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SUMMARY

Fungi and their mycotoxins are regularly associated with maize and maize products locally
and internationally. The role that the milling industry in South Africa plays in the
development of these fungi and the formation of their mycotoxins is not clear.

The Maize Trust funded a project that was initiated in 2007 to investigate the migration of
the more important fungi and their mycotoxins during the milling process in South African
maize mills. The goal was to gather statistical information in the commercial maize milling
process and contribute to a better understanding of the mycological and mycotoxicological
factors playing a role in the quality and safety of maize derived products.

Resuits indicated that fungi such as Fusarium (Section: Liseola), Cladosporium
cladosporioides, Aspergillus flavus, Aspergillus clavatus, Penicillium spp., Mucor spp., and
Rhizopus oryzae are the most dominant fungi in the maize milling system in South Africa.
It also means that the mycotoxins produced by these fungi should be seen by the milling
industry as possible emerging threats in future if these mycotoxins are not occurring at
present. The current ability of South African analytical laboratories to test for many of
these types of mycotoxins does not exist. The extent of the likeliness of these mycotoxins
to be present, or being an existing or emerging threat, will only be realised when analytical
tests are available to conduct such studies.

Statisticai findings indicated that the maize milling indusiry does not contribute significantiy
in the further development of field fungi and their mycotoxins during the milling process. It
seems that the milling process facilitate that certain fractions are more prone to high levels
of Fusarium verticillioides and fumonisins. Results have shown that overali the "thru"
fraction during the degerming process tend to contain higher levels of field fungi, storage
fungi and fumonisins compared to the "over" fraction. Subsequently, products deriving
from the "thru" fraction also tend to have elevated levels of fungi and mycotoxins.

Products deriving from the floury endosperm, such as Super fine maize meal and Maize
flour seem to contain higher levels of fungi and fumonsins compared to products that are
produced from the horny endosperm, such as Braaipap, Samp and Maize rice.

No samples were found with aflatoxins or ochratoxin A, although some samples were
contaminated with high levels of fungi that are known to produce these toxins. Because
these fungi are only introduced during the degerming process, it is believed that the time it
takes to mill the maize is too short to result in mycotoxin formation. However, this opens
the door for possible future problems if the milled products are not handled, stored and
transported under good conditions, such as low moisture.

However, storage fungi also contribute to the aesthetic appearance of the milled products
such as greenish discolouration, clogging and off odours and flavours. These fungi can
thus directly influence the shelf life and overall quality of the milled products. The industry
should thus be aware that this can lead to future problems after dispatch of the products
and can even lead to legal issues if mycotoxin formation takes place further down the
chain.

Discrepancies were found with the analyses of fumonisins by using the VICAM testing
system and confirmatory tests determined by LC-MS/MS. Due to the limited time and
budget, as well as the set goals of this project, further studies into this phenomenon couid
not be undertaken. However, tests indicated that both systems were found to be sound in
the repeatability of results. Reasons for these differences in the analytical methods are
possibly because of the heterogeneity of maize, making sampling difficult. Recent studies
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on the masking of fumonisins, where the mycotoxins are bound to other compounds in the
maize, showed that analytical methods could be inaccurate and could have influenced the
outcome of this study. It is, therefore, recommended that this phenomenon should be
further investigated in South African maize to ensure that the true levels of mycotoxins are
reflected in the analytical methods used in South Africa.

INTRODUCTION

The association of mycelial fungi with maize and maize products is a naturai phenomenon.
However, it is when these fungi are responsible for the production of health threatening
substances, such as mycotoxins, that maize becomes a high risk food commodity for both
humans and animais. South African maize is known to be invaded by a wide variety of
field and storage fungi, of which some are known mycotoxin producers that are implicated
in the cause of a number of disorders and cancers in humans and animals. The most
known and studied group of mycotoxins in South African maize is the fumonisins, of which
fumonisin B, is the most important. It is associated with cesophageal cancer in humans
(Rheeder ef al., 1992) and the cause of leucoencephalomalacia (LEM) in horses, mules
and donkeys (Marasas et al, 1988). It is also responsible for liver damage in rats
{Gelderblom at al., 1991) and lung disorders in swine (Kriek ef al., 1981). Stenocarpella
maydis is also one of the more prominent fungi in South African maize. However, in this
case the mycotoxin is unknown although the fungus is associated with diplodiosis in cattle
and sheep (Kellerman ef al. 1991) as well as dehydration, growth inhibition and mortality
in poultry. The occurrence of these types of fungi in maize kernels is mainly attributed to
high humidity and moisture during the harvesting and storage processes. Most field fungi
are metabolically inactive at water activities lower than 0.85 {moisture content lower than
20%) while storage fungi thrive between 0.65 and 0.8 (moisture contents between 13 and
19%).

Field fungi such as Fusarium, Alternaria, and Stenocarpella spp. are regularly associated
with South African maize kernels {Viljoen, 2001) and can cause, besides the production of
mycotoxins, physical damage that can influence the quality and milling properties (Wilson
& Abrahamson, 1992). Storage fungi such as Eurotium, Aspergillus and Penicillium spp.
also can influence the quality due to the colour of their spores and the production of
compounds that can affect the palatability and discolouration of the milled products. The
presence of these fungi also causes other problems such as off flavours and odours, lack
of germination, mouldy kernels, clogging of milled fractions and shortened shelf life of
products (Ominski ef al., 1994).

