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Detection and transmission of Fusarium verticillioides in corn
seeds according to the plant stage
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ABSTRACT. The objective of this study was to evaluate the transmissibility of F. verticillioides, in corn
seeds, when inoculated in different phenological stages. The plants were inoculated with the pathogen at
the following stages: V7, V9, R1, R2, R4, and R6. The experiments were conducted in pots, in a completely
randomized design, with six replications. The fungus infection rate in the seeds was verified through the
health test (Blotter Test). The significance of the contrast between the phenological stages and in the two
experiments (rainy season and dry season), and productivity showed plant-seed transmission of F.
verticillioides in all phenological stages. The PCR technique was able to reveal up to the lowest level, 1%
incidence of F. verticillioides in corn seeds. There was a significant difference between the times of plant
inoculation and the incidence of the fungus in the seeds. Plants inoculated in the reproductive phase
transmitted F. verticillioides for seeds with the highest rate of infection, in the two experiments, in the rainy
season (V7 - 48; V9 - 46; R1 - 77.33; R2 - 84; R4 - 96; R6 - 96.67; and Test - 14.67%), and dry season (V7 -
46.67; V9 - 66; R1 - 75.33; R2 - 95.33; R4 - 98; and R6 - 97.33%). In this way, the present work demonstrated
that in the reproductive phenological stages R2, R4, and R6, the corn plant was more susceptible to infection
with F. verticillioides, and that it also resulted in a decrease in grain productivity.
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Introduction

Brazil is currently the third largest maize producer (Zea mays L.), producing over 96 million tons and
yielding over 5,400 kg ha! (Companhia Nacional de Abastecimento [Conab], 2019). Considering the most
relevant issues of crops, fungal diseases are among the most important, as they result in economic losses due
to the damage they cause, resulting in reduced yield and directly affecting grain quality. The pathogen
Fusarium verticillioides (Saccardo) Nirenberg) is part of the Gibberella fujikuroi complex, which comprises a
group of approximately 20 species associated with diseases in maize, for example, and other crops of
economic interest. It produces macroconidia and microconidia, constituting an anamorphic state of the order
Hypocreales (Walker et al., 2016). These microconidia are produced in large quantities causing corn ear rot,
thus contributing to the high levels of fumonisins (Rosa Junior et al., 2019).

Among several factors that affect the quality of corn seeds, microorganisms are considered one of the most
important. In addition to being related to sanitary quality, they can affect germination and vigor and
accelerate the deterioration process during storage. The etiological agents of most diseases affecting maize
can be disseminated and transmitted by contaminated seeds (Fantazzini, Guimaraes, Clemente, Carvalho, &
Machado, 2016). Globally, the fungus F. verticillioides has been reported as the species with the highest
incidence in corn crops (Cao et al., 2014; Deepa, Nagaraja, & Sreenivasa, 2016).

Corn seeds may be infected with F. verticillioides, initially presenting itself as an endophyte but as soon as
the plant enters the reproductive stage, it becomes a phytopathogen. Thus, the detection of F. verticillioides
in apparently healthy seeds is complicated. There are fast and reliable fungi detection methods, which can be
used for this purpose, such as PCR (Polymerase Chain Reaction). They are better than routine analysis based
on the morphological aspects of fungal colonies, requiring more time and space in the laboratory to maintain
cultures (Barrocas, Machado, Almeida, Botelho, & Von Pinho, 2012).
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DNA analyses carried out using Biotechnology tools such as PCR have been proven to be viable and
sensitive in these types of disease diagnoses. This method has been used for the detection, identification and
quantification of several plant pathogens (Sidra et al., 2017).

There is little information about maize culture in tropical areas, relating the phenological stages to the
plant-seed transmission of F. verticillioides, the severity of ear rot and the production yield when infested by
the pathogen.

The present study aimed to evaluate the transmission of F. verticillioides to seeds from inoculations at
different stages of the crop cycle. In addition, the study evaluated the sensitivity of the PCR technique for
detecting F. verticillioides in maize seed samples, as required in seed health testing certification programs.

