assays, however, except assay D, also
showed the same low detection limit of 0.05 pg in two ormore of the
laboratories where theywere tested (Table 8). AssayA showed high
specificity (95%) and inclusivity (97%) along with the consistently
highest sensitivity, which made this assay potentially the most
useful for F. virguliforme, where high specificity and sensitivity is
needed. However, the choice of assay for diagnosis or research will
also depend on objectives, equipment, and reagents. Some studies
may need the highest level of specificity and somemay need higher
sensitivity, and those parametersmay be influenced by thematerials
and instruments available in a particular lab. For example, assay
specificity might be less important in greenhouse studies where a
known species is added to pasteurized soil and, in such a situation,
an assay that has performed well under the specific conditions of
that lab may be a better choice. Regardless, the results show that
qPCR can be used for quantification of F. virguliforme population

density in plants and natural fields and may guide researchers in
selecting an assay appropriate to their instrumentation and
experimental needs. This may lead to improved disease diagnosis,
research on SDS, and the ability of farmers to make more informed
decisions on management strategies for SDS.
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