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Abstract: Fusarium spp. and Magnaporthiopsis maydis are soil-inhabiting fungi and respectively the
causal agents of fusarium ear rot and late wilt, two important diseases that can affect maize, one of
the most important cereal crops worldwide. Here, we present two sensitive real-time PCR TagMan
MGB (Minor Groove Binder) assays that detect and discriminate several Fusarium spp. (F. oxysporum,
E. verticillioides, and F. graminearum) from M. maydis. The method is based on selective real-time
gPCR amplification of the internal transcribed spacer (ITS) region and allows the quantification of the
fungi. The applicability of this newly developed TagMan methodology was demonstrated in a field
experiment through the screening of potentially infected maize roots, revealing a high specificity and
proving to be a suitable tool to ascertain Fusarium spp. and M. maydis infection in maize. Its high
sensitivity makes it very efficient for the early diagnosis of the diseases and also for certification
purposes. Thus, gPCR through the use of TagMan probes is here proposed as a promising tool for
specific identification and quantification of these soil-borne fungal pathogens known to cause disease
on a large number of crops.
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1. Introduction

Maize (Zea mays L.) is one of the most important cereal crops worldwide [1] not only for food
production but also in terms of its growing role in industry and energy resources. However, animal
pests, weeds, and pathogens have an impact on its yield and quality [2]. Fusarium spp. are among
the most important pathogenic fungal communities affecting crops, causing in maize the disease
complexes fusarium ear rot (FER) [3]. These soil-borne fungi interfere with the water-conducting
vessels of the plant and, as the infection spreads up into the stems and leaves, it restricts water flow,
causing the foliage to wilt and turn yellow. Fusarium spp. fungi can induce serious plant diseases that
can affect the yield and quality of maize grain, resulting in huge economic losses, and can also result
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in mycotoxin-contaminated grains that cause health-threatening issues [4,5]. Important causal species
of FER in maize are Fusarium graminearum, F. verticillioides, F. proliferatum, and F. subglutinans [6,7].
F. verticillioides is the main causal agent of FER, although climatic conditions and crop management
practices influence the occurrence and prevalence of other Fusarium species [8,9]. F. oxysporum and
F. solani are also commonly found in maize seeds [10,11].

In recent years, late wilt caused by the soil-borne and seed-borne fungus Magnaporthiopsis maydis
(Samra, Sabet & Hing.) Klaubauf, Lebrun & Crou (synonym Cephalosporium maydis Samra, Sabet &
Hing.; Harpophora maydis (Samra, Sabet & Hing.) W. Gams) [12] has emerged as a worrying disease in
maize in the Iberian Peninsula [13] and has also been reported in India, Israel, and Hungary as well [14].
This fungus is morphologically and molecularly closely related to Gaeumannomyces-Harpophora species
complex [12,15,16]. The disease is characterized by relatively rapid wilting of maize plants due to
clogging of the vascular system [17]. The most effective way of controlling late wilt is the use of tolerant
maize varieties [4,5]. Although the complete absence of symptoms in tolerant maize until the end of
the crop season is not frequent, material displaying moderate to high tolerance should be included
within an integrated strategy for the control of late wilt of maize [18]. Because seeds can transport the
pathogen and consequently spread the disease [19], molecular assays are important to rapidly select
seeds free of M. maydis and, consequently, prevent its dissemination [20]. Additionally, in maize plants
the rot of the base of the affected stem and the associated roots is often due to secondary infection by
stalk rot-causing fungi [21]. Fusarium spp. are included in these secondary organisms. For instance,
F. graminearum and F. verticillioides have been frequently found together with M. maydis in seed samples
of maize in Egypt [22].

