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Single kernel analysis of fumonisins and other fungal metabolites in maize from South African subsistence farmers
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Fumonisins are important Fusarium mycotoxins mainly found in maize and derived products. In this study, we analyzed maize from five subsistence farmers in the former Transkei region of South Africa. Farmers had sorted kernels into good and mouldy quality. A total of 400 kernels from 10 batches were analyzed; of these 100 were visually characterized as uninfected and 300 as infected. Of the 400 kernels, 15% were contaminated with 1.84-1428 mg/kg fumonisins, and 4% (n=15) had fumonisin content above 100 mg/kg. The total fumonisin concentration was 0.28¬-1.1 mg/kg for good-quality batches and 0.03-6.2 mg/kg for mouldy-quality batches. The high average fumonisin content in the batches was apparently caused by a small number of

highly contaminated kernels. Removing highly infected kernels (~ 4 % of the kernels) was estimated to reduce total fumonisin content by 71%. Of the 400 kernels, 80 were screened for 186 microbial metabolites by liquid chromatography-tandem mass spectrometry, detecting 17 other fungal metabolites, including fusaric acid, equisetin, fusaproliferin, beauvericin, cyclosporins, agroclavine, chanoclavine, rugulosin and emodin. Fusaric acid in samples without fumonisins indicated the possibility of using nontoxinogenic Fusaria as biocontrol agents to reduce fumonisin exposure, as done for Aspergillus flavus. This is the first report of mycotoxin profiling in single maize kernels.

Introduction

Fumonisins are a group of naturally occurring, polyketide-derived mycotoxins produced mainly by Fusarium verticillioides and Fusarium proliferatum [START_REF] Rheeder | Production of fumonisin analogs by Fusarium species[END_REF]. Recently, fumonisins B 2 and B 4 (FB 2 , FB 4 ) were also detected in Aspergillus niger (Frisvad et al. 2007b;[START_REF] Noonim | Fumonisin B 2 production by Aspergillus niger from Thai coffee beans[END_REF] and Tolypocladium (Mogensen et al. 2010a). Fumonisin production has also been detected in a single strain of Alternaria arborescens (as Alternaria alternata f. sp. lycopersici) [START_REF] Chen | Production of the mycotoxin fumonisin B 1 by Alternaria alternata f. sp. Lycopersici[END_REF] that has since lost this ability [START_REF] Solfrizzo | Toxigenic profile of Alternaria alternata and Alternaria radicina occurring on umbelliferous plants[END_REF]. Fumonisins are an important health risk because they are potentially carcinogenic and cause toxicoses in humans and animals [START_REF] Sydenham | Fumonisin contamination of commercial corn-based human foodstuffs[END_REF]. The effects of fumonisins include outbreaks of equine leukoencephalomalacia, and porcine pulmonary oedema and hydrothorax [START_REF] Harrison | Pulmonary edema and hydrothorax in swine produced by fumonisin B 1 , a toxic metabolite of Fusarium moniliforme[END_REF][START_REF] Thiel | Levels of fumonisin B 1 and fumonisin B 2 in feeds associated with confirmed cases of equine leukoencephalomalacia[END_REF].

Fusarium species occur worldwide in maize, where they infect the cob during flowering. They can produce high amounts of fumonisins in tropical and subtropical regions [START_REF] Marasas | Discovery and occurrence of the fumonisins: A historical perspective[END_REF][START_REF] Reddy | Mycotoxin contamination of commercially important agricultural commodities[END_REF][START_REF] Shephard | Worldwide survey of fumonisin contamination of corn and corn-based products[END_REF] whereas in colder regions, the fumonisin contamination is much [START_REF] Logrieco | Toxigenic Fusarium species and mycotoxins associated with maize ear rot in Europe[END_REF][START_REF] Miller | Mycotoxins in small grains and maize: Old problems, new challenges[END_REF]. In addition to maize-derived products, fumonisins have also been detected in rice [START_REF] Yazar | Fumonisins, trichothecenes and zearalenone in cereals[END_REF], black tea leaves [START_REF] Martins | Fumonisins B 1 and B 2 in black tea and medicinal plants[END_REF], asparagus [START_REF] Logrieco | Occurrence of fumonisin B 1 and B 2 in Fusarium proliferatum infected asparagus plants[END_REF], and pine nuts [START_REF] Marin | Contamination of pine nuts by fumonisin produced by strains of Fusarium proliferatum isolated from Pinus pinea[END_REF]. Recently A. niger has been shown to be the source of fumonisins in wine and raisins [START_REF] Knudsen | Occurrence of fumonisins B 2 and B 4 in retail raisins[END_REF][START_REF] Logrieco | Natural occurrence of fumonisin B 2 in red wine from Italy[END_REF]Mogensen et al. 2010b). Because of their ubiquitous natural occurrence in maize and maizebased foods [START_REF] Shephard | Worldwide survey of fumonisin contamination of corn and corn-based products[END_REF], fumonisins have attracted considerable global attention from food safety authorities. Consequently, international consultations and risk assessments have resulted in the US Food and Drug Administration (USFDA) recommending a maximum level in maize for human consumption of 2-4 mg/kg total fumonisins depending on the maize product (US Food and Drug Administration 2001), and the European Union (EU) setting a regulatory limit of 0.2-2 mg/kg (EU 2007).

