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1. SUMMARY

The aim the study was to screen 49 maize cultivars, obtained from the South African National
Cultivar Trial of the 2003/2004 season, to withstand fungal infestation during storage. Ten
important fungi associated with maize commodities in South Africa were identified to be used in
resistance trials. The fungi were selected as such to represent five field- and five storage fungi.
The 49 cultivars were grown in the field in Potchefstroom to produce material for the resistance
trials. Due to unforeseen rain during the harvesting period, high levels of fungal infestation were
experienced in the field that hampered project progress. It was then decided to gamma irradiate all
maize cultivars at 8 kGy that showed in preliminary resuits to be the best when it comes to kill fungi
without considerably influence the germinability of the maize kernels. The irradiation was highly
successful in eliminating most of the fungal contamination and the resistance trials could then be
conducted.

Overall, the selected field fungi have shown to perform somewhat weaker under storage conditions
than those fungi that are known to be associated with post harvest spoilage. Results obtained in
this study indicated that the more resistant cultivars to withstand infestation of field fungi during
storage were cultivars 2 (DKC 80-10), 8 (PAN 6164), 17 (AFG 4512) and 38 (DKC 78-15 Bt). In
contrast, the more susceptible cultivars were identified as Cultivars 12 (PAN 6966), 30 (PHB
30D05), 33 (CRN 3549) and 40 (PAN 6995 Bt).

Storage fungi have shown to be aggressive colonisers of maize during storage. The cultivars thus
that showed the best resistance to storage fungi included Cultivars 4 (PAN 6844), 8 (PAN 6164)
and 34 (PAN 6611). Those that were most susceptible included Cuitivars 23 (SC 621), 27
(Saffier), 33 (CRN 3549) and 45 (SNK 2969).

Based on the results obtained in the resistance triais, cultivar 8 (PAN 6146) have shown resistance
consistently throughout the resistance trial. This cultivar can thus be regarded as the most
resistant cultivar screened in this study. Cultivar 33 (CRN 3548), on the other hand, was
susceptible in both instances when exposed to field- and storage fungi. This cultivar is thus seen
as the most susceptibie one in this study.

2. INTRODUCTION

A wide variety of fungi are associated with the staple food of South Africa nl. maize. These include
both field- and storage fungi of which some are known mycotoxin producers, implicated in the
cause of various disorders and cancers in humans and animals. The most known and studied
mycotoxin in South African maize is fumonisins. It is associated with oesophageal cancer in
humans and the cause of leucoencephalomalacia {(LEM) in horses, mules and donkeys. It is also
responsible for liver damage in rats and lung disorders in swine. 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 as well as
dehydration, growth inhibition and mortality in poultry. The presence of these type of fungi are
mostly associated with the maize kernels due to high humidity and moisture during harvesting and
storage. 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, Alfernaria, 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 contribute to this and
due to the colour of their spores can cause milled products to be aesthetically unacceptable. The
presence of these fungi also causes other problems such as off flavours and odours, lack of
germination, mouldy kernels and shortened shelf life of products (Ominski et af., 1994).
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It was found that, during a study for the Department of Health (Rabie & Marais, 2000), mycotoxins
such as aflatoxin B, and aflatoxin M (Purchase ef al., 1967)), beauvericin (Shephard ef al., 1999),
citreoviridin (Nagel ef 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 af., 1991, Leslie ef al., 1996; Sydenham et al., 1997; Alberts ef al., 1990; Sydenham ef al.
1991), fusaproliferin (Sydenham et al. 1991) fusarin C (Wentzel et al., 1984), fusarenon X
(Sydenham et al. 1981), moniliformin (Thiel ef al., 1982; Leslie et al.,, 1996; Rabie et al., 1982;
Sydenham et al. 1991), secalonic acid D (Steyn, 1968), trichothecin (Combrinck ef al., 1988) and
zearalenone (Thiel ef al., 1982) were positively associated with fungi isolated from maize in South
Aftica. 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 in the products destined for human and
animal consumption.

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
stili exist of which no analytical methods are available. Elimination of these unknown mycotoxins
could thus 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 reguiations 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 animails. This places an additional burden on the medical costs of the country, including the
effect to HIV and AIDS patients.

