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Abstract

:

Fusarium verticillioides is the most common fungal pathogen associated with maize ear rot in Tanzania. In a two-year trial, we investigated the efficacy of crop protection (insecticide and/or fungicide) and fertilizer (nitrogen and/or phosphorus) treatments in reducing the occurrence of F. verticillioides and its mycotoxins in maize grown in Tanzania. Seasonal differences were seen to have a substantial influence on the incidence and severity of insect infestation, Fusarium ear and kernel rot, biomass of F. verticillioides and contamination with fumonisins. With regard to the application of fertilizers, it was concluded that the impact on maize stalk borer injury, Fusarium symptoms and fumonisin levels was not significant, whereas crop protection significantly reduced maize damage. The application of an insecticide was most effective in reducing insect injury and as a result of the reduced insect injury the insecticide treatment also resulted in a significant decrease in Fusarium symptoms. In 2014, fumonisin levels were also significantly lower in maize treated with an insecticide. Additionally, significant positive correlations between insect damage and Fusarium symptoms were observed. In conclusion, this study clearly shows that application of an insecticide alone or in combination with a fungicide at anthesis significantly reduces insect damage and consequently reduces F. verticillioides infection and associated fumonisin contamination.
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Key Contribution: Appropriate management practices can significantly reduce insect injury; Fusarium symptoms and toxin levels. Controlling insect injury by applying an insecticide alone or in combination with a fungicide is the most effective to reduce insect damage and F. verticillioides infection.










1. Introduction


Maize (Zea mays L.) is a cereal crop grown worldwide in a range of agro-ecological environments. It is the major staple food [1], feed compound [2], and industrial raw material [3] used throughout the world. In Tanzania, maize is produced in all 26 regions, predominantly by smallholder farms. Maize is grown on approximately 4.12 million hectares and provides 60% of dietary calories and more than 35% of utilizable protein to the Tanzanian population [4]. It is also a major source of income for the majority of smallholders, since about 40% of the production is sold on the local markets particularly around the urban centers. The annual consumption per capita is 73 kg per year. Therefore, the quality of maize consumed significantly contributes to the livelihood of the majority of the Tanzanians [5]. Unfortunately, up to 40% of the maize yield is lost, mainly due to pre-harvest attacks by insects and fungal pathogens [6]. Among the deleterious pathogens are species of the genus Fusarium [7,8]. Fusarium infection does not only cause losses in quality and quantity of maize yield, but also contaminates the crop with secondary toxic metabolites called mycotoxins. Mycotoxins are of major concern because they pose health problems in humans and animals [9]. Studies show that occurrence and exposure to mycotoxins in Tanzania is high due to high pre- and post-harvest contamination. Moreover, the African diet is mainly composed of maize which results in a high exposure level [10,11,12,13]. The weather conditions from the reproductive stage until kernel drying seem to be critical for infection with Fusarium verticillioides and subsequent contamination with fumonisins [14]. Furthermore, Fusarium verticillioides has a dual nature and can be present as both a pathogen and a symptomless endophyte which penetrates the plant through the roots [15]. Due to this, the pathogen can be latently present, ready to attack whenever the maize physiology changes.



Good agricultural practices (GAP), which mitigate biotic and abiotic stressors, can reduce mycotoxin contamination significantly [16]. GAP include soil and crop residue management, growing tolerant varieties, crop rotation, fertilization, insect management, irrigation, and timely planting [17]. Planting Bt maize, genetically engineered maize which expresses proteins from B. thuringiensis that are poisonous to certain insect pests, is an effective control strategy for maize stem borer resulting in a reduced F. verticillioides infection [18] and reduced fumonisin production and accumulation [19,20,21]. However, bearing the endophytic nature of F. verticillioides, the use of Bt maize can only be effective in controlling infection which occurs through insect damage. Apart from being uncommon to Tanzanian smallholder farmers, the report that maize stem borer has developed resistance to Bt maize [22] is another setback. In Tanzania, studies related to agrochemicals have traditionally been carried out mainly during vegetative growth phase to improve yield of maize [23,24]. Unfortunately, associations of these treatments with contamination of fumonisins and other mycotoxins are lacking in Tanzania. The aim of this study was to evaluate the effect of fertilizer (phosphorus and nitrogen), and crop protection (endosulfan and triadimenol + tebuconazole) on the occurrence of F. verticillioides and its mycotoxins fumonisin B1 and fumonisin B2 in maize. The field experiments were carried out under Tanzanian growing conditions.