Maize is the staple cereal food grown and consumed by the rural farming communities of Africa, especially in the Transkei region in South Africa [START_REF] Shephard | Preparation of South African maize porridge: effect on fumonisin mycotoxin levels[END_REF], where the effects of fumonisins were first discovered. The Transkei region has one of the highest incidences of oesophageal cancer in the world, which seems to be associated with the fumonisin intake [START_REF] Makaula | Oesophageal and other cancer patterns in four selected districts of the Transkei, Southern Africa: 1985-1990[END_REF][START_REF] Shephard | Preparation of South African maize porridge: effect on fumonisin mycotoxin levels[END_REF].

Analysis of single kernels has been performed previously with different methodologies, for instance: GC-MS for ergosterol in wheat kernels [START_REF] Dong | Analysis of ergosterol in single kernel and ground grain by gas chromatography-mass spectrometry[END_REF], ELISA for deoxynivalenol in wheat kernels [START_REF] Sinha | Concentration of deoxynivalenol in single kernels and various tissues of wheat heads[END_REF] and DESI-MS for fumonisin in the surface of spiked maize kernels [START_REF] Maragos | Rapid and advanced tools for mycotoxin analysis: a review[END_REF].

In this study, we examined subsistence grown maize from the former Transkei region of South Africa sorted into high-and low-quality cobs by the farmers themselves. We surveyed the fumonisin content of single maize kernels to establish the effects of manual visual sorting and determine the levels of fumonisin in the single kernel. Since numerous kernels appearing infected did not contain fumonisins, further 20% of the analysed kernels were reanalyzed for 186 microbial metabolites by a multi-toxin method to detect compounds from non-fumonisin producing Fusaria as well as post-harvest contaminants as Penicillia and Aspergilli.

Materials and Methods

Unless otherwise stated, all solvents were high-performance liquid chromatography (HPLC)-grade and other chemicals were analytical-grade from Sigma-Aldrich (St. Louis, MO). Water was purified on a Milli-Q system (Millipore, Bedford, MA). Certified standard FB 1 , FB 2 and FB 3 were from Biopure (Tulln, Austria). Standards of FB 4 and FB 6 were from previous studies [START_REF] Månsson | Isolation and NMR characterization of fumonisin B 2 and a new fumonisin B 6 from Aspergillus niger[END_REF].

Maize samples

Ten batches of maize (~500 g) were obtained from subsistence farmers in the Centane magisterial district of the former, Transkei region, South Africa. Five batches had been classified by the farmers who grew them, as high-quality cobs, good maize to be used for human consumption, and five as mouldy-quality (mouldy) maize cobs. The mean percentage of infected/damaged kernels of each batch was determined by counting infected kernels in a random selection of 100.

Isolation and identification of mycoflora

Kernels were surface sterilized in 0.4% sodium hypochlorite for 2 minutes, then washed in sterile water. Six kernels were placed on each of the following media: dichloran 18% glycerol agar (DG18) [START_REF] Hocking | Dichloran glycerol medium for enumeration of xerophilic fungi from low moisture foods[END_REF], Czapek iprodione dichloran agar (CZID) [START_REF] Abildgren | Czapek-Dox Agar containing iprodione and dicloran as a selective medium for the isolation of Fusarium species[END_REF] [START_REF] Sørensen | Potato carrot agar with manganese as an isolation medium for Alternaria, Epicoccum and Phoma[END_REF]). In addition, six visibly infected or damaged kernels from each batch were placed on 2% water agar, resulting in an overall analysis of 24 kernels per batch and a total of 240 kernels. Plates were incubated for 7 days at 25°C in darkness.

