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1  | INTRODUC TION

Soybeans (Glycine max (L.) Merrill) are an agricultural crop that has 
been widely grown in Brazil in recent years; it is considered to be 
one of the major commodities in that country. Diseases, especially 

fungal diseases, which primarily have seeds as their main means 
of dissemination (Galli, Panizzi, & Vieira, 2007; Yorinori, 1986), are 
among the main factors that compromise the quality of soybeans 
(Sinclair, 1999). Fungi transmitted by soybean seeds can cause se-
rious losses in the field, such as reduced germination power, vigour, 
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Abstract
Seed-borne pathogenic fungi can cause serious damage to soybean crops by reduc-
ing the germination, vigour and emergence of the seeds. Special attention should be 
paid to pathogen detection in seeds to prevent its introduction in disease-free areas. 
Considering the importance of rapid and successful diagnosis of seed-borne patho-
genic fungi in soybeans, this study evaluated a method to detect Sclerotinia sclerotio‐
rum and Phomopsis spp. in seeds using quantitative polymerase chain reaction (qPCR). 
Naturally infested samples were subjected to detection using qPCR and blotter test, 
and the findings were compared. Using soybean seeds soaked in water, both patho-
gens were detected at an infestation level up a 0.0625% (one infected seed out of 
1,599 healthy seeds) by qPCR. This technique allowed the detection of 300 fg of S. 
sclerotiorum and 30 fg of Phomopsis spp. DNA in the seed samples. Phomopsis spp. 
was detected in 40.7% of the evaluated seed batches (81 batches) and S. sclerotiorum 
was detected in 32.1% of the evaluated batches, although most of the seeds had low 
infestation levels. It was up to 28.5 times more efficient to use qPCR rather than blot-
ter test to detect pathogens with a low incidence of occurrence in soybean seeds. If 
routinely used to test healthy seeds, qPCR would contribute to reducing soybean 
losses due to diseases as well as decreasing the costs required to control those 
diseases.
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emergence, storage period and yield (EMBRAPA, 2011). The exclu-
sion of contaminated seed batches based on detection of pathogens 
is the most effective strategy to manage seed-transmitted diseases 
(Walcott, 2003).

Seeds are the main means of pathogen dissemination. A high in-
fection rate in seeds can hinder their germination and emergence, 
resulting in weak and stunted seedlings, with lesions in the cotyle-
dons (Fernandez, Phillips, Russin, & Rupe, 1999). The white mould 
disease caused by S. sclerotiorum can be transmitted by the seeds 
(Yang, Workeneh, & Lundeen, 1998). The use of pathogen-free 
seeds has been one of the main ways to control white mould and to 
prevent its introduction into disease-free areas. The presence of in-
fected seeds in a sample is concerning because each seed produces 
more than one sclerotium that, in turn, can produce up to 20 apoth-
ecia with the individual capacity to release ~2 million ascospores in 
10 days (Steadman, 1983). Therefore, a single, infected seed has the 
potential to cause a severe outbreak. In Brazil, it is recommended 
that seed batches with one sclerotium of S. sclerotiorum per 500 g of 
seeds be rejected (Pereira, 2010).

Phomopsis seed decay, pod and stem blight, and stem canker of 
soybeans are diseases caused by the Diaporthe/Phomopsis complex 
(Zhang, Riccioni, Pedersen, Kollipara, & Hartman, 1998). Phomopsis 
seed decay is the major cause of the reduction in the quality of seeds 
in the main soybean-producing regions, worldwide. The germination 
and emergence of seeds infected by P. longicolla are reduced in the 
field, and in severe conditions, this may result in substantial losses 
(Sinclair, 1995; Wrather et al., 2010). Pod and stem blight occurs 
on the stems, petioles, pods, leaves, seeds and roots of soybeans, 
mainly when there are frequent rains followed by high temperatures 
and high humidity. Canker is a severe disease that causes necrosis in 
stems; it was associated with significant losses to the soybean cul-
ture in Brazil in the 1990s, leading to the replacement of susceptible 
cultivars (Reis, Casa, & Reis, 2012).

The detection and accurate identification of plant pathogens are 
important preventive or curative strategies used to control plant 
diseases. Special attention must be given to detection in seeds and 
other propagative materials to prevent the introduction and spread 
of pathogens in disease-free areas. This requires fast, accurate and 
sensitive methods to detect and identify plant pathogens to ensure 
the use of healthy seeds, and to improve decision-making for disease 
control (Capote, Patrana, Aguado, & Sánchez-Torres, 2012).