2. Results


2.1. Influence of Growing Season on Insect and Fungal Incidence


The weather data recorded in the experimental area during the maize growing seasons 2013 and 2014 are presented in Table 1. While the average temperature during both growing seasons was similar, 24 °C in 2013 and 25 °C in 2014, the months of March, April, May and June during 2014 were on average more humid (64%) than in 2013 (56%). During the same cropping period, the area received more rainfall in 2013 (607 mm) than in 2014 (551 mm). The growing season of 2014 received less rain during the early months (March and April) of the season and more rain during the second part of the season (May and June), the period when the crop goes from anthesis towards maturity.



Since weather conditions are important factors influencing insect and fungal development, it was assessed whether there were significant differences in entomological, mycological and fumonisin contamination between seasons. It was concluded that the proportion of kernel injury and fumonisin contamination were significantly higher in 2013 compared to 2014. In contrast, Fusarium ear rot was lower in 2013 compared to 2014 and maize kernels from 2013 contained a lower biomass of F. verticillioides (Table 2).




2.2. Effect of Fertilization and Crop Protection on Maize Stalk Borer (MSB) and Fusarium Symptoms


The two-way ANOVA revealed that for the variables ear injury, kernel injury, Fusarium ear rot and Fusarium kernel rot, there was no significant interaction between the factors fertilization and crop protection (p-value > 0.05); as a result, the effect of both factors were analyzed separately. In Figure 1 the influence of fertilization on the incidence of ear and kernel injury due to MSB and the incidence of Fusarium ear and kernel rot due to Fusarium is displayed. Concerning the effect of fertilizer, it was seen that in both 2013 and 2014, there was no significant impact of fertilizer application on the symptoms of both MSB (ear and kernel injury) and Fusarium (Fusarium ear and kernel rot). Except in 2014, the fields fertilized with N showed a significantly lower ear injury compared to the unfertilized control fields.



With regard to the impact of crop protection, Figure 2 shows significant differences (p-value < 0.05) between treatments in their efficacy towards insect damage (ear and kernel injury) and Fusarium symptoms (Fusarium ear and kernel rot). Maize from plots that were not treated with crop protection products had, on average, the highest incidences of insect damage and Fusarium symptoms. In 2013, the untreated plots were always significantly more affected than the plots treated with insecticides and/or fungicides (except for Fusarium ear rot). In 2014, the difference in Fusarium incidence (Fusarium ear and kernel rot) between the control and the fungicide triadimenol + tebuconazole was not significant. Maize plots treated with endosulfan or the combination of endosulfan and triadimenol + tebuconazole were always significantly less affected than untreated control plots. When comparing the endosulfan treatment with the combined application of endosulfan and triadimenol + tebuconazole, only for ear injury in 2014 significant differences between both treatments were observed, where the combination of the insecticide and fungicide resulted in significantly lower ear injury compared to the application of only a fungicide or insecticide.




2.3. Effect of Fertilization and Crop Protection on Fumonisins


Secondly, the influence of fertilization and crop protection on the accumulation of FB1, FB2 and the sum of FB1 and FB2 (FBtot) was evaluated (Figure 3 and Figure 4). According to the two-way ANOVA, there was no significant interaction between fertilization and crop protection (p-value > 0.05) with respect to toxin contamination. The application of fertilizers did not have a significant effect (p-value > 0.05) on the fumonisin levels. Concerning the effect of crop protection, in 2013 no significant (p-value > 0.05) differences in fumonisin levels were observed between the various treatments. With reference to the untreated control, in 2014 a significant reduction in fumonisins was realized thanks to the treatment with endosulfan and the combined treatment with endosulfan and triadimenol + tebuconazole. Furthermore, it can be seen that in both 2013 and 2014, the fumonisin levels in maize from the plots treated with triadimenol + tebuconazole were higher than in the untreated control plots, however, this difference was not significant.