A study conducted for the Department of Health (Rabie & Marais, 2000) indicated that
mycotoxins such as aflatoxin B, and aflatoxin M (Purchase ef al., 1967), beauvericin
(Shephard et al., 1999), citreoviridin (Nagel et al., 1972), deoxynivalenol (Thiel et al.,
1982; Sydenham et al. 1991), diplodiatoxin (Steyn et al., 1972, Louw, 1969), diplosporin
(Chalmers et al., 1978), fumonisins (Thiel et al., 1991; Leslie et al., 1996; Sydenham et al.,
1997; Alberts et al., 1990; Sydenham et al. 1991), fusaproliferin (Sydenham et al. 1991)
fusarin C (Wentzel et al., 1984), fusarenon X (Sydenham et al. 1991), moniliformin (Thiel
et al., 1982; Leslie ef al., 1996; Rabie et al., 1982; Sydenham ef al. 1991), secalonic acid
D (Steyn, 1969), trichothecin (Combrinck et al., 1988) and zearalenone (Thiel et al., 1982)
were positively associated with fungi isolated from maize in South Africa. This
information, however, only include reports and manuscripts published in the scientific or
public domains. Many fungi are associated with maize, especially after the milling
process. However, not much is published on the presence of fungi during the storage or
milling processes of maize. There is also little information on the levels of fungi and their
mycotoxins in the products destined for human and animal consumption.
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Some fungi associated with South African maize are known to be toxic, although, to date
no known mycotoxins have been associated with them. This is an indication that many
unknown mycotoxins still exist of which no analytical methods are available. Elimination of
these unknown mycotoxins could thus at this stage only be achieved by preventing the
fungi to invade such commodities.

The risk for mycotoxins to be present in maize, especially during harvesting seasons with
high rainfall, is likely. The pressure placed on governmental bodies such as the
Department of Health and the National Department of Agriculture to adapt to international
trends regarding regulations on mycotoxins, and the increasing role that South Africa
plays in international markets, necessitates the country to find ways to limit toxic
contaminants in foodstuffs. It is also known that mycotoxins in low levels, but continuous
exposure, negatively influence the immune system of both humans and animals. This
places an additional burden on the medical costs of the country, including the effect to HIV
and AIDS patients.

A study was initiated in 2007, through the funding of the Maize Trust, to study the
migration of the more important fungi and their mycotoxins during the milling process in
South African maize mills. The goal was to gather information on the commmercial maize
milling process and contribute to a better understanding of the mycological and
mycotoxicological factors playing a role in the quality and safety of maize and maize
products.

3. OBJECTIVES OF THE STUDY

This project was aiming to provide the maize milling industry with statistical data indicating
the changes in fungal populations during the milling process in South Africa and provide
data on the relevant mycotoxins involved.

The proposed project aimed to achieve the following:

o Find evidence of the more important fungi and their mycotoxins in the post harvest
processing phases of maize in South Africa

o Provide the industry with crucial data that can serve as a tool for proper risk
management in future

It was also envisaged that the industry will be able to identify the high risk areas in the
processing of maize and through corrective action would be able to lower these rigsks. The
data obtained in this project indicates the development and migration of mycotoxigenic
fungi from the silo through to the end products in six mills in South Africa.

4. TASKS
The following tasks were identified in the project:

Task 1: Project planning and dissemination
1.1 Logistics
1.2 Sampling design

Task 2: Statistical design

Task 3: Sampling
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Task 4. Moisture content analysis
Task 5: Fungal enumeration

5.1: Fungal enumeration

5.2: Interpretation of the results
Task 6: Mycotoxin analyses
Task 7: Statistical manipulation
Task 8: Report back

The report is divided into the different tasks as set out above. Each task is described by
giving the background, materials and methods, results and discussion under each heading.

Task 1: PROJECT PLANNING AND DISSEMINATION

Due to the sensitivity of the subject of this project, confidential agreements have been signed
with each of the six maize milling companies who participated in the project. The following
milling systems were participating:

Godrich Flour Mills {Pty) Ltd (Bronkhorstspruit)
Noordfed (Pty) Ltd (Lichtenburg)

Premier Foods (Pty) Ltd (Kroonstad)

Premier Foods (Pty) Ltd {Maizecor Mill, Silverton)
Ruto Mills {Pty)} Ltd (Pretoria West)

SASKO (Klerksdorp)

Each milling system was allocated a number for the duration of the project to protect any data
or information against distribution outside the group conducting the research, as well as
compromising the confidential agreements that were signed between CSIR and the milling
companies.

Each milling system was visited at three different occasions during a period of 12 months
where samples were taken from the grain silo to the various fractionated products after
miling. The samples were used to conduct fungal enumerations, moisture contents and
mycotoxin analyses for the purpose of identifying the distribution patterns of fungi and their
mycotoxins in the six participating milling systems.

Statistical analyses were conducted on the fungal species identified and on the level of
contaminations they occurred in the various mills. These results were used to determine
whether there are significant differences in the presence of certain fungi in different milling
systems, and whether there are tendencies of fungal presence and distribution on a national
basis.

Task 2: STATISTICAL DESIGN
Background

To obtain statistical data on the presence of fungi and their mycotoxins is a difficult task.
Many factors can influence the presence and the prominence of fungi such as environmental
conditions, moisture, nutrient availability, handling of the commodity, and the capability of
individual fungal isolates within a specific species. These factors also influence the formation
of mycotoxins. Due to so many variables in the maize milling process, it is difficult to collect
samples at different time intervals with exposure to exactly the same conditions.
Repeatability in the true sense of the word is thus not likely in an industrially operating milling
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system. At best, one would be able to follow trends and determine the likeliness that certain
scenario's can be expected.