This project rather aimed to identify maize cultivars that are resistant to fungal attack of the kernels
and not necessarily of the rest of the plant. The rationale behind this was that food products
deriving from maize kernels are consumed and not the rest of the plant. Tre absence of the fungi
onh the kernels will automatically prevent mycotoxins to be present. In addition, this will also
contribute to the overall quality such as nutritional value, aesthetic appearance, milling properties
and shelf life of products. A study by Rheeder et al. (1990) screened ten different cultivars for their
resistance to Fusarium verticillioides, F. graminearum and Stenocarpella maydis. The authors
have established that differences in infestation could be found between cultivars but resistance
were not necessarily consistent between the three fungi.

The above study was done on the ears of 10 different cultivars. The aim of this project, however,
was to identify cultivars that are resistant to both field and storage fungi, especialiy during the
storage phase of the maize. It is known that the mycoflora of maize can change drastically during
storage and milling, due to the surrounding conditions. For this study, the maize cultivars were
tested against the most prominent field- and storage fungi and their ability to withstand fungal
invasion. In addition, the project is aiming to identify molecular markers closely linked to genes
responsible for resistance to fungal invasion and to lay a platform for developing resistant cultivars
in future. Fourty nine hybrids, obtained from the South African National Cultivar Trials from the
2003/2004 season were screened for resistance.

The basis of any molecular marker technology is the breeding material that is available and that
will form the basis of marker development. ldeally the breeding population should be made up of
recombinant inbred lines or near isogenic lines. The reason behind it is that when the DNA from
the different lines is compared one should be able to identify the differences between the traits
being studied against a background that is fairly uniform or similar. In the present study when the
maize cultivars were supplied, after having been screened for resistance/susceptibility to fungal
infection, the only commonality between them was the resistance/susceptibility to the eight fungi.
The maize cultivars were otherwise totally unrelated. Although this posed a problem for the
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development of reproducible mofecular markers, the DNA fingerprinting work started with the hope
that if the resistance/susceptibility that was reported was strong enough, there was a chance that
we could still identify some interesting DNA regions. In order to overcome the unrelatedness of the
cultivars a technique called bulked segregant analysis was used to try and limit the background
information pertaining to each individual cultivar and to highlight the common bands that could be
linked to resistance or susceptibility.

During the screening of the 49 maize cultivars for resistance to the eight mycotoxigenic fungi some
of the cultivars that were resistance in the initial screening became susceptible in the second
screening, a phenomenon that was observed for both field and storage fungi. This not only
highlighted the complexity that is associated with the interpretation of the results regarding whether
a cultivar is resistance or susceptible to a particular fungi, but also indicates that there are other
factors that need to be taken in consideration especially as one needs to extrapolate these results
to the real situation in the field where the actual fungal concentration may be lower or higher.

This kind of uncertainty had some implications for the molecular work as we needed to ‘assume’
that if a cultivar was identified as being resistant when it was fingerprinted the results would be
evaluated as if it was definitely resistant so bands would be considered or discarded based on this
assumption. Thus, when some of the cultivars changed their resistance after the final screening
some of the DNA work had to be redone as the bulks had to be regrouped which was not only
costly and time consuming but also reduced the deliverables of the project.

An additional component of this task was the identification and differentiation of the fungi used in
Task 1, at the DNA level. Two different methods based on DNA sequence analysis were
evaluated. This work is however part of Ms Pranitha Dawlal MSc study and will only be made
available once the MSc thesis has been accepted, early in 2007

3. OBJECTIVES OF THE STUDY

The objective of the project was to screen and select commercially planted maize cultivars for their
ability t2 prevent or prolong the invasion of mycotoxigenic fungi in maize kernels in the field and
during storage, in order to lower the risk for mycotoxins in maize products destined for human and
animal consumption.

in addition, the project aimed to identify molecular markers closely linked to genes responsible for
this resistance, which could be used in the selection of future resistant maize cultivars. It was also
intended (time permitting) to clone and sequence the polymorphic fragments that are common to
most of the cultivars tested in order to generate EST's.

The following tasks were planned:

Task 1: Identification of maize cultivars resistant to fungal invasion
Subtask 1a:  Selection and inoculum preparation of most prominent field- and storage fungi for
evaluation

Subtask 1b:  Selection and production of maize cultivars and varieties

Subtask 1c:  Fungal enumeration of produced kernels

Subtask 1d:  Lowering the levels of viable fungi in the 49 maize cultivars

Subtask 1e:  Evaluation of cultivars against most important field- and storage fungi

Task 2: Development of molecular markers linked to resistance against mycotoxigenic fungi
for marker assisted selection

Subtask 2a:  Fingerprint maize cultivars resistant to the invasion of mycotoxigenic fungi using
AFLP technology

The report is divided into the different tasks as set out above, and is discussed holistically per task.