Material and methods

Pathogen isolation and inoculum production

Symptomatic corn seeds were analyzed for the presence of F. verticillioides, using a magnifying glass and
an optical microscope. The identification was made based on its typical morphology, which can be described
by the production of long chains of microconidia in monophyllids (Leslie & Summerell, 2006). Then, with the
aid of sterile tweezers, the conidia and hyphae of the fungus were transferred to Petri dishes containing PDA
media (Potato Dextrose Agar), where it was incubated for seven days in a BOD growing chamber at 25 *+ 2°C.
For inoculum production, isolates were purified and a monosporic culture technique was used (Fernandez,
1993). The fungus” conidia were placed in 5 mL of sterile distilled water, shaken and transferred to Petri dishes
containing agar culture media. After 24 hours of incubation at room temperature, the germinated conidia
were identified on agar medium using a stereoscopic magnifying glass. The conidia that germinated alone
were transferred to Petri dishes containing PDA media for inoculum multiplication.

Seedling pathogenicity

The pathogenicity of the fungi isolated from seeds was evaluated by seedling shoot inoculation. To conduct
the experiment, 3H842 triple hybrid corn seeds were used for a completely randomized design. The seeds were
sown in pots (20 L), 5 seeds/pot, 20 days after emergence, thinning was done leaving 2 plants per pot. These
vessels were distributed in seven lines with the control, each line constituting six repetitions (treatment). The
plants were inoculated with a suspension of F. verticillioides at a concentration of 2.7 x 10* conidia mL,
adjusted by counting in a Neubauer Chamber, in the vegetative phase (V7 - seven open leaves). The
inoculation was done by spraying 30 mL of the solution on the leaves of each plant, trying to do proper
watering, but without dripping.

The six plants of each treatment were inoculated, always at the end of the day between 5:00 and 6:00pm,
when the temperature was mild around 28 + 2°C. For inoculation with F. verticillioides, the method used
involved spraying the concentration of conidia directly on to the target tissue of the plant, according to the
phenological stage described.

Ears were harvested separately from each of the experiments and threshed. Subsequently, the grains from
each repetition were weighed separately for productivity analysis.

Influence of F. verticillioides inoculation time in different maize phenological stages on the severity
level of ear rot

The experiment was conducted in two different seasons (dry and rainy) in the Experimental Farm of the
Federal University of Tocantins (UFT), Gurupi Campus, located at the geographic coordinates: latitude
11°44'44.866" S, longitude 49°3'8.968" O and altitude of 278 m. The area is located in the south of the state of
Tocantins, Brazil, and is part of the Cerrado Biome. According to the Képpen classification, the climate of the
region is Aw, defined as tropical hot and humid with rainy season in summer and dry in winter (K6ppen &
Geiger, 1928). The annual average temperature is 26,4°C, with average precipitation of 1,632 mm (Roldao &
Ferreira, 2019). The first experiment was installed in the second half of January (rainy season) and harvested
in the second half of May 2017. The second experiment was implemented in the second half of June (dry
season, with low rainfall) and harvested in the first half of November in the same year, after the plants reached
physiological maturity. The experiments were conducted in pots, in a greenhouse, without closed cover, only
on the sides, where apparently healthy seeds were sown in 20 L pots where the plants remained until harvest.

Acta Scientiarum. Agronomy, v. 44, €53213, 2022



Fusarium verticillioides in corn seeds Page 3 of 11

In the rainy season, moisture was provided by rain, and in the dry season humidity was maintained by daily
irrigation with a watering can. F. verticillioides was inoculated in Hybrid 3H842 (Embrapa triple hybrid) in
different phenological stages. The experimental design was completely randomized, with six replications and
seven treatments (six phenological stages and one treatment without inoculation [control]). The phenological
stages evaluated were: V7 (inoculated plants with 7 open leaves), V9 (9 open leaves), R1 (silking), R2 (blister
- R3 milk), R4 (dough), and R6 (maturity) (Fancelli, 2015).