It is known that field fungi normally include plant pathogens that invade the plants in the field.
Storage fungi, on the other hand, are saprophytic and invade dead or dying plant material
during storage and processing. It is, therefore, expected that these two groups of fungi will
react differently when exposed to a milling process. The question here is whether this can be
reflected through statistical means and whether the maize industry should consider different
controlling measures when dealing separately with these two groups of fungi. In addition,
statistical analyses could also provide comparative information on the different milling
systems in South Africa, or whether similar trends are experienced throughout the milling
industry.

Materials and Methods

The analytical analysis was done by Prof. Hennie Groenveld and Dr Mike van der Linde at
the Department of Statistics at the University of Pretoria.

A statistical approach was designed to determine the presence or absence of both field and
storage fungi, and were analyzed separately. The observations were reported to the
statistician as percentages of presence and absence of a specific fungus. In the analysis that
was carried out, these percentages were used as weights.

Variables that were used in the statistical analysis included a) separate mills, b) 3 separate
visits to the mill, ¢) different sampling sites within a mill and d) different fungal species. Since
the outcome variables were binary observations (presence or absence), a logistic regression
model was used to analyse the available data.

In the model the four variables were used as predictor variables and as outcome variable, the
following formula was used:

Pijid
1 - Piki
where Pik is the probability to obtain the presence of a fungus at the i'th level of a mill, the j'th
visit of a mill, the k'th sampling site within a mill, and the I'th fungal species.

Log

A best fit for the model was obtained by using Fisher's scoring method. The analysis yields
an F-ratio and P-value for each predictor from which the significance of each predictor in the
total model could be obtained. In fact, a low P-value (<0.05) indicates that the effects on the
presence of a fungus of, for instance, the different mills, differ significantly.

From the outcome variable estimated (or predicted) from the fitted model, the P-value may be
calculated for each mill, sampling site and fungus combination. For each of the P-values a
95% confidence interval was calculated using the results of the fitted model.

Task 3: SAMPLING
Background
The occurrence of fungi and their mycotoxins are often heterogeneously distributed in food
and feed stuffs. The reascn is that the development and growth of fungi normally occur in

isolated pockets within buik materials, or individual kernels that were exposed to more ideal
conditions for fungal contamination. It is also known that the environmental conditions

11
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needed for fungal development and growth are not necessarily the same for mycotoxin
formation. Therefore, the levels of fungi in certain pockets do not always reftect the presence
of the relevant mycotoxins. In addition, mycotoxins that are excreted from fungal material
can also diffuse to areas where less fungal growth is experienced.

Taking samples that are representative of a food commodity can thus be problematic if the
above factors are not considered. For example, if samples are only taken where high
concentrations of fungi and their mycotoxins occur, analytical results could show that the food
stuff is not fit for human or animal consumption based on regulatory levels. However, if
samples would have been taken randomly throughout the product, mixed together, and then
tested, a different result would likely be obtained with an average lower level of mycotoxins.
This could have major legal and cost implications for producers, ftraders and
exportersfimporters, which has litile to do with the heaith aspects of the products.

Designing and executing a sampling plan is of crucial importance in any project, and should
comply with certain aspects to obtain a representative sample. These include the following:

» Sampling should be done by qualified people that are familiar with the goals of the
project.

= Special care should be taken to avoid cross contamination of samples, especially via
the use of uncleaned tools and equipment

* Incremental samples from randomly distributed spots should be taken. This
procedure should be standardised for all samples and should not be deviated from.

» Samples shouid be taken when the biggest part of the lot is accessible to ensure
equal chance for any part of the lot to be included in the sampling process.

» The integrity of the samples should be maintained during transportation and storage
by keeping these steps as short as possible and under the correct conditions (low
temperature of 4-8°C and in sealed containers to prevent moisture changes).

e Samples should be clearly labelled by providing essential information such as the
details of sampling point, time, date, sampler's name and any other additional
information that could be important for the interpretation of the analytical results.

The number of incremental samples taken is of utmost importance to obtain a representative
sample. The more incremental samples taken the closer your analytical results would be to
the true average situation within a lot. However, one should take in consideration what the
size of the lot is, the value and the nature of the commodity to be tested, and the possible
distribution of the contaminants before the extent of sampling is determined. There should
thus be a balance between the cost and labour needed for sampling and the heterogeneity
expected in a lot.

Materials and Methods

The six participating milling systems were visited prior to sampling, after which the critical
sampling points were identified. The processing capacity of each mill was taken into
consideration and the quantities of samples were calculated accordingly. To obtain a
representative aggregate sample, a kilogram of incremental samples were taken for every ton
per hour of processed maize. Sampling points were at the following unit operations:

Silo

Screened / cleaned maize kernels

Conditioning stages

Degermer (Thrus and Overs)

First and last roiler mills

All final products produced

12
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At each sampling point, three to eight incremental samples were taken at 10 to 15 minute
intervals. Samples were taken and placed in labelled sealable plastic bags. To obtain
representative aggregate samples, the incremental samples per unit operation were
thoroughly mixed. Approximately 500 g of each aggregate sample was repackaged into
plastic bags and sent for fungal enumeration and mycotoxin analyses. A fraction of each
aggregate sample was placed in a jam jar which was sealed with insulation tape to trap the
moisture. The samples were stored at 4 to 8°C prior to moisture content analysis.

Results and Discussion

Results and discussion of the moisture contents, fungal enumeration and mycotoxin analyses
are given in tasks 4, 5 and 6 respectively.