Given the increasing incidence of both Fusarium spp. and M. maydis and their negative economic
impact, the importance of early detection arises, bringing the need of precise molecular identification.
Together with information on plant disease severity, molecular quantification of fungi in plants offers
an additional tool in the screening of plants resistant to fungal diseases. The present study reports for
the first time a methodology for detection, quantification, and also discrimination between genomic
DNA (gDNA) of Fusarium spp. and M. maydis in maize roots using real-time PCR (qPCR), through
the development of two specific TagMan MGB (Minor Groove Binder) assays: one targeting Fusarium
species, and another that targets M. maydis. The assays are based on selective amplification of the
internal transcribed spacer (ITS) region (ITS1, 5.85 rRNA, ITS2, large subunit ribosomal RNA gene).
The use of qPCR instrumentation presents several advantages, since it requires considerably short
hands-on time, and detection of amplified products is automated, simple, and reproducible [23].
gPCR combined with the chemistry of TagMan MGB probes represents the most specific and sensitive
detection system when low amounts of target DNA are present, as often occurs in the case of early
interactions between plants and fungi. Finally, the applicability of the newly developed TagMan
methodology was exemplified in a field experiment through the screening of potentially infected maize
roots with Fusarium spp. and M. maydis.

2. Materials and Methods

2.1. Study Site and Sample Collection

The sampling area, located in Ribatejo region (central Portugal) (39°20'11.74” N, 8°32/59.98” W),
has been known to be infested with late wilt for many years. Maize was irrigated and grown
under conventional management. The cultivars used in the experiment are considered tolerant and
susceptible to M. maydis. Samples (biological replicates) consisted of maize roots, collected in bulked
samples of six plants, at two (T0), four (T1), and six (T2) weeks after germination. The experimental
design consisted of blocks of four replicates for each cultivar, for a total of 24 samples (2 cultivars
x 3 time points x 4 replicates). Roots were transported to the laboratory and stored at 4 °C until
further analysis, which occurred within 48 h. Root samples were used for both fungal isolation and
gDNA extraction.
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2.2. Fungal Isolates and Growth Conditions

Maize roots for fungal isolation were surface disinfected to suppress epiphytic
microorganisms [24]. After disinfection, root pieces were dried in sterile Whatman paper, cut
into sections, and placed on Petri dishes of 9 cm diameter containing Potato Dextrose Agar medium
(PDA, Merck, Darmstadt, Germany) and incubated for 1-2 weeks at 23-25 °C. Morphologically
different colonies were isolated by transferring an agar disk (about 5 mm?) of the growing fungi
to fresh medium (PDA). From these colonies, 12 isolates of Fusarium spp. were firstly identified
morphologically through characteristics such as rate of growth, mycelium color, texture, nature of the
growing margin, and color of the reverse side. Shape of conidia was observed under an Olympus
BX-50 compound microscope (1000x magnification). Additionally, for demonstration of the reliability
of the TagMan methodology, three morphologically different isolates of Fusarium spp. (obtained from
maize plants) that belong to the collection of the Mycology Laboratory, Institute of Mediterranean
Agricultural and Environmental Sciences (ICAAM), University of Evora, Portugal, were included in
the experiment, and were grown on the same conditions as described above. In the experiment it
was not possible to morphologically identify Magnaporthiopsis maydis and therefore a reference isolate
(in PDA plates) was kindly provided by Dr. Ortiz-Bustos (Department of Crop Protection, Institute of
Sustainable Agriculture, Cérdoba, Spain) [25] (GenBank Acc number KP164518).

2.3. gDNA Extraction

Maize roots, Fusarium spp. mycelium (12 isolates from the experiment and 3 isolates from
the laboratory collection), and M. maydis mycelium were ground in liquid nitrogen and stored at
—80 °C until further analysis. gDNA was extracted using the CTAB (hexadecyltrimethylammonium
bromide) method [24,26]. To quantify and assess gDNA purity, the absorbance was measured on a
NanoDrop-2000C spectrophotometer (Thermo Scientific, Waltham, MA, USA). gDNA integrity was
checked by 0.8% agarose gel electrophoresis and visualized using Gene Flash Bio Imaging system
(Syngene, Cambridge, UK). Samples were diluted to a concentration of 20 ng pL 1.

2.4. Fungal Genetic Classification

The ribosomal internal transcribed spacer (ITS) region of nuclear rDNA from gDNA of the fungal
isolates was amplified through PCR by using ITS1 and ITS4 primers [27]. Analysis of the ITS sequences
was based on a ClustalW Multiple alignment using BioEdit software [28]. The search for homologous
sequences was done using Basic Local Alignment Search Tool (BLAST) at the National Center for
Biotechnology Information (NCBI) (http:/ /www.ncbi.nlm.nih.gov/).