Additionally, it was concluded that 55% of the samples from 2013 exceeded the threshold of 2 mg/kg (Commission Regulation 1881/2006 for unprocessed maize). Although, based on the data from 2013, the effects of crop protection or fertilization on fumonisin levels were not significant, it was seen that for the treatments endosulfan and triadimenol + tebuconazole in combination with N fertilization or N + P fertilization, and the treatment with endosulfan in combination with P + N fertilization only one out of the four replicates exceeded the threshold of 2 mg/kg. In 2014, 35% of the samples exceeded the legal threshold, and for the treatments mentioned above, none of the samples exceeded the threshold of 2 mg/kg.




2.4. Effect of Fertilization and Crop Protection on the Biomass of F. verticillioides


The biomass of F. verticillioides varied significantly (p-value < 0.05) between years, with a significantly higher colonization in 2014 (Figure 5). Significant differences (p-value < 0.05) were established concerning the efficacy of endosulfan and triadimenol + tebuconazole in 2013. In 2013, the DNA biomass of the F. verticillioides in maize grains treated with endosulfan was significantly lower compared to the biomass of the maize grains treated with both endosulfan and triadimenol + tebuconazole. In 2014, no significant differences between treatments were observed, however, remarkably, similar to 2013, the combination of endosulfan and triadimenol + tebuconazole resulted in the highest F. verticillioides biomass.




2.5. Correlation between Variables


In Figure 6, the correlations between maize stalk borer ear and kernel injury, Fusarium ear and kernel rot, and fumonisin B1 (FB1), B2 (FB2), and the total fumonisin level (FBt) are displayed. It can be seen that ear and kernel injury on the one hand and Fusarium ear and kernel rot on the other hand are significantly positively correlated. Furthermore, there was a significant positive correlation between Fusarium kernel rot and ear and kernel injury. In contrast, Fusarium ear rot showed no significant correlation with MSB injury. Additionally, FB1, FB2 and total amount of fumonisins were highly positively correlated. Concerning the correlations between fumonisin levels and MSB or Fusarium symptoms, highest positive correlations were observed between kernel injury and FB2 (0.18) and the total amount of fumonisins (0.17), followed by the correlation between Fusarium kernel injury and fumonisin (0.15), however, these correlations were not significant.





3. Discussion


This two-year field experiment revealed that, even in a stable tropical climate, Fusarium ear rot and fumonisin contamination can vary substantially between seasons. Significant differences in Fusarium biomass and mycotoxins across cropping cycles were observed. The occurrence of fumonisins in maize kernels was higher in 2013 than in 2014. These differences can be attributed to differences in weather conditions between both growing seasons. The year 2013 had a higher total cumulative rainfall yet the number of rainy days during the cropping season was less than that of 2014. This implies that there were more dry days and hours, suggesting that production of fumonisins was favored by warm, dry weather during the grain-filling period as previously reported in the literature [25]. Parson and Munkvold [18] noted that drought or moisture stress is associated with fumonisin contamination. According to Cao et al. [26], germination of micro and macro conidia of F. verticillioides and subsequent infection in maize increases during dry conditions especially at flowering which renders the crop more vulnerable to F. verticillioides infection at harvest, perhaps by causing hydric stress in maize plants rendering them more susceptible to insect and fungal attack. An alternative explanation to increased infection of F. verticillioides under dry weather at flowering of maize, could be the favorable movement of insects inside the ear and enable fungal infection through spore sticking on insects or the wounds created by the insect tunneling on maize tissues [18]. Dry warm weather during grain filling has an influence on the water activity and temperature which play a key role in modulating fumonisin production. The effects of these factors on fumonisin biosynthesis by F. verticillioides and F. proliferatum have been largely studied in vitro on maize grains. Higher water availability generally results in higher fumonisin production and higher fungal growth [27]. Optimal conditions for fumonisin production are 0.97–0.98 aw and at temperatures between 20 °C and 30 °C for F. verticillioides and between 15 °C and 25 °C for F. proliferatum. However, previous studies [27,28] show that, at temperatures that are not optimum for fungal biomass accumulation, fumonisin production in relation to fungal growth may be greater at lower aw values, suggesting that aw stress may enhance fumonisin production. This implies that, the weather conditions (temperature, rainfall and relative humidity) play a decisive role in fungal colonization. Therefore, presence or absence of mycotoxins could largely be a result of the interaction of molds with environmental factors and genetic characteristic of the host which are determinants of disease progress as well as production of mycotoxins [29].