Confidential

4, TASK 1: IDENTIFICATION OF MAIZE CULTIVARS RESISTANT TO FUNGAL
INVASION

41 Subtask 1a: Selection and inoculum preparation of most prominent field- and
storage fungi for evaluation

4.1.1 Background

Considerable work has been done in the past on the presence of fungi and their mycotoxins
associated with South African maize (Rabie & Marais, 2000; Viljoen 2003). It is thus known that
certain fungi such as Fusarium verticillioides and Stenocarpella maydis play a considerable role in
the spoilage and formation of mycotoxins in maize commodities. The aim of this sub-task was to
identify the most prominent field- and storage fungi associated with South African maize.

4.1.2 Methodology

Literature on the presence of mycotoxigenic fungi in maize was studied and a list of the more
important mycotoxigenic fungi in South Africa was compiled. According to reports over the last
century at least 180 toxic fungi have been associated with food commodities in South Africa. Qut
of this list, 10 fungal species, of which 5 are known field fungi and 5 are storage fungi, were
selected to be used in the screening of resistant maize cultivars. Fungal cultures were either
obtained from the CSIR culture coilection or were freshiy isolated from maize samples. Single
spore isolations were made for each fungus and were deposited into the CAMS culture collection
at the University of Pretoria for future reference.

4.1.3 Results and discussion
The following list (Table 1) shows the ten fungal species that were screened in this study.

Table 1.  Five field- and five storage fungi identified to be used in the resistance trials.

CAMS no. | Fungal name

Field fungi

CAMS 1255 Alternaria alternata
CAMS 1256 Fusarium graminearum
CAMS 1257 Fusarium verticillioides
CAMS 1258 Phoma sorghina
CAMS 1258 Stenocarpella maydis
Storage fungi

CAMS 1260 Aspergillus ochraceus
CAMS 1261 Aspergillus flavus
CAMS 1262 Eurotium repens
CAMS 1263 Penicillium islandicum
CAMS 1264 Rhizopus oryzae

These fungi were selected either because of their predominant presence in South African maize or
as representation of the diversity of genera associated with this commodity.

The following descriptions are the main reasons for selecting these organisms:
= Alfternaria alternata: The fungus is associated with a variety of grains and tends to invade

crops in the field. It is known that maize silage is normally associated with high levels of
Alternaria species. This fungus is known to produce the mycotoxins alternariol, alternariol

4
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methyl ether, and tenuazonic acid. Alternaria allernata is more prominent in grains such as
wheat, barley and oats, but it was included in this study to represent this genus and to
determine the ability of this fungus to propagate under storage conditions.

Fusarium graminearum: The fungus is known to be associated with a variety of grains
including maize. It is known to be a field fungus, infecting plants in the field. The fungus is
also known to produce the mycotoxins, deoxynivalenol that causes vomiting in humans and
animals, as well as zearalenone that has an estrogenic effect that leads to infertility.
Although this fungus is associated with field conditions, an attempt was made to determine
whether this fungus will propagate further during storage.

Fusarium verticillioides: The 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 also been shown to cause damage to the lungs of pigs and the
livers of rats. It was attempted in this study to determine the aggressiveness of this fungus
on maize kernels during the storage phase.

Phoma sorghina: This fungus is associated with mainly sorghum and millet in Southern
Africa and to a lesser extent in maize. It is associated with various disease symptoms such
as root rot and stem rot in crops. The reason for including this fungus is its association to
the disease, onyalai, in humans. The consumption of contaminated food leads to the
iowering of the blood plate counts and patients become bleeders. Similar symptoms can
also be observed in animals consuming contaminated feed. This fungus was also included
to represent the genus, Phoma, in this study.

Stenocarpella maydis. Besides Fusarium verticillioides, this fungus is seen as one of the
more important fungi associated with maize. It causes a disease, diplodiosis, among cattle
and sheep, as well as causing deaths among poultry. Up to date, the mycotoxins of this
fungus are not known. There is reason to believe that more than one mycotoxin is
responsible for the dissase symptoms in the different animals. This fungus was included {o
determine its ability to propagate under storage conditions, although it is normally
associated with poor conditions in the field.