In order to evaluate the influence of the phenological stages on pathogen transmission to maize seeds, the
seeds were sprayed a suspension of F. verticillioides at 2.7 x 10* conidia mL"!, adjusted using a Neubauer
Chamber. Inoculations were carried out always at the end of the day, between 17/18h, when the temperature
was around 28 + 2°C.

Then the inoculated plants were kept for 48 hours in a humid chamber provided by moistened cotton and
covered by a plastic bag. Thereafter, they stayed in the greenhouse without cover until completing the cycle.

Ear harvest and experiment evaluation

When hybrid 3H842 was in phenological phase R6, characterized as ‘physiological maturation’, monitoring
of grain moisture commenced until reaching 17% humidity. Then the ears were harvested separately and 6
ears were collected for each inoculation treatment. Subsequently, the ears were arranged in an automated
dryer so that the grains reached a humidity of 12-14%, and then threshed. Prior to threshing, the ears were
placed side by side for disease severity assessment.

Disease severity assessment

The evaluation was made visually, and a visual grade was assigned according to the ear symptoms. The
severity was evaluated by the following diagrammatic scale that estimates the percentage of the area of the
ear with symptoms of rot, characterized by the coverage with pink to white mycelium and the presence of
darkened grains and/or white streaks in the pericarp, as follows: Grade 1 = 0 (healthy), 2 = 0.5, 3 = 10, 4 = 30,
5=50,6="70,7=80,8=90,and 9 = 100% ear area showing visible symptoms of infection (Agroceres, 1996).

Then, the threshing was done and subsequently the grains from each repetition were weighed separately
for analysis of seed yield and health.

Sanitary analysis

To analyze the phenological stage at which the plant would be most susceptible to infection by F.
verticillioides, sanitary analysis was performed using the filter paper method or Blotter test (Brasil, 2009). For
this, a 70% alcohol-disinfected gerbox type acrylic box was used, containing two sterile filter paper sheets
moistened with 50 mL of sterile distilled water. The corn seeds used were obtained from plants previously
inoculated with F. verticillioides at different phenological stages. The seeds from each treatment were
submitted to asepsis. Disinfestations were performed by immersing the seeds in sequence in a 50% alcohol
solution for 30 s, 2% sodium hypochlorite for 2 min. and then two washing sequences in sterile distilled water.

The seeds were arranged individually and then placed in an incubation room, at 25°C and a photoperiod
of 12 for 24 hours. They were then placed in a freezer (-20°C) for 24 hours to completely inhibit the seed
germination process. Subsequently, the gerboxes were placed back in an incubation chamber for five days
with a 12 hour photoperiod, where they remained until evaluation. The sanitary analysis of the seeds was
performed using stereoscopic and optical microscopes. To identify the pathogen, microscope slides were
prepared and analyzed under an optical microscope, noting the incidence (%). The identification was
supported by specialized literature, such as Leslie and Summerell (2006). For subsequent studies, pathogen
isolates were grown in Potato-Dextrose-Agar (PDA) culture media.

DNA extraction and amplification

DNA from an isolate of the F. verticillioides fungus obtained from the seedling pathogenicity test was
extracted at the Biological Disease Control laboratory in the Federal University of Tocantins, Gurupi, based
on the protocol described by Doyle and Doyle (1990). The collected biomass was powdered using a mortar and
pestle, with the aid of liquid nitrogen to a very fine powder, transferred to a 2 mL microtube. Then,1 mL of
preheated extraction buffer at 65°C (2% w v'! CTAB; 2.5% w v'! PVP-40; 2M NaCl; 2% 2-B-mecaptoethanol,
100 mM Tris-HCI pH 8.0; 25 mM EDTA pH 8.0) to the sample, vortexed homogenized for 30 s and incubated
in a water bath for 40 min. at 65°C, these being homogenized by inversion every 10 min. After incubation, the
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samples were centrifuged (18,000 x g) for 10 min., just after the aqueous phase was collected and transferred
to a new 2 mL microtube. A total of 600 pL of the chloroform: isoamyl alcohol mixture (in the ratio 24: 1 vv!)
was added followed by vortex homogenization for 30 seconds and centrifuged (18,000 x g) for 10 min., aiming
to deprotinate the samples.