The experiment also showed that fertilization had no significant effect on MSB injury, Fusarium ear and kernel rot and fumonisin levels. The low level of success of fertilizer in reducing susceptibility of maize to damage of MSB as observed in this study could be associated with soil nutrient imbalance between organic carbon and synthetic fertilizer whereby high nitrogen rates could alter the biochemical composition of the inner tissues. This explanation is in agreement with a previous report by Altieri and Nicholls [30], who suggested that cultural methods like application of nitrogen fertilizers can affect susceptibility of plants to insect pests by altering plant tissue nutrient levels. Furthermore, despite being one of the most important nutrients for plant growth and disease development, the effects of nitrogen on disease development are inconsistent and contradict each other, and the real causes of this inconsistency are still poorly understood by both plant physiologists and pathologists [31]. While physiologists describe the role of nitrogen as nutritional supplement to plants defense competencies against pathogens, pathologists establish that there is a positive correlation between increment in soil nitrogen and virulence of various pathogens including fungi [32,33].



Indeed, some researchers report that there is a possibility of reduced susceptibility of maize plants to insect pests due to differences in plant health resulting from soil fertility management [34]. Plants with adequate fertilization are likely to have less abiotic stress and less vulnerable to Fusarium. Plants suffering from abiotic stress are characterized by lower crop yield and quality, prone to fungal infection and in some cases by higher amounts of mycotoxins [35]. While others report that plant susceptibility to insect pests increased with nitrogen supply in a dose dependent manner [36]. Additionally, it has been reported that nitrogen can increase contamination with fumonisins, since oversupply of nitrogen can potentially increase virulence of a pathogen as it becomes toxic to the plant [37]. Alternatively, the delayed physiological maturity due to nitrogen supplementation might have given longer colonization time of the fungi [38].



This research has demonstrated that antifungal and insecticide application during flowering and grain filling, when the crop is most vulnerable, was effective in reducing MSB infestation. Endosulfan treatment resulted into a reduced proportion of wounded maize kernels due to tunneling of secondary larvae of MSB. Furthermore, the data in this research have shown that controlling MSB with endosulfan also reduced Fusarium ear and kernel rot confirming the previous study of Blandino et al. [39]. Furthermore, the fumonisin levels in maize were greatly reduced by the application of endosulfan This two-year experiment has confirmed that spraying endosulfan at silking stage with repetition after 21 days when the crop is at the milk stage is an effective strategy to reduce incidences of cob injuries due to larvae tunneling. This finding conforms to the results of previous studies on the efficacy of insecticide treatments on Ostrinia nubilalis (Hübner) and their influence on the mycotoxin contamination of maize kernels [40,41]. The effect of insecticide treatment on reduction of fumonisins and Fusarium symptoms is indirect through the reduction of insect vectors and the number of maize kernels which are wounded by the second-generation caterpillar of maize stalk borer (Busseola fusca, Fuller). The correlation analysis indeed revealed that there was a significant positive correlation between MSB injury and Fusarium kernel rot. The results which link reduction in insect damage on cob and kernels with reduction in ear and kernel rot compares well with effects on the same due to the use of genetically engineered Bt maize [19,42,43]. Furthermore, the observed reduction in fumonisins can be linked to the reduction in cob and kernel injury with subsequent reduction in ear and kernel rot.