2.5. Specific TagMan Assays and qPCR Conditions

Primers and probes were designed for detection of Fusarium spp. and M. maydis by using
the Primer Express 3.0 software (Applied Biosystems, Foster City, CA, USA) for real-time PCR
(Table 1), selecting the option MGB TagMan probes, and using the default parameters of the software.
ITS sequences isolated by ITS1 and ITS4 primers (as previously mentioned in Section 2.4) were
used as targets for the design of the TagMan assays. A single TagMan assay was designed for the
amplification of both of the Fusarium spp. that were identified in the experiment (Fusarium oxysporum,
GenBank Acc number MH094661, and Fusarium verticillioides, GenBank Acc number MH094662)
(Table 1). A bioinformatic approach was performed to assure the specificity of primers and probes,
which included a BLASTn query at NCBI.

qPCRs were carried out on a 7500 Real Time PCR System (Applied Biosystems, Foster City, CA,
USA) using 100 ng of gDNA as template, 2x NZY qPCR Probe Master Mix (Nzytech, Lisbon, Portugal),
400 nM of each primer, and 100 nM of probe (Nzytech, Lisbon, Portugal) in a total volume of 20 uL.
The quantification cycle (Cq) values were acquired for each sample with the Applied Biosystems 7500
software v2.0.6 (Applied Biosystems, Foster City, CA, USA), with the following cycling conditions:
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10 min at 95 °C for initial denaturation, an amplification program of 40 cycles at 95 °C for 15 s and
60 °C for 1 min. The fluorescence threshold was manually set above the background level. Four
biological replicates and three technical replicates were considered for each sample. Fungi positive
target controls and no template controls were included in all plates.

Table 1. qPCR oligonucleotide primers and probes designed on internal transcribed spacer (ITS) gene
region. AS: amplicon size.

Species Accession ID Primers (5" —3’) Probes (5'—3") As(bp)
Fusarium oxysporum Fw:
and Fusarium Mgﬁggﬂ 6aznd AAAACCCTCGTTACTGGTAATCGT CGGCCACGCCGTT 69
verticillioides Rv: CCGAGGTCAACATTCAGAAGTTG
M. maydis KP164518 Fw: TGCCTGTCCGAGCGTCAT TCACCACTCAAGCCCAG54

Rv: GGGTGCCCCAACACCAA

As a measure of sensitivity and the quantitative range of the developed qPCR procedure, the limit
of detection was determined. A total of 16 standards were prepared by a two-fold serial dilution (2!,
272, ... ... , 2716) of the gDNA extracted from each target species, and the qPCR conditions were
those described above.

2.6. DNA Calibrator Plasmids

In order to produce a set of calibrator plasmids to be used on qPCR, the target regions of
Fusarium spp. and M. maydis were amplified using the ITS1 and I'TS4 primers [27] referred to above for
fungal genetic classification. Amplicons, with sizes of 545 bp for Fusarium spp. and 574 bp for M. maydis,
were cloned into a pGem®-T Easy vector (Promega, Madison, WI, USA) and used to transform E.
coli JM109 (Promega, Madison, WI, USA) competent cells, by standard procedures. Plasmids were
extracted from putative recombinant clones using Gene]ET Plasmid Miniprep Kit (Thermo Scientific,
Waltham, MA, USA) and analyzed using EcoRI restriction enzyme (Thermo Scientific, Waltham,
MA, USA ). The concentrations of purified plasmid DNA were determined in a NanoDrop-2000C
spectrophotometer (Thermo Scientific, Waltham, MA, USA). Selected bacterial clones were sequenced
in sense and antisense strands using T7 and SP6 universal primers (Macrogen, Inc., Madrid, Spain:
www.macrogen.com). For each assay, standard curves were generated from ten-fold dilution series of
plasmid DNA to draw a five-point calibration curve in the dynamic range chosen (8E1 to 8E5 target
copies). A linear regression analysis set the correlation between measured Cq values and the logarithm
of the concentration. qPCR conditions were as described above. Amplification efficiencies were
calculated through the equation E = (10(~1/51°P¢) _ 1) x 100, as well as slope and linearity (coefficient
of determination, R?). The method performed for absolute DNA quantification was based on the
determination of the absolute number of target copies, TCN [29].