The blotter test is the most widely used method to detect patho-
genic fungi in seeds (Brasil, 2009), based on the morphology and 
characteristics of fungal colonies. However, this traditional method is 
time-consuming and laborious, and it requires extensive knowledge 
of classical taxonomy. These limitations have led to the development 
of molecular approaches with greater accuracy and reliability to de-
tect and quantify plant pathogenic fungi. In general, molecular meth-
ods are much faster, accurate, sensitive and specific than traditional 
methods, and they can also be performed and interpreted by peo-
ple without specialized taxonomic knowledge (Atallah, Bae, Jansky, 
Rouse, & Stevenson, 2007; Capote et al., 2012; Debode et al., 2009; 
Zhang, Hartman, Curio-Penny, Pedersen, & Becker, 1999).

The qPCR technique is a highly effective method used to detect 
plant pathogens. Specific primers and hydrolysis probes, such as 
TaqMan® qPCR, have been used to detect Diaporthe phaseolorum 
and P. longicolla in soybean seeds, and they have provided faster 
results than traditional detection methods (Zhang et al., 1999). The 
qPCR method has also been used to detect Phytophthora ramorum 
and P. pseudosyringae in oak species in California, Verticillium dahl‐
iae, the causal agent of verticillium wilt of potato, Colletotrichum 
acutatum in strawberry leaves and Fusarium oxysporum f. sp. phaseoli 
in bean seeds (Atallah et al., 2007; Debode et al., 2009; Sousa, 
Machado, Simmons, & Munkvold, 2015; Tooley, Martin, Carras, & 
Frederick, 2006). TaqMan qPCR was further used to detect and 
quantify Fusarium oxysporum f. sp. lycopersici in soil (Huang, Tsai, 
& Vallad, 2016) and to estimate levels of Alternaria, Cladosporium, 
Fusarium and Penicillium verrucosum in grain samples obtained from 
conventional	and	organic	farms	(Kulik,	Treder,	&	Załuski,	2015).	This	
method offers advantages, such as high specificity, simultaneous 
amplification of multiple targets in a single reaction and quantifica-
tion of the number of target molecules, by establishing a standard 
curve obtained from the serial dilution of known concentrations of 
the target DNA (Schaad & Frederick, 2002; Schena, Nbigro, Ippolito, 
& Gallitelli, 2004).

Given the implications of a rapid and successful diagnosis of 
pathogens in soybean seeds, the present study aimed to establish a 
methodology to increase the detection efficiency of two pathogenic 
fungi frequently found in soybean seeds in Brazil in comparison to 
traditional detection methods. Thus, the detection and quantifica-
tion of Phomopsis spp. and S. sclerotiorum by qPCR was assessed 
using specific primers and hydrolysis probes in artificially infected 
seeds and naturally infected seeds obtained from the main Brazilian 
soybean-producing regions.

2  | MATERIAL AND METHODS

2.1 | Fungal isolation

The fungal isolates used in this study were obtained from naturally 
infected soybean seeds, sampled from different regions of Brazil 
between 2011 and 2014. Ten soybean seeds were arranged equi-
distantly on Petri dishes containing three sheets of sterilized filter 
paper, soaked in distilled water and incubated at 20°C, with a light–
dark cycle of 12 hr for fungal isolation. After 7 days, the seeds were 
examined individually under a stereoscopic microscope. Fungi were 
identified based on the morphology of their reproductive structures. 
The isolation of Phomopsis spp. was conducted by transferring typi-
cal fungal structures to potato dextrose agar (PDA) plates and allow-
ing them to incubate at 25°C under 12-hr light/12-hr dark conditions 
to produce pycnidia and spores. For S. sclerotiorum, isolates were 
obtained from the visible sclerotia on the seeds; their surface was 
disinfected in 1% hypochlorite solution, transferred to PDA plates 
and incubated at 25°C under 12-hr light/12-hdark conditions. Pure 
cultures of Phomopsis spp were obtained by monosporic cultures. 
Pure cultures of S. sclerotiorum were obtained by transferring hyphal 
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tips to new PDA plates. Fungal isolates were stored as mycelial discs 
in	25%	glycerol	at	−80°C,	as	colonized	filter	paper	at	4°C	and	S. scle‐
rotiorum was also stored as sclerotia at 4°C.

2.2 | qPCR assays

Fungal isolates were cultured for 7 days in semi-synthetic liquid me-
dium (Alfenas, Brune, Oliveira, Alonso, & Scortchini, 1998), and then, 
the mycelium was recovered, dried in sterile filter paper, freeze-
dried and ground with a mortar and pistil. Each isolate was submit-
ted to DNA extraction using the Genomic DNA Purification Wizard® 
Kit (Promega). The concentration of DNA samples was adjusted to 
10 ng/μL.