Previously, it has been demonstrated that fumonisin levels are positively correlated to the tunnels in ears [39,44], however, in this study no significant correlation between toxins and maize damage was found. Insignificant correlations confirm the previous reports that, mycelial growth and mycelial biomass in maize grains does not necessarily mean production of fumonisins. This is because the conditions which modulate biosynthesis of fumonisins are different from the conditions favorable for growth of fumonisin producing Fusarium spp. Samapundo et al. [27] observed that at lower water activity, the optimum temperature for FB production was between 15 °C and 25 °C, while poorest fumonisin production was noted at 30 °C optimum temperature for growth of F. verticillioides and F. proliferatum.



The results of this research have established that compared to untreated control, the application of triadimenol + tebuconazole generally increased FB contamination in 2014. A recent study [45] established that application of fungicide caused inhibitory effects to growth and morphological development of some structures involved in penetration and colonization of maize grains. Showing agreement with current research, the in vitro experiment by Miguel et al. [45] established that FB1 levels were higher in the presence of fungicide. In addition, Audenaert et al. [46] showed that sub-optimal fungicide concentrations can lead to increased toxin production by Fusarium species. Furthermore, a decreased sensitivity of Fusarium species towards triazole fungicides has also been observed [47]. Whether fungicides play a direct role as a precursor for fumonisin synthesis remains unfounded although upon degradation it interacts with other elements [48].



From this study it was concluded that the growing season, varying weather conditions, significantly influences pest infestation, infection of F. verticillioides, biomass of F. verticillioides and contamination with fumonisins. However, it was seen that appropriate management practices can significantly reduce insect injury, Fusarium symptoms and toxin levels. Although the effect of fertilization was not significant, no fertilization leads to higher insect infestation and more Fusarium symptoms. Controlling insect injury by applying the insecticide endosulfan alone or in combination with the fungicide triadimenol + tebuconazole is the most effective to grow a healthy crop.




4. Materials and Methods


4.1. Description of the Sampling Site


A field experiment was conducted from March to July during 2013 and 2014 at the experimental fields (6.85° S, 37.65° E, <500 m above sea level) of the Sokoine University of Agriculture, Tanzania. Daily weather data for both growing seasons, including precipitation (mm), air temperature and relative humidity were collected using sensors mounted onto automated data loggers (Umwelt-Geräte-Technik GmbH, Müncheberg, Germany) installed at the experimental site.




4.2. Experimental Design


The experimental design of the field trails was always a completely randomized block with four repetitions. Plot size was 4 m × 4 m. The experiment was laid out as a bi-factorial set-up with crop protection products as one and fertilizers as second factor. Table 3 gives an overview of the treatments.



Untreated plots for crop protection products as well as fertilizers were used as control. Phosphorus was applied by banding at 8 cm to 10 cm depth of sowing furrow. Nitrogen was applied in two vegetative stages; when 50% of plants had unfolded the 8th leaf (15 days after planting) and at 50% tasseling (42 days after planting) by banding at about 2–5 cm away from the plants a drill which was created manually by hand. Endosalfan and triadimenol + tebuconazole were applied twice (21 days interval) at silking stage and when kernels have accumulated half of their total dry weight. Each application was as per respective manufacturers’ recommendation. Application was done by spraying directly onto the silk channels using hand driven 15 L knapsack sprayer fitted with HCX Hollow Cone 80° nozzle. Twenty ml of Thionex and 5 mL Rustal were mixed in 15 L water. Seeds of STUKA M1 maize variety were sown at 30 cm intra row spacing and 75 cm inter row spacing. All non-experimental crop husbandry practices were maintained at optimal recommendations.