2.7. Statistical Analysis

Univariate and multivariate analyses were performed to the results obtained in the field
experiment using the PRIMER v6 software [30] with the permutational analysis of variance
(PERMANOVA) add-on package [31] in order to detect significant differences (p < 0.05) in target
copy number between “cultivar” (tolerant and susceptible to M. maydis) and “time” (T0, T1, and T2)
using 100 ng of gDNA (TCN100). PERMANOVA analyses were carried out with the following
two-factor design: “cultivar”, tolerant and susceptible (two levels, fixed); and “time, TO, T1, and T2
(three levels, fixed). The data were square-root transformed in order to scale down the importance of
high values of TCN. The PERMANOVA analysis was conducted on a Bray-Curtis similarity matrix [32].
If the number of permutations was lower than 150, the Monte Carlo permutation p-value was used.
Whenever significant interaction effects were detected, these were examined using a posteriori pairwise
comparisons, using 9999 permutations under a reduced model.
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3. Results and Discussion

3.1. Fungus Isolates and TagMan Assay Specificity

In this study, it was possible to identify 12 Fusarium isolates, belonging only to two different
species: seven to F. oxysporum and five to F. verticillioides. The ITS sequences were identical within
each Fusarium species, and two sequences were therefore published in GenBank (F. oxysporum Acc
number MH094661, 99% identity; F. verticillioides Acc number MH094662, 99% identity). The ability
of the ITS region to differentiate and provide accurate and rapid detection of fungi has been already
reported at the species level [33], but recently the European and Mediterranean Plant Protection
Organization (EPPO) suggested the multilocus sequence analysis as being more accurate for the
identification of species [34]. F. verticillioides was already referred to as the most prevalent fungus
associated with maize [10,11]. The analysis of the ITS sequences of other isolates of Fusarium spp. from
the collection of the Mycology Laboratory allowed us to additionally identify the maize pathogenic
species F. graminearum (GenBank Acc number MH094665, 100% identity), F. incarnatum (GenBank
Acc number MH094664, 99% identity), and F. solani (GenBank Acc number MH(094664, 99% identity),
which were included in the Fusarium-specificity analysis.

The results obtained in the experiment led to the design of a single TaqMan Fusarium assay that
specifically targeted both F. verticillioides and F oxysporum gDNA, the two Fusarium species that were
identified in the sampling area. So far, the design of qPCR assays has been specific to individual
Fusarium species [35-37], but in this work we intend to make the discrimination between the genomic
gDNA of Fusarium spp. and M. maydis present in maize roots. In this sense, a single TagMan Fusarium
assay that targets both species was designed and used.

The specificity of the Fusarium spp. assay was firstly done in silico, performing searches against
NCBI databases, including the Mycology Lab Fusarium collection. The results revealed the specificity
of the Fusarium spp. probe to F. verticillioides and F. oxysporum, as expected, but also to F. graminearum,
one of the most important causal species of FER in maize [11,38]. Secondly, the specificity of the assay
was evaluated experimentally and, as revealed by in silico analysis, the isolates of F. verticillioides,
F oxysporum, and F. graminearum were targeted by the Fusarium spp. assay, while F. incarnatum and
F. solani species were not (Figure S1). The specificity of the Fusarium assay in relation to M. maydis was
also confirmed, first in silico and then experimentally (Figure S1).

Regarding M. maydis, it was not possible its identification amongst the fungal isolates obtained in
this experiment. Recovery of M. maydis, even from heavily infested material, was already referred to
as difficult due to its slow growth on media and the relative abundance of other more rapidly growing
fungi, most commonly Fusarium spp. [16]. Nevertheless, the sampling area where the experiment took
place is known to be infected with this fungus. In this sense, a M. maydis probe was designed (GenBank
Acc number KP164518) and specifically targeted its correspondent gDNA extracted from a known
isolate. The similarity between Fusarium spp. and M. maydis ITS sequences (M. maydis GenBank Acc
number KP164518 presented 88% identity with F. oxysporum, and 87% identity with F. verticillioides)
made the design of specific probes difficult. Still, the specificity of the M. maydis assay in relation to
Fusarium species was confirmed, first in silico and then experimentally (Figure S2).