For molecular detection, specific primers were first tested by 
conventional PCR for S. sclerotiorum (Chen, Zhao, Zhou, & Wang, 
2010) and for the Diaporthe/Phomopsis complex (Zhang et al., 1999), 
using DNA samples of fungi commonly associated with soybean 
seeds. Reactions were carried out in 25 µl, with 20 ng of DNA from 
each isolate, 10 μM of each primer (Table 1), 12.5 µl of GoTaq Master 
Mix (Promega) and 8.5 μl of nuclease-free water. The amplification 
was programmed for 5 min at 95°C, followed by 40 cycles of 95°C 
for 15 s, 60°C (for Phomopsis spp.) or 56°C (for S. sclerotiorum) for 
1 min and 72°C for 1 min, with a final extension of 72°C for 7 min 
(Chen et al., 2010). The amplified fragments were run in 1.5% aga-
rose gel stained with SYBR Safe (Invitrogen) and visualized under 
UV light.

The detection of Phomopsis spp. and S. sclerotiorum by qPCR was 
performed using the set of primers and probes PL5-F/PL5-R/PL5-P 
(Zhang et al., 1999) and TY-F/TY-R/TY-P (Chen et al., 2010). Aiming 
for multiplex and simultaneous detection in a single qPCR reaction, 
Phomopsis spp. and S. sclerotiorum probes were labelled with dis-
tinct fluorophores (Table 1). The qPCR reactions were performed 
in 12 μl, with 30 ng of DNA, 0.4 μM (for Phomopsis spp.) and 0.2 μM 
(for S. sclerotiorum) of each primer, 6 μl of Path-ID qPCR Master Mix 
(Applied Biosystems) and 0.2 μM of each probe. The programme 
started at 95°C for 10 min, followed by 45 cycles to 95°C for 15 s 
and 60°C (for Phomopsis spp.) or 56°C (for S. sclerotiorum) for 60 s 
in a 7,500 Fast Real-Time PCR System (Applied Biosystems). The 
qPCR test was also extended to other pathogenic fungi associated 
with soybeans. Nuclease-free water was used as a negative control 
(non-template control, NTC). Data analysis was performed based on 
the threshold cycle (CT), manually set in the exponential phase of 

the amplification, where the curves were parallel. CT values were 
assessed using the software 7500 v.2.0.6 (Applied Biosystems).

In order to quantify the pathogen DNA on soybean seeds by 
qPCR, standard curves were obtained for each fungal species under 
study. An eightfold serial dilution was carried out from a DNA con-
centration of 300 ng/µl to 300 fg/µL (or 3 × 102 to 3 × 10−5 ng/µl). 
Three technical replicates were conducted for each dilution. The 
qPCR conditions were the same as those used in the prior section. 
The limit of detection (LOD) was estimated for each assay as the low-
est DNA concentration detected in at least 95% of the runs; values 
below the limit of detection were excluded. Thus, a sample was con-
sidered positive for the presence of the pathogen when the quantity 
of DNA detected was equal to or greater than the LOD and negative 
when it was below the LOD.

For the multiplex reactions, DNA samples from five isolates of 
Phomopsis spp. and five isolates of S. sclerotiorum were tested either 
separately or mixed in equivalent ratios. The qPCR conditions were 
the same as those described above, keeping the annealing tempera-
ture as the lowest among the primers used in the singleplex reac-
tions (56°C, ideal for S. sclerotiorum).

2.3 | Detection of fungi in soybean seeds by qPCR

Healthy, pathogen-free soybean seeds of the Pioneer 97R01 culti-
var were surface-disinfested with 1% sodium hypochlorite for 30 s, 
rinsed with distilled water and dried on filter paper for 48 hr. Then, 
seeds were artificially inoculated with Phomopsis spp. and S. sclero‐
tiorum by placing them, in a single layer, on top of the fungal colonies, 
with 5–7 days of cultivation on PDA, and incubated at 25°C under 
light–dark cycles of 12 hr for 24 hr (Machado, Guimarães, Vieira, 
Souza, & Pozza, 2004). After this period, the seeds were dried on 
filter paper at room temperature for 72 hr. Dilutions were performed 
to obtain distinct inoculum potential by mixing inoculated seeds with 
healthy seeds, as follows: 1:399, 1:799, 1:1,599 (inoculated seeds: 
healthy seeds), corresponding to infestation levels of 0.25%, 0.125% 
and 0.0625%, respectively.