Fusarium, Penicillium and Aspergillus species were sub-cultured onto media appropriate for the genus and identified as previously described (Frisvad et al. 2007a;[START_REF] Frisvad | Polyphasic taxonomy of Penicillium subgenus Penicillium -A guide to identification of food and air-borne terverticillate Penicillia and their mycotoxins[END_REF][START_REF] Samson | Old and new concepts of species differentiation in Aspergillus[END_REF][START_REF] Samson | Food and indoor fungi[END_REF][START_REF] Wulff | Fusarium spp. associated with rice Bakanae: ecology, genetic diversity, pathogenicity and toxigenicity[END_REF], including secondary metabolite profiling and comparison to ex-type cultures [START_REF] Nielsen | Fungal metabolite screening: database of 474 mycotoxins and fungal metabolites for dereplication by standardised liquid chromatography-UV-mass spectrometry methodology[END_REF].

Extraction of kernels

For each maize batch, kernels were divided into groups of undamaged/uninfected and damaged/infected. Based on visual inspection of each batch, 10 uninfected and 30 infected kernels were selected for chemical analysis, for a total of 400 kernels.

A single kernel was transferred to a 5-mL cryotube containing 10 steel balls (diameter = 3 mm) and 1.5 mL distilled water added. The cryotubes were shaken for 5 minutes by a Mini Bead-beater (Biospec Products Inc, Bartlesville, OK). Afterwards, 1.5 mL acetonitrile was added and the tubes were shaken on a shaking platform for 30 minutes. The mixture was centrifuged at 6000 x g and 1.5 mL supernatant filtered through a 0.45-µm polytetrafluoroethylene filter and used directly for analysis.

LC-MS/MS fumonisin analysis

Liquid chromatography tandem mass spectrometry (LC-MS/MS) was performed on a Quattro Ultima triple mass spectrometer (Micromass, Manchester, UK) with an electrospray ionization (ESI) source as previously described (Mogensen et al. 2010c). Separations were performed on a 50-mm Gemini C 6 -phenyl column (Phenomenex, Torrance, CA), using an acidic linear gradient from 20% acetonitrile to 55% in 6 min at a flow rate of 0.3 mL/min. Tandem MS was performed in ESI + , with the MS in multiple reaction monitoring (MRM) mode (Mogensen et al. 2010b;2010c).

Transitions were: FB 2 andFB 3 m/z 706 → 336 and706 → 512; FB 4 m/z 690 → 320 and690 → 514; andFB 1 andFB 6 m/z 722 → 334 and722 → 528. A few extracts from kernels with the highest infection rate were additionally screened by LC-time-of-flight (TOF)-MS for other fumonisin analogues [START_REF] Nielsen | Fungal metabolite screening: database of 474 mycotoxins and fungal metabolites for dereplication by standardised liquid chromatography-UV-mass spectrometry methodology[END_REF] Fumonisin extraction was validated by spiking single kernels of undamaged/uninfected maize. The kernels were split with a scalpel and spiked with fumonisin standards to final individual FB 1 and FB 2 concentrations of 6.7 mg/kg, 2.3 mg/kg, 0.75 mg/kg, 0.25 mg/kg, and 0.081 mg/kg. The kernels were air dried at room temperature for one hour before extraction. Experiments were performed in triplicate on three different days. The apparent recovery was calculated from acetonitrile:water (1:1)-diluted samples with similar concentrations of fumonisins.