Aspergillus ochraceus: The fungus is known to be a storage fungus and is associated to a
lesser extent to maize. However, this fungus is found on many other food and feed
commodities. It was included in this study due to the fact that the spores are airborne and if
ideal conditions for growth are experienced, this fungus will germinate and start colonising
the commodity. The ability of this fungus to colonise maize under storage conditions was
thus investigated. The fungus is a very important mycotoxin producer in many other places
in the world where it is a known producer of the mycotoxin, ochratoxin A. When humans
and animals are exposed to high levels of this mycotoxin, kidney damage and cancer can
occur.

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. This fungus was included in the study to determine its ability to
invade the 49 cultivars during storage conditions.

Eurotium repens: This fungus is normally present in a grain commodity when poor storage
conditions are experienced. The fungus is known to propagate at very low moisture
contents (between 14 and 17%) compared to other fungi (17% and higher). This fungus is
known to produce the mycotoxin, sterigmatocystin, which is a precursor of aflatoxins. In
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addition, this fungus causes vomiting and ill thrift among humans and animals. It was
included to investigate its ability to invade maize during storage and as a representative of
the genus, Eurotium.

= Peniciflium islandicum. Penicillium species are normally associated with poor storage
conditions of maize. In recent years we saw this fungus to become more prominent during
harvesting, indicating that this fungus possibly plays a bigger role in the field than
previously thought. This fungus produces the mycotoxin, luteoskyrin, which is toxic to the
liver of humans and animals. It was included in the study because of its dominance in
maize in South Africa.

* 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 study was due to its toxic effects, although
little information on the various mycotoxins it can produce is available. This fungus was
also chosen 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 included in this study.

4.2 Subtask 1b: Selection and production of maize cultivars and varieties
4.21 Background

Currently, a number of maize cultivars are planted in South Africa and have been developed by
seed companies to conform to certain standards. These normally include disease resistance of the
plant, pest resistance, standability, high prolificacy, yield performance etc. The resistance to
mycotoxin formation is not a parameter that is necessarily considered. This has resulted that, if
differences in fungal invasion and mycotoxin formation is experienced among commercially used
maize cultivars, this phenomenon is randomly and not necessarily intended.

The aim of this sub-task was to select at least 40 commercially produced maize cultivars to be
screened for their ability to withstand fungal penetration during storage.

4.2.2 Methodology

Dr Bradley Flett from the Agricultural research Council in Potchefstroom assisted in the production
of 49 commercially produced maize cultivars. Maize samples for planting were received from the
South African National Cultivar Trials of the 2003/2004 planting season. Three rows of each
cultivar were planted at the experiment station of the ARC in Potchefstroom. Due to the fact that
fungal resistant trials were planned for these cultivars, no fungicides or pesticides were used
during the cultivation period. During May and June rain was experienced and harvesting only took
place in July. In total, at least 10 kg of each maize cultivar was harvested and collected by the
CSIR for resistance trials.

4.2.3 Results and discussion

All 49 maize cultivars (Table 2) were successively produced by the ARC, although harvesting was
relatively late in the season due to rain.
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Table 2: Maize cultivars used in the resistance trials
1 PAN 6734 18 | DKC 63-20 35 | 8C 407
2 DKC 80-10 19 | CRN 3760 36 | CAP 341 NG
3 PHB 3442 20 | MRI 514 37 | PAN 6615
4 PAN 6844 21 PAN 6053 38 | DKC 78-15 Bt
5 SNK 2682 22 | CRN 35056 39 | Caracal
6 Syncerus 23 | SC 621 40 | PAN 6995 Bt
7 LS 8504 24 | MRI 624 41 | LS 8507
8 PAN 6146 25 | PAN 6479 42 | PAN 6927
9 DKC 80-12 Y 26 | SNK 2551 43 | Panthera
10 | AFG 4410 27 | Saffier 44 | PAN 6537
11 | Goldfinger 28 | PAN 6043 45 | SNK 39569
12 | PAN 6966 29 | SC 405 46 | PAN 8017
13 | DKC 66-22 30 | PHB 30D05 47 | ZM 521
14 | NS 5814 31 PAN 6633 48 | PAN 6335
15 | PHB 30H22 32 | LS 8509 49 : PHB 30N35
16 | SNK 2472 33 | CRN 3549
17 | AFG 4512 34 | PAN 6611

For the purpose of reporting, the numbers designated tc each cultivar above are used throughout
the entire report and reference is made to this table for more details on the cultivars.