Task 4: MOISTURE CONTENT ANALYSIS
Background

One of the most important factors influencing fungal growth and mycotoxin formation in maize
is the accessibility of water. Field fungi such as Fusarium species, Stenocarpella maydis and
many others are contaminating maize kernels while the maize is still cultivated in the field. It
is when high rainfall and humidity is experienced just before or during harvesting that these
fungi fend to propagate and deveiop. When kerneis with high moisture contents are stored,
storage fungi can further colonize and spoil the commodity. It is, therefore, of great
importance to be aware of this and that the moisture content of maize during post harvest
conditions is conirolled.

Storage fungi can mainly be divided into three groups including hydrophytes that require a
relative humidity (RH) between 90 — 100% (bacteria and a number of yeasts), mesophytes
that grow at an RH of 80 — 90% (Aspergillus and Penicillium species), and xerophytes that
can grow at an RH of 65% and higher {Eurotium species) (Shapira & Pastor, 2004). These
relative humidities correlate with specific water activities and moisture contents in maize. The
table below compare RH, water activity and moisture content (Megan et al., 2008):

Table 1: Comparative levels between moisture content, water activity and relative humidity
in grains with high starch content.

Moisture content Water activity (a.) Relative humidity (HR)
14% 0.65 65%
16% 0.80 80%
18% 0.85 85%
20% 0.88 88%
22% 0.90 90%
24% 0.92 92%
26% 0.94 94%

The ideal is to keep the moisture content of maize and other starch based commodities below
14% to control the spoilage by fungi and mycotoxin formation. The changes in moisture
contents of maize kernels and fractions during the milling process could have an influence on
the ability of both field and storage fungi to further spoil maize products before or after
packaging, storage and transport.

Material and Methods

13
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Moisture content of all samples taken (as explained in task 3) was determined following the
AACC method 44-15A (AACC, 1995). Whole maize kernels, overs and large maize grits
were analysed using the two stage method. The remaining of the maize samples were
analysed using the one stage method. Analyses were done in triplicate. One stage method
was used for powdery samples that supposingly contained less than 13% moisture content.
The two-stage method was used for whole maize kernels and large maize grits that contained
13% or higher moisture contents. The latter involves the grinding of samples to increase
surface area for better analyses of bound moisture. Mill 1, 3 and 6 add chlorine to the first
conditioning step, while mill 2, 4 and 5 do not add chlorine. Chlorinated water is used to
decrease the microbial load conditioned maize (Dhillon et al. {2007). The conditioning step is
the most important unit operation of the dry milling process, as it aids in toughing of the bran
for easy removal and also softens the endosperm to make it easier to grind (Hoseney, 1994).

Results and Discussion

Detailed results of the moisture contents of six mills, taken during 3 separate visits at different
sampling points within the milling system, are given in tables 2 to 7 (see Annexure A).
However, summarised data are given as graphs below in figures 1 to 6.

Mill #1 (12, 20 and 37 visits) el
Moisture contents W 3n visit

1o

Meisture confient {%)
et}

QaNWH DY
M

Maize milling steps

Figure 1: Moisture content results of maize and maize products sampled
over a period of ten months at Mill #1.
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I 3nvisit

O tevisit
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Mill #2 (1%, 2n¢ and 37 visits)
Moisture contents

0 1stvisit
2nd visit
B 3vvisit

15

Maize milling steps

Moisture contents

Mill #3 (1, 2 and 3 visits)

(%) U902 SIrgsIoy

Figure 2: Moisture content results of maize and maize products sampled

over a period of ten months at Mill #2.

{5%) JuBjuea aumsION

Maize milling steps
Figure 3: Moisture content results of maize and maize products sampled

over a period of ten months at Mill #3.
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[T 1= visit
2nd visit
B 37 vist

Moisture contents

0O 1stvisit
il 2nvvisit
B 3¢ visit

Meize milling steps

Moisture contents

Mill #4 (12t 2nd and 3 visits)

Mill #5 (1%, 2n and 3 visits)

{95) JWSILOD BISION

Figure 4: Moisture content results of maize and maize products sampled

over a period of ten months at Mill #4.

(%) JUBJL0D SISO
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Maize milling steps

Figure 5: Moisture content results of maize and maize products sampled

over a period of ten months at Mill #5.
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Mill #6 (1, 2nd and 3 visits) ] 1=visi
B 2ndvisit
Moisture contents i 3o visit

:
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Moisture content (%)
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Slio fez

Maize milling steps

Figure 6: Moisture content results of maize and maize products sampled
over a period of ten months at Mill #6.

The final moisture content of the maize kernels after the conditioning stages was still lower
than expected, even though the mixing and packaging of samples were done at the mills not
at CSIR. Considering the high air temperature inside the mill, moisture was likely lost during
the mixing of samples that resulted in lower moisture content readings than expected.
Therefore, the loss of moisture was attributed to high temperatures inside the mill, a factor
that was not controllable during the sampling procedure. According to Duensing (2003), the
final moisture of maize kernels upon entering 2 degerming system should be in the range of
18 to 20%. In the current study the moisture content of kernels prior to degerming ranged
between 13-16.7%. Moisture content values for milling products were found to be in the same
range as reported in literature.

Task 5: FUNGAL ENUMERATION
Background

The existing method to estimate fungal contamination in a grain crop commodity is based on
the percentage of kernels / seeds that are infested with specific fungi. This is accomplished
by plating surface sterilised kermels on growth media. The kemnels are exposed to high
moisture and additional nutrients, and then the fungi are allowed to emerge from the kernels.
Over time (days), the fungi develop fruiting structures that are characteristic and unique.
They are then individually identified and counted based on morphological characteristics by
trained mycologists.