LC-MS/MS multi-mycotoxin screening

From the 400 extracts analyzed for fumonisins, 80 were selected from the 10 batches to represent a combination of high, low, and no amounts of fumonisins. The 80 samples (8 from visually noninfected kernels and 72 from visibly infected or damaged kernels) were analyzed for 186 bacterial and fungal metabolites using a QTrap 4000 LC-MS/MS System (Applied Biosystems, Foster City, CA) equipped with a TurboIonSpray ESI source and an 1100 Series HPLC System (Agilent, Waldbronn, Germany), as described by [START_REF] Vishwanath | Simultaneous determination of 186 fungal and bacterial metabolites in indoor matrices by liquid chromatography/tandem mass spectrometry[END_REF]. Chromatographic separation was performed at 25°C on a 15 cm Gemini C 18 -column. The chromatographic methods and chromatographic and MS parameters for the investigated analytes were as described by 

Results and Discussion

Fungal infection rate of the maize batches

The good-quality batches all had a rate of infected/damaged kernels below 3% (n=100), while the rate in mouldy batches was 6-19%, demonstrating a clear difference in maize quality (Table 1).

The average mass of infected and uninfected kernels was 0.29 g and 0.37 g (n=14 each) with a relative standard deviation (RSD) of 14% and 16%, respectively. The visibly infected or damaged kernels plated on water agar showed a 17%-83% Fusarium infection rate (Table 1), with only fumonisin producing Fusaria. Primarily only F. subglutinans and F. verticillioides were found, as previously found in South African maize [START_REF] Rheeder | Fusarium moniliforme and fumonisins in corn in relation to human esophageal cancer in Transkei[END_REF]van der Westhuizen et al. 2011b).

The less heat-tolerant F. graminearum was found only once among the randomly selected kernels.

Penicillium concavorugulosum was found in four batches, A. wentii in three, Eurotium sp. in one, P. aurantiogriseum in two, P. crustosum in two, P. pittii in one and P. brevicompactum in one.

Validation of fumonisin extraction

The three calibration curves from different days had R 2 -values of FB 1 : 0.9932, 0.9986, 0.9974; and FB 2 : 0.9974, 0.9978, 0.9984. The RSDs of the slopes were 7.8 % (FB 1 ) and 16.1 % (FB 2 ). The average RSD of the spiked sample (n=3) for FB 1 was 12% (range: 7.5-19%) and for FB 2 17% (range: 3.4-27%). The limit of quantification (RSD <20%) was 0.25 mg/kg for FB 1 and 0.081 mg/kg for FB 2 . The limit of detection (LOD) was estimated to an s/n ratio of 5:1, giving an LOD FB1 of 0.16 mg/kg and LOD FB2 of 0.057 mg/kg. The average apparent recovery for FB 1 was 121% with an average RSD of 25%, and for FB 2 was 115% with an average RSD of 20%.

Fumonisin content in single maize kernels

When single kernels were analyzed for fumonisin, all 10 batches contained positive kernels. Of the 400 tested kernels, 59 (15%) were positive for fumonisin. Of these, all were positive for FB 1 , FB 2 , FB 3 , and FB 4 , except two that did not contain FB 3 and FB 4 . LC-TOF-MS screening of a few highly infected kernels also contained fumonisins A 1 , A 2 , C 1 , C 3 and C 4 , although in amounts much lower than FBs (data not shown).

None of the maize kernels that were visually characterized as uninfected contained detectable amounts of fumonisins, whereas 3-40% of the visually infected kernels were contaminated with fumonisins (Table 1). The total fumonisin concentration (FB 1 , FB 2 , FB 3 and FB 4 ) of single kernels in all the batches was 1.8-1428 mg/kg. Interestingly, the few low-quality kernels sorted from the good-quality cob batches generally had a higher fumonisin content compared to the poor-quality maize. However, kernels that were visually infected were more frequently found in the poorquality cob batches.

Using the infection rate, average kernel weight, batch weight, and average fumonisin concentration, the total fumonisin content in the batches was estimated. The estimated total fumonisin content of the good-quality batches was 0.28-1.1 mg/kg (average: 0.71 mg/kg), while batches characterized as mouldy contained 0.03-6.2 mg/kg fumonisins (average: 2.9 mg/kg). This showed a marked difference in the fumonisin content of the high-and low-quality cob batches. Of the 10 batches, 2 exceeded the maximum level of 4 mg/kg recommended by the USFDA in maize for human consumption (US Food and Drug Administration 2001), and 4 exceeded the EU regulatory limit of 1 mg/kg (EU 2007). The values for fumonisin were similar to previous findings in South African subsistence maize (van der [START_REF] Van Der Westhuizen | Sphingoid base levels in humans consuming fumonisin-contaminated maize in rural areas of the former Transkei, South Africa: a cross-sectional study[END_REF]2010a). In a previous study van der [START_REF] Van Der Westhuizen | Sphingoid base levels in humans consuming fumonisin-contaminated maize in rural areas of the former Transkei, South Africa: a cross-sectional study[END_REF] found levels of fumonisins in the mouldy maize (as classified on cobs by the farmers) that were higher (mean levels in different areas over two seasons 4.85-12.9 mg/kg) than those found in this study.