Both, Fusarium spp. and M. maydis assays were also tested for cross-reactivity in gDNA of
Alternaria tenuissima, Cladosporium cladosporioides, and Epicoccum nigrum belonging to the Mycology
Laboratory collection, and no cross-reaction was found (Figures S1 and S2).

3.2. Calibration Curves and Probe Validation

A linear regression analysis set the correlation between measured Cq values and the logarithm of
the concentration. The amplification efficiency, slope, and linearity were determined for each assay.
RT-PCR assays presented an efficiency of 104% for M. maydis (slope = —3.228 and R? = 0.99), and an
efficiency of 105% for Fusarium spp. (slope = —3.207 and R? = 0.98). All parameters fell within the
acceptance criteria [39].
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3.3. Sensitivity and Linearity

Dilution series of gDNA tested in PCR ranged from final concentration of 1.53 x 10~2 ng to 100 ng.
Standard curves were automatically generated by the instrument software (Applied Biosystems, Foster
City, CA, USA). Standard curves and amplification plots are indicated in Figure S3. Both species
presented a linear correlation (R? = 0.996 for Fusarium spp. and R? = 0.960 for M. maydis) between Cq
and template gDNA amount (Figure S3). These results confirm the reliability of the assays and suggest
the absence of PCR inhibitors.

For each TagMan assay, Cq values between 34 and 35 were taken as being indicative of trace
amounts, while a Cq = 35 was considered the cut-off limit, defining no detection [29]. The method
showed a high sensitivity for both Fusarium spp. and M. maydis assays (Table 2). The method allowed
the detection of 6.10 x 1073 ng of Fusarium spp. and 3.91 x 10~ ng of M. maydis (Table 2).

Table 2. Sensitivity of the TagMan qPCR assays. Serial dilutions of gDNA from Fusarium spp. and
Magnaporthiopsis maydis using the corresponding TagMan assay. The lowest amount of detection for
both assays can be observed. Data are expressed as Cq values and target copy number. P.C.: positive
control; TCN: target copy number; ND: not detected.

. Fusarium spp. M. maydis
Dilution gDNA in PCR Cq Value (+ Cq Value (+
(ng) q Value q Value

g sD) TCN sD) TCN
PC. 100.00 20.86 (+0.23) 11514448.5 25.16 (+0.71) 46356.9
2-1 50.00 21.76 (4+0.15) 6047961.5 28.42 (+0.53) 4544.7
272 25.00 23.06 (+0.10) 2373007.7 29.84 (+0.09) 1651.6
273 12.50 23.46 (40.20) 1777009.5 31.30 (40.19) 582.2
24 6.25 24.68 (+0.14) 741004.6 32.01 (+0.25) 350.3
2-5 3.13 25.92 (4+0.38) 305129.6 32.77 (+0.32) 203.4
26 1.56 27.00 (40.09) 140048.3 33.23 (40.36) 147.1
277 7.81 x 1071 27.68 (0.23) 85888.6 34.02 (40.27) 83.8
2-8 391 x 1071 28.60 (+0.11) 44230.9 34.95 (+0.11) 429
279 1.95 x 10~1 29.72 (£0.11) 19880.9 ND ND
2-10 9.77 x 1072 30.81 (£0.20) 9061.7 ND ND
2-11 4.88 x 1072 31.28 (£0.10) 6463.3 ND ND
2-12 244 x 1072 32.50 (£0.03) 2705.6 ND ND
2-13 1.22 x 1072 33.46 (£0.15) 1353.0 ND ND
2-14 6.10 x 1073 34.24 (+0.34) 772.3 ND ND
2715 3.05 x 1073 ND ND ND ND
2-16 1.53 x 1073 ND ND ND ND