When bacteria or yeasts are enumerated, the sample is normally ground and a propagule
count is done by determining the amount of viable units in one gram of sample. This is,
however, not so easy to apply the same techniqgue when working with mycelial fungi. They
normally prefer an environment where there is little or no free water. Hyphal growth then
anchors the fungus and penetrates the substrate for optimal nutrient utilisation. An individual
fungus can thus either cover a substantial area, or could be minute in size, all depending on
the environmental conditions and nutrient availability. Grinding of a sample will, therefore,
also breaking up the fungal colony that can influence the viability of the fungus, or distort the
guantitative accuracy of the presence of the fungi.

17
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Fungal enumeration of grains, as described by Rabie ef al. (1997), has been used
extensively over the past few decades. This has provided a basis from which certain
extrapolations can be made regarding the possible risks for mycotoxins to be present in food
commodities. For example, work previously done at the CSIR has indicated that levels of
mycotoxigenic fungi at 20% and higher in a food commodity should be regarded as high risk
for mycotoxins to be present. In addition, by studying the fungal profile and level of
infestation one can determine what the historical background of a commodity is. High levels
of field fungi (such as Fusarium spp., Stenocarpella maydis, Phoma sorghina and Rhizopus
spp.) for example is an indication that a commodity was exposed to high humidity and rainfall
during or just before harvesting. High levels of storage fungi (such as Aspergillus spp.,
Eurotium spp., Penicillium spp. and Trichoderma spp.) on the other hand indicate that high
moisture was experienced during storage, transport or processing. This kind of information is
sometimes important, especially when commodities are imported and fungal spoilage and
mycotoxin contamination has taken place. The type of fungi that are present can thus
indicate whether a commodity was spoiled during cultivation, storage, shipment or handling.
For insurance purposes, this information can be proven to be crucial.

Material and Methods

Fungal enumeration was done according to the method described by Rabie et al. (1997) on
all samples received from the six mills and the three site visits to each mill. Approximately
300 randomly selected maize kernels of each maize sample were collected, surface sterilized
by using 76% (v/v) ethanol, rinsed twica by sterile distilled water, aind then plated onto three
different growth media. The following media were used:

Potato dextrose agar (PDA)
PDA (Merck, SA) was prepared according to manufacturers instructions. It was then poured
into 90 mm petri dishes and aliowed to settle.

Pentachloronitrobenzene agar (PCNB)

PCNRB was prepared by mixing 22.5 g peptone (Merck), 1.5 g KH.PQO,, 0.75 g MgSQ, 7H,0, 3
g pentachloronitrobenzene, 30 g agar (Merck), 1500 ml distilled H;0, and 1 capsule of
chloramphenicol. It was autoclaved for 20 min at 121°C. The medium was aseptically poured
into 90 mm petri dishes and allowed to settle.

Malt Salt Agar (MSA)

MSA was prepared by using 24 g malt extract (Merck), 90 g NaCli, 24 g agar, and 1200 ml
distilled H,O. The sodium chloride (NaCl) was dissolved in 360 ml distilled H,O, and the malt
extract and agar were mixed separately in 840 ml distilled H,O. After autoclaving separately
for 20 min at 121°C, the two mixtures were cooled down to approximately 48°C and added
together. The medium was then aseptically added to 90 mm petri dishes and allowed to
settle.

After surface sterilization, the maize kernels were placed onto the growth media by evenly
placing 5 kernels onto each petri plate. No surface sterilation was done in the cases where
milled samples were plated. A milled sub-sample (the size of a maize kernel) was plated in
the same manner as the maize kernels. In total, 10 petri plates of each medium were used,
allowing 50 kernels / sub-samples on each medium. The plates were incubated for at least
10 days at approximately 25°C with 12-hour dark and light cycles. Fungi that grew from the
kernels / sub-samples were morphologically investigated and identified to species level by
using stereo and light microscopic equipment. In certain cases, it was not possible to do
identifications to species level because of the lack of fruiting structures. In such cases the
fungi were identified only to genus level. The results are expressed as a percentage of maize
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kernels or sub-samples infested with a specific fungus. The summary of the results are given
in tables 8 to 25 (see annexure B).

Results and Discussion

In total, at least 63 fungal species were associated with the 6 South African maize milling
systems that were evaluated. The majority of species were members of Aspergillus,
Eurotium, Fusarium and Penicillium, but ranged substantially in their predominance in the
mills. The fungi that were associated with the participating maize mills are summarised
below:

Acremonium spp. Phoma sorghina
Alternaria alternata Penicillium aurantiogriseum
Aspergillus candidus Penicillium brevicompactum

Aspergillus clavatus
Aspergillus flavus
Aspergillus furmnigatus
Aspergillus niger
Aspergillus ochraceus
Aspergillus sydowii
Aspergillus terreus
Aspergillus versicolor
Aspergillus wentii
Aureobasidium pullulans
Cladosporium cladosporioides
Eurotium amstelodami
Eurotium chevalieri
Eurotium herbariorium
Eurotium repens
Eurotium rubrum
Fusarium verticillioides
Fusarium chlamydosporum
Fusarium equiseti
Fusarium graminearum
Fusarium oxysporum
Geotrichum spp.

Mucor spp.

Nigrospora spp.