The supernatant was collected and transferred to a new 1.5 mL microtube where the samples were treated
with 4 yL RNase (100 uL mL!) and reacted at 37°C for 30 min. Immediately thereafter, 240 uL of cold isopropyl
was added, followed by inversion homogenization and incubation at -20°C overnight. Extraction was
completed with the samples centrifuged at (18,000 x g) for 20 min., the supernatant discarded and the
precipitate was washed with 400 uL of ethanol 100%, followed by a second centrifugation (18,000 x g) for 5
min. The precipitate formed was dried at 37°C for 10 min. and resuspended in 30 pL of ultrapure water. DNA
concentration and quality were determined on a BioDRO spectrophotometer, followed by 0.8% agarose gel
electrophoresis in TAE 1X buffer, stained with ‘Neotaq Bright Green Plus DNA stain’ (Neobio), ran in an
electrophoresis vat (Loccus 22 Biotechnology) at 110 V for 30 min. and analyzed in a photocumenter (Gel
Logic 112). The 1 kb DNA marker (Kasvi) was used as a molecular weight standard.

The primer pairs used in the reaction were primers VER-1 (5'-CTT CCT GCG ATG TTT CTCC-3 ') and VER-
2 (5'-AAT TGG CCA TTG GTA TTA TAT ATCTA-3") to amplify only calmodulin from F. verticillioides isolates.

Amplification was performed in a final volume of 50 pL, with 25 pL of Taqg DNA Polymerase 2X Master Mix
Red (1.5 mM MgCl,), 5 uL of each VER-1 and VER-2 (10 mM) primer oligonucleotide, 10 uL of ultrapure water
and 5 pL of the obtained DNA samples.

PCR was conducted in a thermal cycler (Techne TC-5000). For primers VER-1 and VER-2 it was
programmed with an initial 4 min. cycle at 94°C, followed by 35 denaturation cycles of 50 seconds at 94°C
with 50 seconds annealing cycles at 56°C, 1 min. extension at 72°C and final extension for 7 min. at 72°C.

Amplification products were analyzed using 0.8% agarose gel electrophoresis in TAE 1X buffer, stained
with Neotaq Bright Green Plus DNA stain (Neobio), ran in an electrophoresis vat (Loccus Biotechnology) at
110 V for 30 min., analyzed in a photo documenter (Gel Logic 112). The 1 kb DNA marker (Kasvi) was used as
a molecular weight standard.

Sensitivity and specificity of the PCR technique at different DNA concentrations

To determine the sensitivity and efficiency of the VER-1 and VER-2 primers, amplifications with different
DNA concentrations were performed. F. verticillioides DNA samples (amplicons) were purified using the
Purilink PCR Purification Kit (Invitrogen®). After purification, the material was used to prepare different DNA
concentrations by serial dilutions with concentrations ranging from 20 ng uL! to 2 pg uL'. The same
amplification parameters were adopted for all different DNA concentrations, as well as the same amounts of
primers and Taq DNA Polymerase 2X Master Mix Red (1.5 mM MgCly). The reactions were conducted
simultaneously in duplicate on a thermocycler (Techne TC-5000) programmed with an initial 4 min. cycle at
94°C, followed by thirty-five 50 s cycles at 94°C denaturation and 50 s annealing at 56°C, extension for 1 min.
at 72°C and 7 min. final extension at 72°C. All products obtained from the PCR at different concentrations
were submitted to 0.8% agarose gel electrophoresis (TAE 1X) stained with Neotaq Bright Green Plus DNA
stain (Neobio), ran in an electrophoresis vat (Loccus Biotechnology), analyzed in a photo-documenter (Gel
Logic 112). The 1 kb DNA marker (Kasvi) was used as molecular weight standard. The result of this sequencing
was compared to the BLAST/NCBI query sequence accession number for morphological analysis identification
(accession number FN179338.1).