4.3  Subtask 1c: Fungal enumeration of produced kernels
4.3.1 Background

Forty nine maize cultivars were produced by the ARC and harvested in July 2004, Due to the
winter rains it was expected that these cultivars will have a relatively high infestation of fungi. To
determine the extent of infestation, fungal enumeration was done on all cultivars. The aim of this
sub-task was also to compare the 49 maize cultivars, when grown in the same field, for their ability
to withstand fungal invasion. It was expected that this study will serve as a preliminary screen to
indicate possible resistance.

4.3.2 Methodology

Fungal enumeration was done according to the method described by Rabie ef al. (1997).
Approximately 300 randomly selected maize kernels of each maize cultivar were sampled, surface
sterilised by using 76% (v/v) ethanol, rinsed twice by sterile distilled water, and then plated onto
three different growth media.

The following media was used:

« Potato dextrose agar (PDA):
PDA (Merck, SA) was prepared according to manufacturers instructions. It was then
poured into 80 mm petri dishes and allowed to settle.

= Pentachioronitrobenzene agar (PCNB):
PCNB was prepared by mixing 22.5 g peptone (Merck), 1.5 g KH,PO,, 0.75 g MgSO,, 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 petridishes and allowed to settle.
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= Mait salt agar (MSA):
MSA was prepared by using 24 g malt extract (Merck), 90 g NaCl, 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 autociaving
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 sterilisation, the maize kernels were placed onto the growth media by evenly placing
2 kernels onto each petri plate. In total, 10 petridishes of each medium were used, allowing 50
kernels 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 were morphologicaily
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 kernels infested with a specific fungus.

High levels of F. verticillioides, and to a lesser extent F. graminearum, were found in the samples
and thus the levels of the mycotoxins, fumonisins and zearalenone, were determined. ELIZA
based methods were used to determine these mycotoxins.

4.3.3 Results and discussion

Due to the amount of data obtained in the enumeration of the 49 maize cultivars, tables with the
detaiied enumerations on the various growth media were added to the back of the report (appendix
A).

Extremely high levels of F. verticillioides were experienced in most of the maize cultivars. Only six
cultivars have indicated an infestation level below 100% (see Figure 1). Cultivar 2 (DKC 80-10), 5
(SNK 2682}, 8 (PAN 5146}, 2 (PAN 6479), 38 (DKC 78-15}.and 40 (PAN 5995 B} showed lower
levels, although Cultivar 8 (98% infestation) and 25 (84% infestation) were not considerably lower
than the rest of the cultivars tested.
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Figure 1: Presence of F. verticilliodes in 49 maize cuitivars

Cultivar 2 showed an infestation of 38% and cultivar 5 showed 48%. in addition, Cultivar 38 (66%
infestation) and 40 (58% infestation) also had relatively lower levels than most of the cultivars
tested. The latter four cultivars were earmarked as possible indications of fungal resistance.
However, this should be seen in the light that the cultivars up to this point were exposed to field
conditions and thus, if these lower levels is an indication of resistance, it only represent conditions
in the field and nct during storage. Due to the fact that F. verticillioides was the most dominant
fungus in all the maize cultivars, the levels of this fungus was used as an indicator of possible
resistance. Other fungi were compared as examples against the infestation of F. verticillioides
(see Figures 2, 3, and 4).
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Figure 2: Presence of Penicillium oxalicum in 49 maize cultivars grown in Potchefstroom
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Although P. oxalicum is normally only associated with storage conditions, this fungus was found in
considerable numbers in many of the cultivars. What seemed to be promising were the relatively
low levels of P. oxalicum in the same cultivars that showed low infestation of F. verticillioides.
Normally, one fungus dominates a certain substrate and thus keeps the levels of other fungi low
due to competition for the utilisation of nutrients. The fact that both dominant fungi showed low
infestation in similar cultivars strengthened the possible indication of resistance.

The presence of P. oxaficum in such high numbers just after harvesting in certain cultivars was
surprising. The likely explanation is that the long period that the plants were left in the field, due to
high rainfall just before and during harvesting, could have lead to this storage fungus to invade
these samples.
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Figure 3: Presence of Stenocarpella maydis in 49 maize cultivars grown in Potchefstroom

S. maydis, which is regarded as one of the more prominent mycotoxigenic fungi in maize, occurred
in very low levels. The dominance of F. verticillioides and P. oxalicum has most likely limited the
invasion of this fungus.