The molecular detection of Phomopsis spp. and S. sclerotiorum 
was done by the seed-soaking method, in which 400 inoculated 
seeds, at the above-mentioned ratios, were incubated at 20°C 
in closed bottles with 400 ml sterile water for 4 hr (Grabicoski 
et al., 2015). From the soaking solution, 1 ml aliquots was stored 
at	 −20°C	 and	 subjected	 to	 qPCR,	 under	 the	 same	 conditions	 as	

TA B L E  1   Primers and TaqMan probes used for the detection of pathogenic fungi in soybean seeds by qPCR

Primers and probes Sequence (5′–3′) Target References

PL5-F CGAGCTCGCCACTAGATTTCA Phomopsis spp. Zhang et al. (1999)

PL5-R CCTCAAGCCTGGCTTGGTGATGG

PL5-P 6-FAM-CCATCACCAAGCCAGGCTTGAGG-TAMRA

TY-F ATATAACGCTACTCTCTCTGTTC Sclerotinia sclerotiorum Chen et al. (2010)

TY-R AGCCAACTTTCGGAGATTTG

TY-P VIC-CGAGAACTCTGACGAGACCTTCTGTA-QSY
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described above, separately for each pathogen. The amplified 
product was quantified based on the standard curves that were 
set previously. DNA samples of each fungal species and aliquots 
of inoculated soaking seeds were used as the positive controls. 
Ultrapure sterile water and aliquots of healthy soaking seeds were 
used as the negative controls.

To assess the effectiveness of detection, five samples of soybean 
seeds from the 2013/2014 harvest from Goiás, Minas Gerais and 
Paraná, Brazil, were submitted to qPCR. The samples were not iden-
tified by the cultivar based on a confidentiality agreement between 
the seeds’ providers. From each 1 kg sample, 400 soybean seeds 
were incubated in sterile water and 3 µl aliquots of the soaking 
solution was submitted to qPCR, as described previously. For each 
sample, three technical replicates were conducted to establish the 
linear regression curve between the CT value and the concentration 
logarithm of the DNA sample. The amount of DNA detected in this 
ratio was used to estimate the percentage of infected seeds in each 
sample.

2.4 | Detecting fungi in soybean seeds by 
conventional or traditional methods

The efficacy of pathogen detection by qPCR was compared to con-
ventional methods using the same 15 soybean seed samples. For the 
detection of Phomopsis spp. by the blotter test, 10 soybean seeds 
were arranged equidistantly on Petri dishes containing three sheets 
of sterilized filter paper, soaked in distilled water and incubated at 
20°C under 12-hr light/dark conditions. After 7 days, the seeds were 
individually examined under a stereoscopic microscope and fungi 
were identified based on sporulation or the presence of reproduc-
tive structures typical of each target pathogen (Brasil, 2009). For 
each sample, 400 seeds were randomly chosen. For the detection of 
S. sclerotiorum, semi-selective agar medium, amended with bromo-
phenol blue (NEON), was used, in which seeds were incubated at 
20°C for 8 days in the dark. The formation of reddish-yellow halos 
around the seeds was indicative of the presence of S. sclerotiorum, 
which were further analysed under a stereoscopic microscope to as-
sess the typical mycelial growth and the presence of the sclerotia of 
S. sclerotiorum (Brasil, 2009).

2.5 | Molecular monitoring of pathogenic fungi 
occurrence in soybean seeds

Samples of untreated soybean seed batches from the 2013/2014 
and 2014/2015 harvests, originating from the main soybean-pro-
ducing regions of Brazil, were submitted to qPCR to evaluate the 
incidences of Phomopsis spp. and S. sclerotiorum. We tested the fol-
lowing 81 seed samples: 30 from Goiás, 16 from Minas Gerais, 20 
from Paraná, 3 from Rio Grande do Sul and 12 from Mato Grosso. 
We used aliquots of the soaking water of 400 seed batches, as de-
scribed above. The amount of pathogen DNA in each sample was 
estimated based on the CT values obtained from the standard curves 
experimentally established for each pathogen.

3  | RESULTS

3.1 | Isolation of pathogenic fungi from soybean 
seeds

From the naturally infected soybean production fields, five isolates 
of Phomopsis spp. and five isolates of S. sclerotiorum were obtained 
from soybean seeds. Furthermore, 16 isolates of four common soy-
bean pathogenic fungi (Colletotrichum truncatum, Corynespora cassii‐
cola, Fusarium sp., Alternaria sp.) were also recovered from the seeds 
and used to verify the specificity of the assay.