F. verticillioides detection in maize seeds with different incidence levels

Different levels of fungal infection were obtained from artificial inoculation with five different fungi
concentrations, with a variation of 100, 20, 10, 2, and 1% incidence of F. verticillioides on the seeds, besides
one negative control, using healthy seeds with 0% incidence. To obtain the different concentrations, the
fungus F. verticillioides, which had been growing for 7 days in Petri dishes, was added to these plates, which
were visually healthy and sanitized corn seeds until the mycelia of the fungus covered the seeds. Then, 100
seeds were counted and separated into 5 paper bags. In each bag of 100 seeds, the healthy seeds were removed
and seeds covered with fungal mycelia were placed until the necessary concentration was produced. Thus, to
make the concentration of 100% fungal incidence, 100 inoculated seeds and 0 healthy seeds were placed in a
bag; to make the concentration of 20% of fungal incidence, 80 healthy seeds and 20 inoculated seeds were placed

and this was done for the other concentrations until the desired concentration of fungal incidence was achieved.
Acta Scientiarum. Agronomy, v. 44, €53213, 2022
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Healthy seed samples, and seed samples with different levels of infection, were ground in a
refrigerated mill to a fine powder. Approximately 1 g of each sample was powdered with liquid nitrogen
and submitted to fungal DNA extraction. Both the extraction procedure and the amplification were
conducted under the same conditions applied during the DNA extraction and amplification of the isolates
described above.

Statistical procedure
The analysis of incidence and severity was performed with six replicates, while the weight analysis of 1,000

grains consisted of three repetitions. Variance analysis and comparison of means were performed by Scott
Knott's test at 5% probability of error, using the SISVAR software (Ferreira, 2014).

Results and discussion

Sensitivity and specificity of the PCR technique at different DNA concentrations

The VER-1 and VER-2 primer pairs satisfactorily amplified all the different concentrations of DNA
evaluated in the PCR, revealing molecular weight amplicons of approximately 580 bp. Thus, the sensitivity of
the technique to produce DNA copies was evidenced, as well as its effectiveness in obtaining accurate
detection results at low concentrations of target DNA (Figure 1). In addition, the DNA of the fungus studied
was sequenced and F. verticillioides was found as identified in morphological analysis (accession number
FN179338.1), confirming 99% of the sequence according to a BLAST/NCBI consultation.

3000 pb

1000 pb
750 pb
500 pb

250 pb

Figure 1. Agarose gel electrophoresis (0.8%) of Fusarium verticillioides VER-1 and VER-2 region at different concentrations of purified
DNA (duplicate on the same gel). Amplicons 1 to 5: Being respectively 20, 2, and 0.2 ng uL!, 20 and 2 pg uL!. Marker (M): 1 kb (KASVI).

This result indicates that for gender the use of primers VER-1 and VER-2 in the diagnosis of Fusarium fungi
was adequate, as well as for the detection of F. verticillioides in different DNA concentrations, by the quality
of the amplified products. It is a technique that can be used for fungal detection in visibly infected or
uninfected seed samples, hence it has become a quick and efficient tool for disease diagnosis.

Using specific primers, the phytopathogenic fungus Fusarium sp. was identified by a PCR diagnostic
protocol in the work of Carnielli-Queiroz, Fernandes, Fernandes, and Ventura (2019). Also according to the
authors, the equipment and reagents used for this purpose were able to track samples of pineapple naturally
infected with this species. The high cost still exists, however, with the advances that have taken place in
research with molecular biology, it has contributed to the easier use of routine diagnostic protocols. Thus,
the PCR technique has high sensitivity and specificity compared to other procedures and even standard
techniques for pathogens isolation from infected plant tissues.