Multi-mycotoxin screening of selected kernels

In the previous analysis, the kernels were only tested for fumonisin, however since only 15 % of the kernels were contaminated with fumonisin, we performed a multi-mycotoxin screening for identification of other toxins from non-fumonisin producing fungi. As well as to investigate the presence of compounds produced be post-harvest fungi e.g. P. concavorugulosum and A. wentii.

Eighty kernels were selected and analyzed by the multi-detection method for 186 bacterial and fungal metabolites, as described by [START_REF] Vishwanath | Simultaneous determination of 186 fungal and bacterial metabolites in indoor matrices by liquid chromatography/tandem mass spectrometry[END_REF], results are shown in table 2.

Fumonisins were detected in 50 of the 80 samples (Table 2), and only in 4 of the samples were no microbial metabolites detected. Other frequently detected metabolites were fusaric acid (n=53), emodin (n=27), chanoclavine (n=25), equisetin (n=14) and fusaproliferin (n=12). Metabolites found in a low number of samples were: agroclavine (n=3), altertoxin-I (n=3), beauvericin (n=7), moniliformin (n=4), nivalenol (n=4), rugulosin (n=4), and tentoxin (n=3). Other metabolites found in single cases were: alternariol, calphostin C, and cyclosporins A, C and H. To our knowledge, this is the first report of the fungal metabolites agroclavine, calphostin C, chanoclavine, cyclosporins, Table 3 shows a summary of Table 2 with the suspected producers of the metabolites as supported by mycological examination as well as if the compounds are produced pre or post harvest. Of the detected compounds and mycotoxins, many are presumably produced pre-harvest based on the natural field growth patterns of Alternaria and Fusarium. However, a lower number of toxins, generally considered to be produced post-harvest, were also detected, mostly those originating from Penicillium, Aspergillus and Eurotium. The finding of pre-harvest mycotoxins occurring from several Fusaria in the same maize kernels points toward co-existence of the producers rather than species succession which could explain the remaining compounds originating from several species and genera.

Beauvericin, fusaproliferin and moniliformin (Table 1) are metabolites of F. subglutinans. Kernels with fusaproliferin and/or moniliformin often showed lower amounts of fumonisins, which could indicate the presence of F. subglutinans, which is known to be a poor fumonisin producer [START_REF] Sala | Fumonisin producing capacity of Fusarium strains isolated from cereals in Spain[END_REF]. Furthermore, samples containing fumonisin and fusaric acid had an average fusaric acid content of 37 mg/kg, while visually infected samples without fumonisin had a significantly higher average content of 112 mg/kg. Fusaric acid is a pre-harvest compound, a plant growth inhibitor and suggested to be antifungal and antinematodic [START_REF] Bacon | Production of fusaric acid by Fusarium species[END_REF][START_REF] Diniz | Effects of fusaric acid on Zea mays L. seedlings[END_REF]. Its presence in samples without fumonisins strongly indicates that non-toxinogenic Fusaria were present in the maize, and supports the possibility of using these fungi as biocontrol agents against fumonisin-producing species, as is the case for A. flavus [START_REF] Abbas | Biocontrol of aflatoxin in corn by inoculation with non-aflatoxigenic Aspergillus flavus isolates[END_REF][START_REF] Antilla | The ARS-ACRPC partnership to control aflatoxin in Arizona: Current status[END_REF][START_REF] Cleveland | United States Department of Agriculture -Agricultural Research Service research on pre-harvest prevention of mycotoxins and mycotoxigenic fungi in US crops[END_REF]. Equisetin is known to be produced by F. equiseti, which also produces nivalenol; however this species was not detected. Nivalenol could also originate from F. graminearum, but this species was found only on a single kernel. However, the mycological screening was conducted on only a limited number of kernels, so detecting and isolating a few F. equiseti or F. graminearum in samples dominated by F. verticillioides and F. subglutinans would have been difficult. In addition, different kernels were used for the mycological examination and for chemical analysis.