3.2 | qPCR assays

The tested primer pairs (PL5-F/PL5-R and TY-F/TY-R) were quite 
specific to detect Phomopsis spp. and S. sclerotiorum, respectively. 
Only isolates of the target species were amplified by conventional 
PCR, but not from any other tested fungus.

A high level of specificity was observed in the qPCR assays. The 
set PL5-F/PL5-R/ PL5-P only showed amplification of Phomopsis spp. 
isolates. Exclusive amplification of S. sclerotiorum isolates was also 
obtained using the set TY-F/TY-R/TY-P, supporting its potential use 
to detect and quantify these pathogens in soybean seeds (Table 2).

Based on serial DNA dilutions of Phomopsis spp., qPCR showed 
the amplification of up to 30 fg (3 × 10−4 ng), with a corresponding CT 
value of 42.82 (Table 3), which was defined as the LOD for this patho-
gen. The eightfold standard curve presented linearity (y	=	−4.4936	
Log(x) + 27.24, R2 = 0.99) for the tested DNA concentrations (Figure 1a). 
There was amplification of S. sclerotiorum DNA, up to 300 fg (3 × 10−3 
ng), with a CT value of 41.99. Thus, the LOD for the detection of S. 
sclerotiorum was defined as CT	≤	42.	This	standard	curve	also	showed	
linearity (y	=	−3.1703	Log	(x) + 30.327, R2 = 0.99) (Figure 1b).

The tested multiplex qPCR was not successful. In the reactions 
in which the DNA of both Phomopsis spp. and S. sclerotiorum was 
included, only the former was amplified in all trials. Therefore, when-
ever the DNA of S. sclerotiorum was mixed with Phomopsis spp., the 
target was not amplified, even when we used the ideal annealing 
temperature for this species in the multiplex qPCR (56°C) or ad-
justed the concentrations of the primers and probe to increase the 
amplification efficiency. Thus, multiplex qPCR could not be used in 
subsequent analyses, and the detection of each pathogen by qPCR 
was performed separately from this point on.

3.3 | Detecting fungi in soybean seeds by qPCR and 
traditional methods

The use of soybean seeds soaked in ultrapure water allowed for 
the qPCR detection of Phomopsis spp. and S. sclerotiorum up to the 
minimum incidence level of 0.0625%, which corresponds to one 
inoculated seed in 1,599 healthy seeds (Table 4). This method al-
lowed for the detection of S. sclerotiorum from 300 fg (3 × 10−4 ng) 
of pathogen DNA in seeds and of Phomopsis spp. from only 30 fg 
(3 × 10−5 ng) of its DNA in the samples. In most qPCR runs, there 
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was no amplification in the NTC wells; a weak amplification was de-
tected in the few false-positive wells, but in cycle thresholds above 
the LOD. Hence, these data had no impact on the results.

Phomopsis spp. was detected by qPCR in all tested samples, albeit 
with	a	 low	incidence	 (≤6.8%).	No	amplification	was	observed	 in	the	
five samples submitted for the detection of S. sclerotiorum by qPCR. 
By using the blotter test, the maximum detected incidence level of 
Phomopsis spp. was 0.25% in Goiás, 2.75% in Minas Gerais and 0.5% in 
Paraná, far below the respective levels of 2.2%, 6.8% and 1% detected 
by qPCR (Figure 2). S. sclerotiorum had 0% incidence in the samples ac-
cording to the NEON method, in accordance with the qPCR results.

3.4 | Molecular monitoring of pathogenic 
occurrence in soybean seeds

For Phomopsis spp., most samples had incidence levels greater than 
or equal to 0.25%, with at least one seed infected in a batch of 400 

seeds. For S. sclerotiorum, however, most samples showed lower 
levels, between 0.0625% and 0.125%. Most of the samples were 
considered healthy because there was either no amplification of any 
pathogens or CT values were below the LOD. Of the 81 analysed 
seed batches, Phomopsis spp. was detected in 40.7% and S. sclero‐
tiorum was detected in 32.1%. For most of the samples in which S. 
sclerotiorum was detected, the incidence levels were low, between 
0.0625% and 0.125%. For Phomopsis spp., most samples showed 
higher incidence levels, between 0.125% and 0.25%.