F. verticillioides detection on maize seeds with different incidence levels

With the adopted methodology, PCR technique was able to reveal even the lowest incidence level of F.
verticillioides, being able to detect up to 1% of corn seed infestation in the extracted DNA (Figure 2), being the
primers sensitive to the point of revealing minimal quantities of the pathogen's genetic material.

Acta Scientiarum. Agronomy, v. 44, €53213, 2022
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Figure 2. Agarose gel electrophoresis (0.8%) of VER-1 and VER-2 region of DNA extraction product from maize seeds with different
incidence of F. verticillioides present. Being represented: 100, 20, 10, 2, 1 and 0 respectively the incidence percentages 100, 20, 10, 2,
and 1% and null. Marker (M) 1 kb (KASVI).

Similar results were found by Barrocas et al. (2012), using the PCR technique to detect Stenocarpella sp. in
artificially infected corn seeds, where they obtained a sensitivity of up to 2% fungal incidence in the seeds.

According to Magculia and Cumagun (2011), the use of specific primers for detection of F. verticillioides
applied to PCR technique is an excellent tool for morphological and molecular classification when used for
its identification in stored grains of rice and corn.

For plant phytopathogens, morphological characterization is still the most used method of fungal
identification to this day (Carnielli-Queiroz et al., 2019). However, PCR is already being used to identify the
species of fungi in food samples, causing a difference in the final quantity of the product (Fungaro & Sartori,
2009). Another example is the detection of the fungus that causes the disease in the pine. Different PCR
techniques have been used to evaluate a set of naturally infected samples (Gachon, Mingam, & Charrier,
2004). Lievens, Brouwer, Vanachter, Cammue, and Thomma (2006) detected and quantified pathogens that
cause diseases in tomato using PCR techniques. Plant and soil samples have undergone accurate target
quantification assessments, even from soil samples that naturally contain a wide variety of microorganisms.

Influence of F. verticillioides inoculation time in different phenological stages of maize on the
severity level of ear rot

Analyzing the results of F. verticillioides severity in the ear in two seasons (Figure 3), we found lower severity in
V7, V9 and control stages in the rainy season and, in V7, V9, R1, R2, and control stages, in the dry season.
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Figure 3. Severity of corn ears from plants inoculated with Fusarium verticillioides at different phenological stages. "Means followed by
the same letter do not differ from each other by the Scott Knott test at a significance level of 5%.
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The seeds harvested from uninoculated plants (control) did not differ statistically from treatments V7 and
V9 in both seasons and V9, R1 and R2 in the dry season. In general, it was observed that ears from plants
cultivated in the rainy season presented greater severity in all reproductive stages, whereas in the dry season
it was only the R4 and R6 stages. These results showed that precipitation significantly influenced the severity
of F. verticillioides in the ears at different inoculation stages.

The inoculation of F. verticillioides in the vegetative stages indicated that pathogen infection occurred in
plant tissues resulting in its permanence until the reproductive phase, remaining in the plant until the ear
production, when the plant-seed transmission occurred. While working with three species of Fusarium,
Nguyen, Dehne, and Steiner (2016) observed that by inoculating fully developed leaves and young leaves with
suspensions of F. graminearum, F. proliferatum and F. verticillioides, subcuticular infection was verified by the
three species of Fusarium, both in symptomatic and asymptomatic leaves. These authors further confirmed
that F. verticillioides caused infection to young plants by penetrating immature leaf stomata, or by direct
penetration, in which the hyphae colonized intercellular mesophyll cells.

In this work, it was observed that the plant is more susceptible to F. verticillioides infection in the
reproductive stages. Thus, it can be inferred that the infection in plant tissues occurred in two moments, the
first when the conidial suspension was inoculated and the second, probably during the corn fruiting process.
Corroborating these results, Gai et al. (2018) clarified the F. verticillioides infection cycle by evaluating the
expression of increased green fluorescent protein (EGFFP) in stem and ear rot strains. These authors observed
disease symptoms 24 hours after inoculation in depigmented seedlings, whose aspects became increasingly
evident over time. On the other hand, seedlings without inoculation showed normal growth, without wilting or
discoloration. According to the same authors, from the inoculated corn seed assay, it can be concluded that F.
verticillioides isolated from stem rot and ear rot in maize can also infect corn seeds, causing systemic infection.