The cyclosporins could have originated from either F. solani or Tolypocladium niveum, both previously described as producers of cyclosporins [START_REF] Dreyfuss | Cyclosporin-A and C new metabolites from Trichoderma polysporum (Link xx Pers) Rifai[END_REF][START_REF] Isaac | Production of cyclosporins by Tolypocladium niveum strains[END_REF][START_REF] Proksa | Identity of the antibiotic ramihyphin-A and cyclosporine-A[END_REF][START_REF] Sugiura | Physiological characteristics and mycotoxins of human clinical isolates of Fusarium species[END_REF].

Several Alternaria species can produce alternariol, tentoxin and altertoxin I, and the finding of these compounds was expected since Alternaria spp. grow superficially on many grain types [START_REF] Andersen | Chemical and morphological segregation of Alternaria arborescens, A. infectoria and A. tenuissima species-groups[END_REF]. Agroclavine, chanoclavine, and rugulosin indicate that P. concavorugulosum (a known producer of these compounds, Frisvad 1989) was present in batches 429, 432, 438 and 440, which was validated by the mycological findings of this species these batches. Emodin is a common metabolite of many Eurotium species and A. wentii [START_REF] Samson | Food and indoor fungi[END_REF], which are common superficial contaminants on dried grain and were found on some kernels from two good and two mouldy batches. The presence of emodin and chanoclavine in the visually uninfected kernels was not surprising, as growth is superficial and thus easily abraded off the kernels so they appear uninfected. The bacterial metabolites monactin, nonactin and valinomycin were found only once, and in the same sample.

Even though aflatoxins, like fumonisins, are considered important mycotoxins in African maize, no aflatoxins were found in any of the analyzed samples [START_REF] Shephard | Risk assessment of aflatoxins in food in Africa[END_REF]. These findings corresponded to the fungal isolation results, which found neither A. flavus nor A. parasiticus from This is the first study to examine the mycotoxin profile of single maize kernels. The maize mycotoxin profiles were diverse, and the detection of metabolites from several fungi on single kernels supports the fact that several fungal species can co-occur on a single kernel. Our results showed a low percentage of maize kernels containing fumonisins (15%), and an even lower percentage (<4%) with a high concentration of fumonisins (>100 mg/kg). The results also confirm that Fusarium mycotoxins are non-homogeneously distributed in maize (van der Westhuizen et al. 2011a). Although fumonisins appeared to be the cause of the most serious mycotoxin problem since they were the most widespread of the analyzed mycotoxins, the fumonisin contamination in our maize samples was mainly caused by a low percentage of highly infected kernels. This support the approach were a more thorough sorting of the subsistence grown maize is performed to decrease the fumonisin concentration. A theoretical calculation of the effect of removing the highly infected kernels (4%) showed that the average fumonisin concentration decreased by 71% (data not shown) after a simple sorting. This is a substantial effect gained using a very simple method. The strategy of sorting out visibly infected kernels has recently been successfully applied in an intervention study in the same rural Transkei area (van der Westhuizen et al. 2011). A group of farmers were trained to remove infected kernels from their good-quality maize and achieved a mean fumonisin reduction of 84% by removing a mean of 3.9% by weight, which is very close to our estimated reduction (van der Westhuizen et al. 2010b;2011a;2011b).

A valuable addition to these results could be to investigate the mycotoxin chemistry in single kernels, while simultaneously conducting an investigation of the mycology of the same kernel, for a better understanding of how species co-exist and how they are spread across the cob. This could 13 also determine whether several fungal species infect the same kernel or if kernels are infected with only one species. Furthermore, data on single-kernel mycotoxin content may help in designing sampling plans for detecting mycotoxins in large lots. For example, [START_REF] Whitaker | Comparison of observed distribution of aflatoxin in shelled peanuts to negative binomial distribution[END_REF] suggested using a negative binominal distribution and [START_REF] Vargas | Testing green coffee for ochratoxin A, part II: Observed distribution of ochratoxin A test results[END_REF] showed that approximately 6 coffee beans per 10, 000 beans are contaminated if a lot contains 5 µg/kg of ochratoxin A. The results of our single-kernel mycotoxin analysis give an in-depth view of the extent of mycotoxin-producing fungi in South African Transkei subsistence maize, particularly fumonisins. These findings are valuable for designing sampling plans for large maize lots.