4.3. Entomological and Mycological Observations


At physiological maturity, 30 plants in the middle of each plot were harvested by detaching the cobs for laboratory observation. In the laboratory, cobs were separated from stems followed by removing husks and silks. Cobs were evaluated for ear injury (EI) and Fusarium ear rot (FER). EI due to maize stalk borer (MSB) was rated based on a previously established scale ranging from 1 to 7 [39] whereby 1 refers to no injuries, while 7 is more than 60% injury. Disease rating scale of 1 = no visual symptoms and 9 = totally rotted ears without any healthy kernels [49] was used to evaluate FER. After ear evaluation, the kernels were removed from the cobs by hand. A subsample of 1000 seed weight (W1) was determined before sorting out kernels which were symptomatic of insect injury and reweight (W2). Proportion of kernel injury (KI) and Fusarium kernel rot (FKR) was expressed as W2/W1 × 100. From each plot, a subsample of 250 g was oven dried at 70 °C for 72 h to determine the sample moisture content and stop any further microbial activity after harvest. The oven dry samples were kept at −20 °C until required for chemical analysis.




4.4. Quantification of F. verticillioides Biomass and Fumonisins


Fumonisin B (FB1) and B2 (FB2) in maize were determined using chromatographic method based on Syndenham et al. [50] with slight modifications made by Samapundo et al. [51]. Sample preparation and HPLC analysis were performed as described by Kamala et al. [52]. The extraction of FBs from ground maize sample (15 g) was done by mixing 40 mL of methanol:water (3:1, v/v) in a 100 mL glass bottle fitted on a laboratory shaker for 1 h. Whatman paper number 4 was used to filter the slurry and the bottle was rinsed with 10 mL of a mixture of methanol:water. The 10 mL of extract was applied to a solid ion exchange (SAX) cartridge (Varian Bond-Elut LRC 500 mg 10 mL, Varian Belgium NV/SA, Sint-Katelyne-Waver, Belgium). The SAX cartridge was conditioned with 5 mL of methanol followed by 5 mL of a methanol:water mix (3:1, v/v) before applying the extract. The SAX cartridge was washed with 8 mL of methanol:water mix (3:1, v/v) followed by 3 mL methanol after application of the extract. The elution of FBs from the cartridge was performed with 10 ml of 1% (v/v) glacial acetic acid in methanol; the eluate was collected followed with evaporation to dryness at 60 °C under a gentle stream of nitrogen using a nitrogen evaporator (Pierce model 18780, ReactiVap, Rockford, IL, USA). The dried FBs were dissolved in 200 μL of methanol and thoroughly mixed with 200 μL of derivatising reagent. This derivatising reagent was prepared by dissolving 40 mg of OPA in a mixture of 1 mL of methanol, 5 mL of 0.1 M sodium tetraborate and 50 μL of β-mercaptoethanol. A total of 20 μL of the mixture were injected into the HPLC for analysis within 8 min. A Shimadzu HPLC system (Shimadzu, Tokyo, Japan) consisting of a Shimadzu LC 20AD pump and fluorescence detector model RF-10AXL was used. Chromatographic separations were performed on stainless steel, Waters Spherisorb® (Milford, MA, USA) ODS-1 5 μm, 4.6 × 200 mm). The mobile phase used was methanol 0.1 M sodium dihydrogen phosphate (75:25, v/v) mixture adjusted to pH 3.35 with orthophosphoric acid then filtered under vacuum with 0.45 μm filter paper. The mobile phase was set at flow rate of 1 mL/min, and fluorescence of the FB OPA derivatives was detected at wavelengths of 335 nm (excitation) and 400 nm (emission). The LOD of the analytical method was 0.053 mg/kg for FB1 and 0.047 mg/kg for FB2. To evaluate suitability of the method, blank samples of maize flour were spiked with FB1 and FB2 each at 0.1, 0.2, 0.3, 0.4 and 0.5 mg/kg. Spiked maize flour was obtained from healthy kernels sorted from different real samples that had been previously tested and did not contain traces of contamination. No significant differences were observed for percentage recovery obtained at different concentration levels. An F-test at a 95% confidence level was used to compare RSD values of recoveries for different concentration levels; the calculated value was found to be less than the critical value. Average recovery values were 106% (15 samples, RSD = 16.6%) and 92% (15 samples; RSD = 15.3%) for FB1 and FB2, respectively.