In the present work, the symptoms of the disease were verified in all ears from plants inoculated in the
different stages. Although inoculated in the vegetative phase, the fungus remained latent in the corn plant
until the reproductive phase.

Reid et al. (1999) considered the genus Fusarium as fungi that can be endophytic and ubiquitous in culture,
but not always pathogenic.

Infection by this fungi is favored by high temperatures, humid climate, and excessive humidity during
flowering. The results of this work showed that the infection was more efficient in plants inoculated in the
reproductive phase, because it occurs more frequently via stigma-style. The main pathways of infection of
this pathogen in corn ears are through stigma-style and through injury to grains. Other studies have already
shown this pathway of infection and transmission (Sutton, 1982; Sartori, Reis, & Casa, 2004), but the
pathogen may use other means and plant parts to attack until it reaches the seeds. Besides affecting the
economic value during commercialization, the presence of kernel rots alters the nutritional value of the feed by
the accumulation of mycotoxins in infected grains that are harmful to human and animal health (Silva et al., 2017).

According to Sutton (1982), for the occurrence of infection, the optimal temperature is between 25 and
32°C. The presence of pollen, anthers, stigma-style and senescent bracts can also act as potential substrates
for the establishment of infection, and the presence of water is essential for conidia germination.

Sanitary analysis

For the rainy season plantings, the values obtained by the evaluation of inoculation times by blotter test
were higher in the artificially inoculated treatments with F. verticillioides, compared to the control treatment
(without inoculation; Figure 4).

For the rainy season planting, the rate of pathogen occurrence in the seeds (obtained by inoculation
evaluation in the different phenological stages) was lower in the vegetative stages compared to the
reproductive ones. Although the inoculated pathogen in the early stages of the plant cycle (V7 and V9) did
not cause visible symptoms to the plants, it was latently present and then transmitted to the seeds. The fact
that the pathogen was also detected in the seeds of uninoculated plants can be explained by the possible natural
infection due to its high sporulation and dispersion rates. Nguyen et al. (2016) stated that the genus Fusarium, a
causative agent of ear rot, produces many airborne conidia that aid in host dispersal and invasion. These conidia
may adhere to the stigma style through the action of wind or rain prior to ear grain infection (Trail, 2009).

Acta Scientiarum. Agronomy, v. 44, €53213, 2022
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Figure 4. Incidence of Fusarium verticillioides on grains from corn plants inoculated at different phenological stages in two seasons. Gurupi,
state Tocantins. 'Means followed by the same letter do not differ from each other by the Scott Knott test at a significance level of 5%.

In the rainy season, plants inoculated in the phenological stages (V7 and V9) presented the lowest
incidence values of fungi in the seeds, differing statistically from those inoculated in the reproductive stages.
This fact may prove that maize plants are more susceptible to infection with F. verticillioides in the
reproductive stages. In this phase, the stages R4 (farinaceous grain) and Ré (grains in physiological
maturation) had higher incidence rates of F. verticillioides in the seeds compared to R1 (combing) and R2
(milky grain).

Mendes, Von Pinho, Machado, Albuquerque, and Falquete (2011), working with ten hybrids artificially
inoculated with F. verticillioides, observed that even the control treatment (without inoculation) presented
high severity, showing that some hybrids are very susceptible to the pathogen. Thus, they warned of the
precautions that should be taken regarding the use of these grains in the feeding of humans and animals, due
to possible contamination by mycotoxins produced by F. verticillioides.

All plants inoculated with F. verticillioides, in both the vegetative and reproductive stages, differed
statistically from the control treatment without inoculation, showing that even when inoculated in the
vegetative stages, the pathogen still infects the corn plant. Therefore, in order to obtain healthy maize seeds,
the producer must be careful to protect the plants at all stages.