3.4. Applicability of the qPCR Assay in Maize Growing under Field Conditions

Since Fusarium spp. are often found together with M. maydis, a highly specific methodology
that discriminates between these soil-borne fungal pathogens is extremely important. We therefore
tested Fusarium spp. and M. maydis qPCR assays on samples from a field trial. This experiment was
used as a proof-of-concept for the suitability of the technique. To evaluate target gDNA amount
in terms of TCN using 100 ng of gDNA (TCN100), a total of 24 samples belonging to two cultivars
(tolerant and susceptible) were analyzed at three time points (Figure 1). As expected, the M. maydis
qPCR assay revealed that the susceptible cultivar consistently presented significantly higher values
(p < 0.05) than the tolerant cultivar; this trend was observed for all of the maize growth times evaluated.
Regarding the Fusarium spp. qPCR assay, it was possible to identify the presence of Fusarium spp. in
both cultivars, although not following a specific trend (Figure 1). The results achieved demonstrate
the suitability and applicability of the gPCR method based on ITS region to identify and discriminate
between Fusarium spp. and M. maydis in maize roots under field conditions.
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Figure 1. qPCR assay based on Magnaporthiopsis maydis (a) and Fusarium spp. (b) ITS region applied
to a maize field trial. Cultivars were considered tolerant or susceptible to M. maydis. TCN100: target
copy number using 100 ng of gDNA. TO: 2 weeks after germination; T1: 4 weeks after germination; T2:
6 weeks after germination.

The degree of complexity of the etiology of late wilt in maize regarding the determination of the
role of each fungal species in the development of the disease and/or the severity of symptoms should
be studied by confirming the pathogenicity of the soil-borne fungi (including Fusarium spp.) [25].
The methodology presented here represents an important contribution towards establishing a better
understanding of the interaction between both fungi.

To the best of our knowledge, this is the first time that a TagMan probe assay has been developed to
target M. maydis. Semi-quantitative analysis of DNA bands was previously applied for its detection [14],
and recently a SYBR®Green qPCR assay was established for the detection of M. maydis DNA in maize
growing under different conditions, including in an infested field [20], however, it was not tested
whether the method used was specific to M. maydis, or if it also could target Fusarium spp. M. maydis
is difficult to detect and isolate [16] and has the ability to become established and survive in stored
maize seeds (even from apparently healthy parental plants) [14], which stresses the urgent need to
develop new ways to monitor seed health and control disease spread.

Fusarium probes have been previously developed for target individual fungi species [35-37],
but here we describe a methodology that targets both F. verticillioides and F. oxysporum, the Fusarium
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species that are prevalent in maize fields, but also targets F. graminearum, another important causal
species of FER in maize.

4. Conclusions

Fusarium spp. and M. maydis TagMan qPCR assays revealed a high specificity, with the Fusarium
assay targeting F. oxysporum, F. verticillioides, and F. graminearum, important causal agents of FER
in maize. This specificity includes even closely related species, and no false-positive results were
observed. The specificity of the assay was validated in field conditions. The high sensitivity makes the
methodology an efficient tool for the early diagnosis of the diseases as well as for sanitary certification
purposes. Thus, qPCR through the use of TagMan probes is proposed here as a promising tool for the
discrimination and quantification of these soil-borne fungal pathogens known to cause disease on a
large number of crops.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4395/9/1/45/s1,
Figure S1: Amplification plots to assess Fusarium spp. primers/probe specificity. a: Cross-reactivity in
gDNA of different Fusarium species. Amplification of F. verticillioides, F. oxysporum, and F. graminearum
and non-amplification of F. solani and F. incarnatum. b: Cross-reactivity in gDNA of Magnaporthiopsis
maydis. Amplification of F. verticillioides. c: Cross-reactivity in gDNA of Alternaria tenuissima, Cladosporium
cladosporioides, and Epicoccum nigrum. Amplification of F. verticillioides. Figure S2: Amplification plots to assess
Magnaporthiopsis maydis primers/probe specificity. a: Cross-reactivity in gDNA of different Fusarium species
(F. verticillioides, F. oxysporum, F. graminearum, F. solani, and F. incarnatum). Amplification of M. maydis. b:
Cross-reactivity in gDNA of Alternaria tenuissima, Cladosporium cladosporioides, and Epicoccum nigrum. Amplification
of M. maydis. Figure S3: Sensitivity and linearity of the TagMan qPCR assays. Amplification plots and standard
curves from serial dilutions of gDNA extracted from Magnaporthiopsis maydis (a) and Fusarium spp. (b) tested by
the respective species-specific TagMan assay.
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