There was great variation in the incidence of pathogens in seed-
producing areas (Figure 3). In the samples from Goiás, the incidence 
of Phomopsis spp. was 16.7%, while that of S. sclerotiorum was 26.7%. 
Among the samples from Minas Gerais, Phomopsis spp. had an inci-
dence of 43.8% and S. sclerotiorum had an incidence of 56.3%. In the 
samples from Paraná, the incidences of Phomopsis spp. and S. scle‐
rotiorum were similar, 35% and 30%, respectively. Phomopsis spp. 
was detected in one and S. sclerotiorum was detected in two of the 

Species Isolate

CT valuesa 

Phomopsis spp. Sclerotinia sclerotiorum

Phomopsis spp. Pho1 31.91 ± 0.68 N.A.

Pho2 34.12 ± 1.39 N.A.

Pho3 30.21 ± 0.88 N.A.

Pho4 34.38 ± 0.65 N.A.

Pho5 29.64 ± 1.26 N.A.

Sclerotinia sclerotiorum Ss1 N.A. 30.31 ± 0.78

Ss2 N.A. 32.71 ± 1.07

Ss3 N.A. 33.22 ± 1.35

Ss4 N.A. 30.82 ± 0.97

Ss5 N.A. 33.49 ± 1.89

Fusarium sp. Fus1 N.A. N.A.

Fus2 N.A. N.A.

Fus3 N.A. N.A.

Fus4 N.A. N.A.

Fus5 N.A. N.A.

Corynespora cassiicola Cory1 N.A. N.A.

Cory2 N.A. N.A.

Cory3 N.A. N.A.

Colletotrichum truncatum Col1 N.A. N.A.

Col2 N.A. N.A.

Col3 N.A. N.A.

Col4 N.A. N.A.

Col5 N.A. N.A.

Alternaria sp. Alt1 N.A. N.A.

Alt2 N.A. N.A.

Alt3 N.A. N.A.

Negative control – N.A. N.A.

Note. aData are presented as mean of three technical replicates ± standard error of the mean. bN.A.: 
no amplification after 45 cycles. 

TA B L E  2   Specificity of primers and 
probes used for detection and 
quantification of Phomopsis spp. and 
Sclerotinia sclerotiorum DNA by qPCR
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samples from Rio Grande do Sul. In Mato Grosso, Phomopsis spp. 
was detected in 100% and S. sclerotiorum was detected in 16.7% of 
the samples.

4  | DISCUSSION

In this study, qPCR assays were optimized to detect and quantify 
Phomopsis spp. and Sclerotinia sclerotiorum in soybean seed samples. 
Detection was based on aliquots of soaking soybean seeds in ster-
ile ultrapure water using primers and TaqMan probes designed to 
specifically detect these plant pathogenic fungi (Chen et al., 2010; 
Zhang et al., 1999). Thus, we eliminated the seed maceration in liq-
uid nitrogen and DNA extraction steps, since the soaking aliquots of 
seeds were used directly in qPCR. The assays allowed for the mo-
lecular detection of only 10−5 and 10−4 ng of the genomic DNA of 
Phomopsis spp. and Sclerotinia sclerotiorum, respectively, in soybean 
seeds.

The use of qPCR allowed for the detection of Phomopsis spp. in 
all preliminarily tested seed samples, albeit with a low incidence. 
Its molecular detection was compared to the blotter test, by which 
the maximum detected level was 2.5% versus 6.75% by qPCR. 
Therefore, the molecular method was up to 28.5 times more ef-
ficient in detecting Phomopsis spp. in soybean seeds, compared to 
the traditional test. No detection was observed in the five samples 
submitted for the detection of S. sclerotiorum using qPCR and the 
NEON method; thus, the seed samples that were simultaneously 

submitted to both tests were considered pathogen-free. The tested 
molecular method showed a higher efficiency in detecting patho-
gens with a low incidence in soybean seeds, or even those that had 
not been detected in the samples using traditional methods.

Of the 81 evaluated soybean seed samples, 53 (65.4%) were in-
fected by at least one of the target pathogens and only 28 (34.6%) 
were found to be pathogen-free. Among the healthy samples, 17 
were from the state of Goiás (56.7% of the total samples from this 
state), three from Minas Gerais (18.8% of the total) and eight from 
Paraná (40%). The qPCR assays showed greater sensitivity and al-
lowed for the detection of pathogens in samples with infection lev-
els lower than 0.0625%, meaning one infected seed in 1,599 healthy 
seeds. These samples would be considered healthy by the conven-
tional detection method, since an assessment of only 400 seeds 
is currently recommended for seed health testing in Brazil (Brasil, 
2009). In some cases, the mere detection of the pathogen, without 
the need to quantify it, would be enough to compromise the batch 
of seeds with regard to health. It has been suggested that there be 
zero tolerance for pathogens such as S. sclerotiorum, considered a 

TA B L E  3   Detection limit of DNA serial dilutions of Phomopsis 
spp. and Sclerotinia sclerotiorum by qPCR

DNA amount

CT valuesa 

Detection of 
Phomopsis spp.