In the dry season, a lower incidence of F. verticillioides was observed in the seeds of uninoculated plants
(control). This fact may be justified by the presence of rainfall at the end of the plant cycle that may have
contributed to the higher sporulation and dispersion rate of the pathogen. In agreement with these results,
Mendes et al. (2011), observed that the average severity values of the fungus F. verticillioides were higher in
the second season (2007/08), for both treatments, with and without inoculation. According to these authors,
in the second experiment, there were more favorable conditions to the disease in the final phase of the culture
cycle, which favored the higher incidence of this pathogen.

The vegetative stages during the dry season differed statistically from each other and also from the control,
showing that plants at stage V9 were more susceptible to F. verticillioides transmission to seeds than V7.

In the dry season, the reproductive stages R2, R4, and R6 presented the highest incidence of the fungus in
the seeds and did not differ statistically from each other, but differed from R1. In the rainy season experiment,
the stages R1 and R2 were similar and differed statistically from R4 and R6, which presented higher incidence
of the fungus in the seeds. Mendes et al. (2011) observed high incidence of kernel rot caused by F. verticillioides
in the second crop (2007/08), due to high rainfall that coincided with the reproductive phase of the culture.

According to Schaafsma, Miller, Savard, and Ewing (1993), the infection success of an inoculation method
is dependent on the phenological stage of the plant. Inoculations performed in the first few weeks after
earning and methods that cause injury to the plant are less time dependent.

As for 1,000 grain weight, there was a significant difference between the phenological stages in both
seasons (Figure 5). In the rainy and dry seasons, it was possible to notice that the stages V7, V9, R1, and R2
were similar, differing statistically from the control and the stages R4 and Ré6.

According to the variance analysis, the control differed statistically from all other treatments in both
seasons, presenting 1,333.81 g in the rainy season and 1,444.11 g in the dry season.
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Figure 5. Mass of 1000 maize grains (g) inoculated with Fusarium verticillioides at different phenological stages and two seasons.
Gurupi, state Tocantins. !Means followed by the same letter do not differ from each other by the Scott Knott test at a significance level
of 5%.

There was no statistical difference in the grain weight of the inoculated plants in the vegetative stages.
However, there was statistical difference when compared to the uninoculated control. It was verified that
plants inoculated in the reproductive phase (R4 and R6) presented lower yield values, showing that the
pathogen was more harmful to the crop in the reproductive stages. Probably, the pathogen interfered in flower
fertilization and fruit formation. Corroborating these results, Boutigny et al. (2011) observed that fungal-
infected ears reduce grain yield and quality. Also, Rosa Junior et al. (2019) observed reduction in the yield of
ten maize hybrids inoculated with F. verticillioides using three different methods.

Machado, Machado, Pozza, Machado, and Zancan (2013) reported that the most severe effects of F.
verticillioides on the seed and seedling development of maize and adult plants were observed at the highest
levels of inoculum potential. In the reproductive stages, infection occurs through the stigma style.

The results obtained in this study provide important information on the impact of the disease on plants,
where the producer should intensify protection measures at the beginning of flowering until the reproductive
phase. According to the results obtained in the present study for the control of ear rot caused by F.
verticillioides, the use of healthy seeds and the protection of plants, especially in the reproductive period, may
be recommended. Other measures already defined and that can be adopted by farmers to control this disease
include: crop rotation, seed treatment and the use of resistant genotypes by farmers.

Conclusion

The PCR technique was able to reveal even the lowest incidence level of F. verticillioides, being able to
detect up to 1% of maize seed infestation by the pathogen.

The fungus F. verticillioides was pathogenic to maize plants in all inoculated phenological stages.

When maize plants are infected with F. verticillioides in the reproductive stages, they transmit the pathogen
in larger quantities through the seeds.

The infection of corn plants by F. verticillioides at different phenological stages affected yield.
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