For quantification of Fusarium biomass, DNA extraction was done by following ZR (Zymo Research, Irvine, CA, USA) plant-seed DNA mini-prep extraction kit’s manual with little modification. Briefly, 150 mg of maize grains was ground into fine powder by using commercial blender (BPA free jar, Model: TM-800T). Maize flour was put into ZR BashingBead™ Lysis (Zymo Research, Irvine, CA, USA) tube in which 750 μL of lysis solution was added. Addition of lysis solution was followed by incubating the samples for at least 1 h at room temperature. After incubation time, the tissues were disrupted by shaking in a vortex for 1 min. After vortexing, the next steps were carried out as outlined in the manual. The quality of the DNA yield was tested using an agarose gel electrophoresis. The quantity of DNA extracted was further determined using Quantus™ Fluorometer (Promega, Leiden, The Netherlands). Q-PCR analysis was performed as described by Nicolaisen et al. [53]. The Q-PCR primers were based on the EF1-α sequence, the forward primer used in the reaction mix was 5′-CGTTTCTGCCCTCTCCCA and the reverse primer was 5′-TGCTTGACACGTGACGATGA. The Q-PCR was carried out in a total volume of 12.5 μL consisting of 6.25 μL SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 250 nM of each primer, 0.5 μg/μL bovine serum albumin (BSA) and 2.5 μL template DNA. The Q-PCR was performed on a 7000 Sequence Detection System (SDS) (Applied Bioscience, Mumbai, India) using the following cycling protocol: 2 min at 50 °C; 95 °C 10 min; 40 cycles of 95 °C for 15 s and 62 °C for 1 min followed by dissociation curve analysis at 60 to 95 °C. A no template control and a dilution series of five known template concentrations (1–4 μg/mL–1 μg/mL) were added to establish a standard curve. Results were visualized with the 7000 System Sequence Detection Software (SDS), version 1.2.3 by Applied Biosystems.




4.5. Statistical Analysis


Since the condition of normality was not met, the data were brought to the normal distribution by transforming the data using the Arc Sine square root transformation. Analysis of variance (ANOVA) was conducted to determine the effects of crop protection and fertilizer treatments on incidence and severity of infestation of MSB, Fusarium ear rot disease symptoms, biomass of F. verticillioides and fumonisin content in maize kernels. In case significant differences between treatments were found, a pairwise comparison using a Dunnett T3 test was performed. All statistical tests were conducted at a significance level of α = 0.05. Correlation analysis was performed for symptoms of insect damage, Fusarium ear rot, and biomass of F. verticillioides and contamination of fumonisins in kernels using the Pearson correlation coefficient. The statistical analysis was done by using the SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). The data are represented as box plots, which provide a graphical view of the median (horizontal line) and quartiles (Q1–Q3, box). The upper whisker is located at the smaller of the maximum x value and Q3 + 1.5 × interquartile range, whereas the lower whisker is located at the larger of the smallest x value and Q1 − 1.5 × interquartile range. An outlier is defined as a data point that is located outside the whiskers of the boxplot, outside 1.5 times the interquartile range above the upper quartile and below the lower quartile.
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Figure 1. Effect of fertilization (unfertilized control, nitrogen (N), phosphorus (P) and N + P) on the percentage of maize stalk borer ear injury (EI), kernel injury (KI), Fusarium ear rot (FER) and Fusarium kernel rot (FKR) during 2013 (a) and 2014 (b). No significant effects of fertilizer were noted, except for 2014 for EI the difference between the control and N was significant according to a Dunnett T3 test. 
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Figure 2. Effect of crop protection (control, endosulfan (END), triadimenol + tebuconazole (T TBZ) and endosulfan combined with triadimenol + tebuconazole (END + T TBZ)) on percentage of maize stalk borer ear injury (EI), kernel injury (KI), Fusarium ear rot (FER) and Fusarium kernel rot (FKR) during 2013 (a) and 2014 (b). Different letters indicated significant differences between treatments according to Dunnett T3 test. 
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Figure 3. Effect of fertilization (control, nitrogen (N), phosphorus (P) and N + P) on the level of fumonisin B1 (FB1), fumonisin B2 (FB2) and the total fumonisin level (FBtot) in 2013 (a) and 2014 (b). No significant effect of fertilizer was noted. 
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Figure 4. Effect of crop protection (control, endosulfan (END), triadimenol + tebuconazole (T TBZ) and endosulfan combined with triadimenol + tebuconazole (END + T TBZ)) on the level of fumonisin B1 (FB1), fumonisin B2 (FB2) and the total fumonisin level (FBtot) in 2013 (a) and 2014 (b). Different letters indicated significant differences between treatments according to Dunnett T3 test. 
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Figure 5. Effects of endosulfan (ES), triadimenol + tebuconazole (T TBZ), the combination of endosulfan and triadimenol + tebuconazole (END + T TBZ) and no chemical treatments (Control) on the F. verticillioides biomass in maize kernels (pg DNA per gram maize kernels) of the 2013 (a) and 2014 (b) cropping seasons. Different letters indicated significant differences between treatments according to Dunnett T3 test. 
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Figure 6. Correlation between maize stalk borer injury ear and kernel injury (EI and KI), Fusarium ear and kernel rot (FER and FKR), and fumonisin B1, fumonisin B2, and the total fumonisin level (FBt). Significant correlations at α = 0.05 are indicated with ***. 
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Table 1. Agro meteorological information of the experimental field during the cropping seasons.
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Season