Penicillium canescens
Penicillium chrysogenum
Penicillium citrinum
Penicillium decumbens
Penicillium fellutanum
Penicillium funiculosum
Penicillium griseofulvum
Penicillium implicatum
Penicillium islandicurn
Penicillium janthinelfum
Penicillium minjoluteum
Penicillium oxalicum
Penicillium pinophilum
Penicillium purpurogenum
Peniciflium sofitum
Penicillium variabile
Penicillium waksmanii
Penicillium spp.
Rhizopus oryzae
Sordaria spp.
Stenocarpella maydis
Trichoderma virens
Trichoderma spp.

It is not possible to discuss all fungal species individually in the report. Therefore, the most
important fungal species, based on their ability to produce mycotoxins and causing spoilage
of products, were evaluated further in each milling system. These include the following:

Fusarium (Section Liseola): This group of fungi mainly include Fusarium verticillioides.
Because there are morphologically very closely related Fusarium species that are not always
distinguishable based on the methodology used in this study, all isolates were identified as
Fusarium (Section Liseola). However, the vast majority of isolates were identified as
Fusarium verticillioides based on molecular sequencing data. This fungus is regarded as the
most prominent fungus in maize in South Africa. It invades the plant in the field and causes
various root and stem diseases in the plant. In addition, it produces the mycotoxins,
fumonisins, which are associated with oesophageal cancer in humans. It is also causing
leucoencephalomalacia (LEM) in horses, mules and donkeys. It has alsc been shown to
cause damage to the lungs of pigs and the livers of rats.
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Cladosporium cladosporioides: This fungus has shown to be responsible for the blackish
discoloration of maize kernels exported from South Africa. Although no mycotoxins are
known from this fungus, it can play a significant role in the aesthetic properties of maize
products such as samp, maize grits and cereals.

Aspergillus flavus: The fungus is known to be a field fungus in maize in countries outside
South Africa. The environmental conditions in South Africa are as such that the fungus
cannot invade grain crops in the field. It was, however, found that A. flavus can grow in
conditioning bins of maize mills, contaminating the end products. It produces the mycotoxins,
aflatoxins, which are regarded as some of the most toxic and carcinogenic compounds
known to man. In addition, this fungus can also produce the mycotoxin, cyclopiazonic acid,
which causes similar disease symptoms than aflatoxins.

Penicilium species: The majority of isolates in the maize mills indicated to be Penicillium
oxalicum and Penicillium islandicum. There are, however 17 other Penicillium species that
were also identified from the participating maize milling systems. Penicilliumm species are
normally associated with poor storage conditions of maize. In recent years we saw these
fungi to become more prominent during harvesting, indicating that they possibly play a bigger
role in the field than previously thought. Penicillium islandicum produces the mycotoxin,
luteoskyrin, which is toxic to the liver of humans and animals. Excessive production of
spores can lead to a blue-greenish discoloration of milled products.

Eurotium species: A number of species, including Eurotium amstelodami, E. chevalieri, E.
herbariorum, E. repens and E. rubrum were isolated from the maize milling systems.
Because of the similar effect that these fungi have on maize, it is evaluated as a group.
Eurotium species are normally present in a grain commodity when poor storage conditions
are experienced. They are known to propagate at very iow moisture contents (between 14
and 17%) compared to other fungi (17% and higher). Eurotium repens is known to produce
the mycotoxin, sterigmatocystin, which is a precursor of aflatoxins. In addition, Eurotium
species can cause vomiting and ill thrift among humans and animals.

Aspergillus clavatus: This fungus was included in the individual evaluations due to its
sporadic and dramatic increases in some milling systems. This fungus is known to be able to
produce the mycotoxins, cytochalasin E and patulin, which are both detrimental to human
health. Cytochalasin E is known to inhibit cell division by preventing cytoplasmic cleavage
and thus can influence the growth of infants. Patulin can cause kidney and liver damage as
well as cancer. The latter mycotoxin is also regulated by law in South Africa (Foodstuffs,
Cosmetics and Disinfectants Act 54, 1972), which states that no food commodity destined for
human consumption may contain more than 50 pg/kg patulin.

Rhizopus oryzae: The fungus is regularly associated with maize and can propagate either in
the field or during poor storage conditions. It has shown to be toxic to ducklings and rats, and
is known to produce the ergot alkaloid, agroclavine, which is toxic to man, sheep and cattle.
The fungus is also listed as one of the causal agents of mucormycosis in both man and
animals. The inclusion of this fungus in this evaluation was due to its toxic effects, although
little information on the various mycotoxins it can produce is available. This fungus was also
studied as a representative of the phylum, Zygomycota. Fungi belonging to this phylum differ
considerably, based on evolutionary development and morphology, from the rest of the fungi
evaluated in this study.

Mucor species: These fungi are closely related to Rhizopus and propagate under similar
conditions. Due to their prominence in numbers, it was decided to follow their migration
throughout the milling systems. Mucor spp. could either be associated with poor field or
storage conditions. No mycotoxins are known to be produced by this group of fungi.
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However, tests previously conducted at the CSIR and MRC indicated that certain isolates of
this group of fungi can be toxic to ducklings.

Each fungus / fungal group is shown in a graph and the comments are given below each
graph.
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Figure 7: The presence of Fusarium species belonging to the section, Liseola, in Maize
Milling System #1. The levels of fungal infestation during three separate visits are shown
at 13 different sampling points in the system.

Results indicated that Fusarium species from the section, Liseola, were predominant in all the
samples analysed. Identification to species level indicated that most fungal isolates belonged
to the species, Fusarium verticillioides, known to produce fumonisins. It is evident that these
fungi were already present in high numbers when entering the milling system from the silo. A
high infestation rate was experienced in all the products tested.
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Figure 8: The presence of Cladosporium cladosporioides in Maize Milling System #1.
The levels of fungal infestation during three separate visits are shown at 13 different
sampling points in the system.