Our results support the visual inspection method currently used by the maize-producing farmers and support additional sorting for even more effective removal of mycotoxin-contaminated kernels. Additional mycotoxin reduction might be achieved through biocontrol measures using a non-fumonisin-producing Fusarium strain. Finally the single kernel approach is promising for detecting new fungal compounds in maize, as the concentrations of fungal compounds are much higher in the few infected kernels. a As sorted by the five subsistence farmers.

b Surface sterilization in hypochlorite prior to plating for a total of 180 randomly selected kernels (18 per batch with 6 on DG18%, 6

on CZID, and 6 on PCMA).

c Plating of 60 visibly infected or damaged kernels on water agar per batch.

d Not including sterile mycelia and species found only once among the 240 kernels. 

  .(2009). ESI-MS/MS was performed in time-scheduled MRM mode in both positive and negative polarities in two separate chromatographic runs per sample by scanning two fragmentation reactions per analyte. The MRM detection window of each analyte was set to its expected retention time ± 30 s in positive mode and ± 60 s in negative mode.

  and tentoxin, as well as the bacterial metabolites nonactin, monactin, and valinomycin in maize.

  240 kernels surveyed and also to a previous study conducted in the former Transkei region which also did not find any aflatoxin or A. flavus(van der Westhuizen et al. 2011a).

e

  LC-MS/MS on Ultima QQQ. LOD FB1 of 0.16 mg/kg and LOD FB2 of 0.057 mg/kg f Total FB content were calculated from the infection rate, mean kernel weight, batch weight, and mean fumonisin concentration.

Table 1 : Infection rate of batches and fumonisin (FB) content in uninfected and infected maize kernels (n total =400).
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	Batch		416	438	440	447	448	404	429	431	432	455
	Quality	a	Good	Good	Good	Good	Good	Mouldy	Mouldy	Mouldy	Mouldy	Mouldy
	Infection rate (%)	66	66	83	66	100	100	83	66	83	83
	b ,	c										
	Dominating FB-	F.sub(17)	F. vert	F. vert	F.vert (50)	F. sub	F. vert	F. vert	F. vert (17)	F. sub	F. vert
	producing fungi		(17),	(17)		(33),	(50),	(17).		(33)	(17)
	(%)	b , d			F.sub (17)			F.vert (17)	F. sub (33)			
	Other fungi b,c,d	P. conca,	P. conca,	P. conca	A, wentii		Eurotium		P. crust, A.	P. pittii,	P. conca,
				A. wentii,	P. auran				sp.		wentii	P. brevi	P. crust
				P. auran								
	Visibly infected or damaged (n=100)	2%	3%	3%	3%	3%	6%	14%	7%	19%	12%
	Uninfected kernels									
	contaminated with	0%	0%	0%	0%	0%	0%	0%	0%	0%	0%
	FB (n=10)									
	Visually infected									
	kernels contaminated with	20%	27%	27%	13%	10%	23%	10%	40%	23%	3%
	FB (n=30)									
	FB contents in infected kernels (min-max, mg/kg)	34.4-1428	4.0-90	1.9-715	1.8-432	5.8-929	2.1-257	39-736	3.2-968	4.6-713	8.37
	Mean FB content									
	in infected kernels	330	49	114	149	328	54.8	297	166	159	8.37
	(mg/kg) e									
	Median FB in									
	infected kernels	53	42	30	82	50	4.8	117	33	41	8.4
	(mg/kg)									
	Total FB content (mg/kg) f	1.1	0.28	0.79	0.52	0.85	0.67	3.7	4.1	6.2	0.03
	Note: Fumonisin content is the total FB 1 , FB 2 , FB 3 and FB 4 content.					

Abbreviations: F. vert: F. verticillioides; F. sub: F. subglutinans; P. auran.: P. aurantiogriseum; P. brevi: P. brevicompactum; P. conca: P. concavurugulosum; P. crust.: P. crustosum.