Detection of 
Sclerotinia sclerotiorum

3 × 102 ng 
(300 ng)

18.63 ± 0.26 21.94 ± 0.32

3 × 101 ng 
(30 ng)

21.48 ± 0.23 25.35 ± 0.91

3 × 100 ng 
(3 ng)

24.74 ± 0.34 28.49 ± 0.58

3 × 10−1	ng 
(300 pg)

27.24 ± 0.09 31.39 ± 0.13

3 × 10−2	ng 
(30 pg)

30.90 ± 0.18 34.82 ± 0.39

3 × 10−3	ng 
(3 pg)

35.58 ± 0.06 38.55 ± 0.45

3 × 10−4	ng 
(300 fg)

38.26 ± 0.16 41.99 ± 0.34b 

3 × 10−5	ng 
(30 fg)

42.8 ± 0.32b  N.A.

Note. N.A.: no amplification after 45 cycles.
aData are presented as mean of three technical replicates ± standard 
error of the mean. bLimit of detection (LOD) or the lowest DNA concen-
tration detected in at least 95% of the qPCR runs. 

F I G U R E  1   Standard curves for qPCR generated using eightfold 
serial dilutions of genomic DNA of Phomopsis spp. (a) and Sclerotinia 
sclerotiorum (b). DNA concentrations ranged from 3 × 102 to 
3 × 10−5 ng/μL per reaction. Curves represent the mean CT values 
of three technical replicates
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quarantine pest due to its epidemiological explosive nature and its 
destructive potential to soybean crops, in seed certification pro-
grammes in Brazil (Botelho, Barrocas, Machado, & Martins, 2015; 
Machado & Pozza, 2005). Our results warn of the presence of S. scle‐
rotiorum in one-third of the evaluated seeds, which may contribute 
to increased inoculum levels in the field or introduce this pathogen 
to disease-free fields.

Detection by qPCR was more sensitive than by the blotter test 
and allowed for the detection of Phomopsis spp. in samples in which 
the pathogen had not been observed by the traditional method. 
Moreover, qPCR revealed higher incidence rates in samples in which 
Phomopsis spp. had been detected by the former method. Recently, 
studies of other pathosystems have shown that qPCR detection is 
more precise, more sensitive and faster, compared to traditional 

Infestation 
levels (%)

Proportion of inoculated seeds/
total amount of seeds

CT valuesa 

Phomopsis spp. Sclerotinia sclerotiorum

100 400/400 32.63 ± 0.02 33.99 ± 0.09

0.25 1/400 37.92 ± 0.47 36.38 ± 0.41

0.125 1/800 39.68 ± 0.09 38.75 ± 0.47

0.0625 1/1,600 41.45 ± 0.50 41.12 ± 0.81

0 0/400 N.A. N.A.

Note. N.A.: no amplification after 45 cycles.
aData are presented as mean of three technical replicates ± standard error of the mean. 

TA B L E  4   Sensibility of detection of 
Phomopsis spp. and Sclerotinia sclerotiorum 
in inoculated soybean soaking seeds by 
qPCR

F I G U R E  2   Comparative incidence of Phomopsis spp. in naturally infected soybean seed samples from the states of Goiás (a), Minas Gerais 
(b) and Paraná (c) evaluated by two detection methods: qPCR (in dark grey) and blotter test (in light grey)

F I G U R E  3   Incidence levels of 
Phomopsis spp. (Pho) and Sclerotinia 
sclerotiorum (Scle) in 81 soybean seed 
samples from the states of Goiás (GO), 
Minas Gerais (MG), Paraná (PR), Rio 
Grande do Sul (RS) and Mato Grosso 
(MT) detected by qPCR. Samples that 
did not amplify for any target pathogen 
or showing CT values below the limits of 
detection (LOD) were considered healthy
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detection methods (Botelho et al., 2015; Chen et al., 2013; Sousa 
et al., 2015). The time required to perform the blotter test (mini-
mum 7 days) could be reduced to a few hours using qPCR. Therefore, 
qPCR could be considered a viable alternative for pathogen detec-
tion in seeds and could be incorporated into the official detection 
methods used by certified diagnosis laboratories (Ganchon, Mingam, 
& Charrier, 2004; Munkvold, 2009). In addition, a large number of 
samples can be processed within a short period, and this can be con-
veniently applied to commercial seed testing and certification (Sousa 
et al., 2015).