Ciadosporium ciadosporioides was found to be present in significant numbers in samples
from the silo. However, the conditioning stages seem not to be favourable to the
development of Cladosporium. In contrast, a marked increase was experienced during the
breaking and fractionation of the milled maize products.
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Figure 9: The presence of Aspergillus flavus in Maize Milling System #1. The level of
fungal infestation during three separate visits is shown at 13 different sampling points in
the system.

The levels of Aspergillus flavus in Maize Milling System #1 indicated that this fungus was
absent when samples were received from the silo. During conditioning, a very low level of
infestation was experienced. It is only when the over and the thru fractions are separated
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that a dramatic increase of contamination with A. flavus is observed in the thru fraction. This
is an indication that somewhere during the handling of the thru fraction, just after degerming,
that A. flavus is somehow introduced in the system. Special maize meal and chop was also
highly affected.
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Figure 10: The presence of Penicillium species in Maize Milling System #1. The level of
fungal infestation during three separate visits is shown at 13 different sampling points in
the system.

Results indicated that the level of Penicillium species were relatively low in the silo and during
the conditioning stages. It is, however, during degerming that a drastic increase in
Peniciflium levels were experienced, especiaily in the thru fraciion. All fraciions and products
indicated an elevated level of Penicillium species.
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Figure 11: The presence of Eurotium species in Maize Milling System #1. The level of
fungal infestation during three separate visits is shown at 13 different sampling points in
the system.

The levels of Eurofium species in Miling System #1 indicated that an elevated
increase could be experienced during the conditioning stages, as well as in
products such as Special maize meal and Super fine maize meal.
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Figure 12: The presence of Aspergilius clavatus in Maize Milling System #1. The level
of fungal infestation during three separate visits is shown at 13 different sampling points
in the system.

Low levels of Aspergillus clavatus were experienced throughout Maize Milling System #1.
However, a spike of A. clavaius was experienced during the first visit in the Super maize
meal. Although there were elevated levels to some extent during the second visit, it is not
clear whether the abnormal high spike was a once off batch of maize or whether the facilities
where the product was handled contributed to the presence of this fungus.
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Figure 13: The presence of Rhizopus oryzae in Maize Milling System #1. The level of
fungal infestation during three separate visits is shown at 13 different sampling points in
the system.

The levels of Rhizopus oryzae were relatively low from the silo and during the conditioning
stages. High levels of this fungus were sporadically observed in the thru fraction and the
chop. Products that were sometimes found with high levels of R. oryzae included Super
maize meal and Special maize meal.

Mill #1 (1%, 20 and 37 visits) [ 1nvisit
. [] 2n visit
Mucor spp. [ arovist

3

00
m e
Ean =
m Lo d
&0 M I ; — -
=
= B0 — [ — |
3 B 4
gm = ] E_ H
& 30— - — | B
Eem___ [ [} E_
r [=3%
10 - —| — I— — B | I H
,,-l_ Wil S L f1h |8 I-i,ri.. o [ B |11
0 & i i 5 ¥ ¥ 8 g B 5 g
a 4§ § % 88 88 P P §. & § £t &
T & E 3% s = & g8 & sE &3
& T s ga Ez 5 i 3 e85 A=z
2 ] -] E ﬁﬁ L] 2 @0 e
] ) g g g &

Maize milling steps

Figure 14: The presence of Mucor species in Maize Miling System #1. The level of
fungal infestation during three separate visits is shown at 13 different sampling points in
the system.

Although Mucor species were inconsistently spread throughout Milling System #1, elevated

levels in the thru fraction and the chop were observed in all three visits. The Super fine
maize meal also indicated overall higher levels than the other products in the system.
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Figure 15: The presence of Fusarium species belonging to the section, Liseola, in Maize
Milling System #2. The levels of fungal infestation during three separate visits are shown
at 13 different sampling points in the system.

The levels of Fusarium species belonging to the section, Liseola, were high in al the samples
analysed in Maize Milling System #2. Further identification if the Fusarium species indicated
that most isolates represented Fusarium verticillioies. This fungus is known to produce
fumonisins. The levels of these fungi were already substantial when samples were taken
from the silo. All products indicated a high infestation with these fungi, except Samp.
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Figure 16: The presence of Cladosporium cladosporioides in Maize Milling System #2.
The levels of fungal infestation during three separate visits are shown at 13 different
sampling points in the system.
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The presence and level of infestation of Cladosporium cladosporioides was inconsistent
throughout Maize Milling System #2. This could be an indication that the presence of this
fungus is not a result of the milling system, but rather because of the presence in different
batches of the maize. For example, one would expect levels of C. cladosporioides to end up
in the chop if the thru fraction is contaminated with this fungus. This was, however, not the
case.
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Figure 17. The presence of Aspergillus flavus in Maize Milling System #2. The levels of
fungal infestation during three separate visits are shown at 13 different sampling points in
the system.

Aspergillus flavus was mainly absent in ithe silo and during the conditioning pnases. It is,
however, during the degerming process that A. flavus showed a dramatic increase. The
result is that extremely high levels in the Maize flour and the Chop are observed. This is an
indication that somewhere in the degerming process, A. flavus is introduced in the system.
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Figure 18: The presence of Penicillium species in Maize Milling System #2. The levels
of fungal infestation during three separate visits are shown at 13 different sampling points
in the system.