Table 2 : Fungal and bacterial metabolites in single maize kernels by multi-detection MS/MS analysis.
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								Fusaric		Chanocla		
		Maize	Sample	FB 1	FB 2	FB 3	FB 4	acid	Equisetin	vine	Emodin	
	Batch	quality*	no.	mg/kg	mg/kg	mg/kg	mg/kg	mg/kg	µg/kg	µg/kg	µg/kg	Other compounds
	416	Good	2486	3.03	0.53	0.38	0.17	1.9	-	-	-	
			2489	-	-	-	-	-	-	4.6	-	
			2491	94	39	8.5	8.8	8.1	68	-	-	
			2502	1910	866	167	127	7.3	55	-	-	Beauvericin,
												Nivalenol
			2506	747	246	71	55	17	35	0.78	-	Beauvericin,
												Nivalenol
	438	Good	2527	9.3	2.9	1.1	0.57	17	-	0.53	-	
			2529	46	43	1.3	4.4	16	-	83	6.1	Agroclavine,
												Rugulosin
			2531	21	8	2.9	2	12	-	-	9.2	Fusaproliferin,
												Alternariol
			2533	-	0.14	-	-	46	-	-	18	Fusaproliferin
			2535	-	-	-	-	212	14	15	-	Fusaproliferin,
												Monactin, Nonactin,
												Valinomycin
			2543	0.07	-	-	-	125	-	-	3.7	Altertoxin-I
			2545	-	-	-	-	-	7756	-	-	Fusaproliferin,
												Beauvericin,
												Nivalenol, Tentoxin
			2546	149	26	6.8	4	26	-	0.52	-	Fusaproliferin
			2550	48	16	7.8	4.4	24	-	-	-	
	440	Good	2558	-	-	-	-	0.2	-	-	7.3	
			2566	-	-	-	-	-	-	-	-	
			2567	0.18	0.062	-	-	-	218	1.3	-	
			2582	794	221	43	31	31	-	5.6	6.8	Rugulosin
			2584	4.7	1.2	0.61	0.34	63	-	6	-	
			2586	-	-	-	-	5.1	-	0.82	-	
			2591	37	11	4.2	2.9	12	-	-	35	
			2592	34	13	2.9	2.2	2.8	-	-	-	
	447	Good	2603	-	0.033	-	-	-	-	-	-	

Table 3 : Distribution and likely producer of metabolites found in visual infected and uninfected kernels.
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		% in	% in				
		uninfected	infected		Supported	Produced
		kernels	kernels		by	pre or post
	Mycotoxin	(n=8)	(n=72)	Likely producer	microbiology	harvest
	Alternariol	0	1	Alternaria	No	Pre a
	Altertoxin-I	13	3	Alternaria	No	Pre a
	Beauvericin	13	8	F. subglutinans	Yes	Pre
	Calphostin C	0	1	Cladosporium	No	Pre a
	Cyclosporin A, C and H	13	0	F. solani or Tolypocladium	No	Pre
	Equisetin	25	17	F. equiseti	No	Pre
	Fumonisin B 1	0	60	F. verticillioides, F. subglutinans	Yes	Pre
	Fumonisin B 2	13	65	F. verticillioides, F. subglutinans	Yes	Pre
	Fumonisin B 3	0	51	F. verticillioides, F. subglutinans	Yes	Pre
	Fumonisin B 4	0	49	F. verticillioides, F. subglutinans	Yes	Pre
	Fusaproliferin	0	17	F. subglutinans	Yes	Pre
	Fusaric acid	13	64	F. verticillioides, F. subglutinans	Yes	Pre
				and other related			
	Moniliformin	0	6	F. subglutinans	Yes	Pre
	Nivalenol	13	4	F. equiseti, F. graminearum	(Yes) b	Pre
	Tentoxin	13	3	Alternaria	No	Pre	a
	Agroclavin	13	3	P. concavurugulosum	Yes	Post
	Chanoclavine	38	31	P. concavurugulosum	Yes	Post
	Emodin	75	29	Eurotium, A. wentii	Yes	Post
	Rugulosin	0	6	P. concavurugulosum	Yes	Post

a As superficial growth usually close to harvest b F. graminearum was only found on a single kernel
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