Using primers developed by Freeman, Ward, Calderon, and 
McCartney (2002), S. sclerotiorum was detected in artificially inoc-
ulated soybean seeds, up to an incidence of 10% by conventional 
PCR and up to 1% by qPCR (Botelho et al., 2015). Until now, the 
minimum limit detected for this pathogen in soybean seeds was an 
incidence of 0.25% for conventional PCR, using the same primers 
(Grabicoski et al., 2015). In this study, using the TaqMan system 
proposed by Chen et al. (2010), we obtained a higher sensitivity for 
the detection of the pathogen, up to an incidence level of 0.0625%, 
with good repeatability. The sensitivity of the detection of inci-
dence levels lower than 0.25% by qPCR allows for the estimation 
of seed pathogen incidence levels that are considered healthy by 
traditional methods.

Using TaqMan hydrolysis probes ensures that a fluorescent sig-
nal is produced only when an exact match between the probe and 
the target is reached. This increased level of specificity reduces the 
likelihood of false positives when analysing field samples, without 
compromising sensitivity. As a result, the proposed qPCR assay may 
be a more reliable method to detect and quantify Phomopsis spp. and 
S. sclerotiorum DNA in soybean seed samples. A potential disadvan-
tage of detecting plant pathogens by qPCR is that this method am-
plifies all detectable DNA regardless of whether it comes from viable 
or non-viable spores. As a result, false positives or an overestimation 
of propagule density may be achieved, which could be checked using 
culture-based methods to identify viable spores, along with quanti-
fication using qPCR.

The seed-soaking method resulted in better pathogen detection 
by qPCR than grounding soybean seeds with a mortar and pistil, such 
that the detection was only viable using this protocol. Grounding 
seeds possibly released some components that interfered in the 
amplification of target pathogens. Polyphenols present in soybean 
seeds are potential PCR inhibitors associated with false-negative 
PCR results (Schrader, Schielke, Ellerbroek, & Johne, 2012). Thus, 
the high sensitivity provided by soaking the seeds in ultrapure water 
shows its viability in the detection of soybean seed pathogens by 
means of qPCR.

Although a pattern of soybean seed health has not yet been es-
tablished, studies involving the quantification of pathogens in seeds 
are important to inform producers of the infection level of the seeds 
used in their crops. For the seed-transmitted pathogens, the risk of 
a disease outbreak generally depends on the amount of inoculum 
in the seeds (Munkvold, 2009; Sousa et al., 2015). Therefore, a test 

to determine the amount of pathogen DNA is desirable to identify 
the actual infection level of a seed batch during seed health testing, 
which can be effectively achieved through qPCR (Glynn & Edwards, 
2010; Sousa et al., 2015).

Due to the low pathogen incidence in naturally infected seeds, 
400 seeds, which is the currently recommendation for sanity tests 
of S. sclerotiorum (Brasil, 2009), may not be adequate to effectively 
detect the fungus, and a greater number of seeds may be required 
(Henneberg, Grabicoski, Jaccoud-Filho, & Panobianco, 2012). A rise 
in the number of evaluated seeds would hinder the health tests cur-
rently being used, increasing the installation and assessment time 
and the need for more space in laboratories and/or incubation cham-
bers. The detection method using qPCR could be an alternative, as 
it can provide greater sensitivity compared to traditional detection 
methods. The use of specific sets of primers and probes could be-
come essential for the detection of Phomopsis spp. and S. sclerotio‐
rum in soybean seeds.

The high sensitivity and specificity, associated with a short time 
to obtain the results and the ease of implementation, make qPCR 
an attractive method to replace the traditional methods (Schaad 
& Frederick, 2002). However, there are limitations to its use. In 
contrast to traditional methods, it is based on DNA amplification; 
therefore, it does not differentiate between living and dead patho-
gens (Josephson, Gerba, & Pepper, 1993). The association of both 
techniques would be a viable alternative, where qPCR could screen 
a large volume of samples, and later, the traditional method could be 
applied only to the qPCR-positive samples for the viability test of the 
target pathogen.

Diagnosis by qPCR can result in appropriate control measures 
and/or faster and more accurate eradication procedures than the 
traditional pathogen isolation methods. Losses associated with dis-
eases can be minimized and costs due to pest control may be re-
duced (Schaad & Frederick, 2002). The correct identification of fungi 
in soybean seeds has special importance for diagnostic laboratories 
and growers. In addition, the use of faster and more sensitive meth-
ods is essential for the detection of pathogens associated with the 
seeds, thus preventing the introduction and spread of disease in the 
culture.
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