Penicilfium species were present throughout Maize Milling System # 2. However, levels were
kept relatively low during the conditioning steps. It is, however, during the degerming
process that the levels of Penicillium species increased substantially. All products contained
high levels of Penicillium species, except Samp that was infested at lower levels in all three

site visits.
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Figure 19: The presence of Eurotium species in Maize Milling System #2. The levels of
fungal infestation during three separate visits are shown at 13 different sampling points In
the system.

Eurotium species were present in all sampling points without any particular
pattern. However, it seemed that these fungi were more prominent during the
conditioning stages.
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Figure 20: The presence of Aspergilius clavatus in Maize Milling System #2. The levels
of fungal infestation during three separate visits are shown at 13 different sampling points
in the system.

Aspergillus clavatus was mainly present in the 3" visit and in selected fractions and products
such as just after the 2™ break, Super maize meal, Special maize meal, and Maize flour. The
contamination by this fungus seemed to be only confined to the 3" visit, indicating that either
the specific batch of maize kernels were contaminated or external environmental factors have
contributed to the once off contamination of the specific samples.
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Figure 21: The presence of Rhizopus oryzae in Maize Milling System #2. The levels of
fungal infestation during three separate visits are shown at 13 different sampling poinis in
the system.

Rhizopus oryzae was more prominent during the milling process and the products, such as
Maize flour and Chop.
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Figure 22: The presence of Mucor species in Maize Milling System #2. The levels of
fungal infestation during three separate visits are shown at 13 different sampling points in
the system.

Mucor species seemed to be more prominent after the 2" conditioning stage, the thru
section, Special maize meal, Maize flour and Chop.
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Figure 23: The presence of Fusarium species belonging to the section, Liseola, in Maize
Milling System #3. The levels of fungal infestation during three separate visits are shown
at 16 different sampling points in the system.

Fusarium species belonging to the Section: Lisecla were present in all the samples. Samp
showed an overall lower level of these fungi than the rest of the samples analysed. Further
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identification of the Fusarium species indicated that most of the isolates was Fusarium
verticillioides, which is known to produce fumonisins.
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Figure 24: The presence of Cladosporium cladosporioides in Maize Milling System #3.
The levels of fungal infestation during three separate visits are shown at 16 different
sampling points in the system.

Results indicated that the thru fraction contained substantially higher levels of any of the
other samples tested. All products indicated an infestation of this fungus, but the levels were
relatively low. No mycotoxins are known from this fungus, but its presence can lead to black
discolouration of kernels. The significantly higher levels of this fungus in the thru fraction is
also an indication that this is an area that could be a source of contamination.
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Figure 25: The presence of Aspergilius flavus in Maize Milling System #3. The levels of
fungal infestation during three separate visits are shown at 16 different sampling points in
the system.
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A sudden increase in the levels of Aspergillus flavus was experienced in both the over and
thru fractions. Special maize meal and Chop seemed to be higher of risk to contain high
levels of Aspergillus flavus. This fungus is known to produce the mycotoxins, aflatoxins,
which are regulated by law in South Africa.
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Figure 26: The presence of Penicillium species in Maize Milling System #3. The levels
of fungal infestation during three separate visits are shown at 16 different sampling points
in the system.

The levels of Penicillium species increased dramatically in the thru fraction of all 3 visits.
Braaipap, Samp and Maize rice seemed to contain lower levels of Penicillium species

compared to the other products.
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Figure 27: The presence of Eurctium species in Maize Milling System #3. The levels of
fungal infestation during three separate visits are shown at 16 different sampling points in
the system.
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The levels of Eurotium species seemed to be more prominent when the kernels entering
Milling System #3 and during the conditioning stages. The 1% visit also indicated high levels
in the thru fraction and the breaking process. These fungi were less prominent in the
products, except in the Super fine maize meal during the 1% visit.
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Figure 28: The presence of Aspergillus clavatus in Maize Milling System #3. The levels
of fungal infestation during three separate visits are shown at 16 different sampling points
in the system.

Overall, Aspergillus clavatus was found in relatively low levels throughout Milling System #3.
Although this fungus is not seen as high risk at the levels indicated here, one should be
aware that this fungus can develop further during storage if high moisture contents above
17% is experienced for long periods.

Mill #3 (1%, 2 and 37 visits) 1t visit
. 2nd visit
Rhizopus oryzae B sk

ol

% Fungal infestation
-~ HEEBEB8IREER

Samp
Chop

Silo EéL__I
=]
]
m
i}
Maize rice E
L

Bragipap [&9

Cleansd maize a
After 1st cond.
After 2nd cond.
After 3rd cond.
After degem |
over fraction
After degerm
thru farction
After 1s1 break
Adter 3rd braak
Super fine
meize meal
Supar msize |
maal
Special maize
meal

Maize milling steps

Figure 29: The presence of Rhizopus oryzae in Maize Milling System #3. The levels of
fungal infestation during three separate visits are shown at 16 different sampling points in
the system.
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Confidential

A dramatic increase of Rhizopus oryzae was experienced in the thru fraction of all three
visits. These levels were also observed in the Chop. The overall levels in the other samples
were relatively low.
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Figure 30: The presence of Mucor species in Maize Milling System #3. The levels of
fungal infestation during three separate visits are shown at 16 different sampling points in
the system.

Mucor species seemed to be prominent during the conditioning stages, especially during visit
2 and 3. The levels of these fungi were also found to be considerably higher in the thru
fraction, as well as in products such as Special maize meal and Chop.
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