	
Rainfall (mm)

	
Dry Days

	
Rain Days

	
Temperature (°C)

	
Humidity (%)






	
2013

	
March

	
278.0

	
16

	
15

	
27.09

	
58.71




	

	
April

	
230.4

	
11

	
19

	
23.40

	
64.93




	

	
May

	
82.0

	
19

	
12

	
24.57

	
56.35




	

	
June

	
16.7

	
26

	
5

	
22.69

	
44.7




	
Total/average

	
607.1

	
72

	
51

	
24.44

	
56.17




	
2014

	
March

	
182.7

	
9

	
21

	
26.97

	
57.61




	

	
April

	
231.0

	
10

	
21

	
25.78

	
75.88




	

	
May

	
113.0

	
14

	
17

	
24.17

	
65.43




	

	
June

	
24.0

	
28

	
3

	
22.86

	
58.4




	
Total/average

	
550.7

	
61

	
62

	
24.95

	
64.33
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Table 2. Effect of growing season on insect pest infestation (Ear and Kernel Injury (EI and KI)), infection of F. verticillioides (Fusarium Ear and Kernel rot (FER and FKR)), biomass of F. verticillioides and contamination with fumonisins (FB1 and FB2). Different letters (superscript) refer to significant differences between growing seasons according to a t-test.
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	Year
	EI (%)
	KI (%)
	FER (%)
	FKR (%)
	F. verticillioides (pg)
	FB1 (μg/kg)
	FB2 (μg/kg)





	2013
	19.36 a
	24.59 a
	11.04 b
	18.34 a
	2.39 b
	4863.25 a
	1674.61 a



	2014
	19.13 a
	15.24 b
	34.19 a
	22.25 a
	9.43 a
	2407.10 b
	626.73 b
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Table 3. Crop protection products, fertilizer and dosages applied.
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	Trade Name
	Active Ingredient
	Dose/ha





	Thionex (35EC)
	Endosulfan (350 g/L)
	2000 mL



	Rustal (375EC)
	125 g/L triadimenol + 250 g/L tebuconazole
	500 mL



	Triple super phosphate
	Phosphorus (45% P2O5)
	30 kg P2O5



	Urea
	Nitrogen (46% N)
	40 kg N











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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