10
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Figure 4: Presence of Phoma sorghina in 49 maize cultivars grown in Potchefstroom

The levels of P. sorghina in three of the cultivars, i.e. 8, 18 and 38, seemed to be considerable
compared to other cultivars tested. This pattern does not compare well with what was experienced
in the cases of F. verticillioides and P. oxalicum. This is, however, not surprising because of the
overwhelming presence of other fungi compared to P. sorghina.

In conclusion, the overall indications were that Cultivars 2, 5, 38 and 40 could show resistance to
fungi such as F. verticillioides and P. oxalicum during field conditions. These cultivars were
earmarked as possible candidates for further study for resistance.

Based on the type and ieveis of fungi associated with the 49 cuitivars tesied, a list was compiied to
indicate the possible mycotoxins that could be present in the samples (see Table 3).

11
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Table 3: Possible mycotoxins present in cultivars produced in Potchefstroom, based on the
results from the fungal enumeration
Cultivar Possible mycotoxins present
1 PAN 6734 Fumonisins, secalonic acid D
2 DKC 80-10 Fumonisins
3 PHB 3442 Fumonisins
4 PAN 6844 Fumonisins
5 SNK 2662 Fumonisins, moniliformin, zearalenone
6 Syncerus Fumonisins, toxins from Mucor spp.
7 LS 8504 Fumonisins, toxins from Penicillium spp.
8 PAN 6146 Fumonisins, tenuazonic acid, toxins from Mucor spp.
9 DKC 80-12Y Fumonisins
10 | AFG 4410 Fumeonisins
11 Goldfinger Fumonisins, moniliformin, zearalenone, luteoskyrin, secalonic acid D
12 PAN 6966 Fumonisins, secalonic acid D, toxins from Mucor spp.
13 | DKC 66-22 Fumonisins, secalonic acid D, toxins from Mucor and Penicillium spp.
14 | NS 5914 Fumonisins, moniliformin, zearalenone, toxins from Mucor spp.
15 | PHB 30H22 Fumonisins, secalonic acid D, toxins from Mucor spp.
16 | SNK 2472 Fumonisins, moniliformin, zearalenone
17 | AFG 4512 Fumonisins
18 | DKC 83-20 Fumonisins, secalonic acid D, tenuazonic acid, toxins from Mucor spp.
19 | CRN 3780 Fumonisins, toxins from Mucor spp.
20 | MRI 514 Fumonisins
21 PAN 8053 Fuimonisins
22 | CRN 3505 Fumonisins, secalonic acid D
23 | sCe&21 Fumonising
24 | MRl g24 Fumcnisins
25 | PAN 6479 Fumonisins
26 | SNK 2551 Fumonisins, luteoskyrin, secalonic acid D
27 | Saffier Fumonisins, luteoskyrin, secalonic acid D
28 PAN 6043 Fumonisins, luteoskyrin, secalonic acid D, toxins from Mucor spp.
29 | SC 405 Fumonisins, secalonic acid D
30 | PHB 30D05 Fumonisins, secalonic acid D, toxins from Mucor spp.
31 PAN 6633 Fumonisins, secalonic acid D
32 | LS 8509 Fumonisins, secalonic acid D
33 | CRN 3549 Fumonisins, toxins from Mucor spp.
34 | PAN 6611 Fumonisins
35 | 8C 407 Fumonisins
36 | CAP 341 NG Fumonisins
37 | PANGB15 Fumonisins
38 | DKC 78-15 Fumonisins
39 | Caracal Fumonisins, toxins from Mucor spp.
40 | PAN 6995 Bt Fumonisins
41 LS 8507 Fumonisins, secalonic acid D, toxins from Mucor spp.
42 PAN 6927 Fumeonising, secalonic acid D
43 | Panthera Fumonisins, toxins from Mucor spp.
44 | PAN 6537 Fumonisins
45 | SNK 2969 Fumonisins
46 | PAN 6017 Fumonisins
47 | SM 521 Fumonisins
48 | PAN 6335 Fumonisins
49 PHB 30N35 Fumonisins, secalonic acid D, tenuazonic acid

Due to the ability of analytical laboratories in South Africa, mycotoxins such as secalonic acid D,
tenuazonic acid and moniliformin could not be tested. ELISA based methodology was used to

analyse the samples for the presence of fumonisins and zearalenone (see Table 4).
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Table 4: Levels of fumonisins and zearalenone in the 49 maize cultivars
Cultivar Total fumonisins (ppm) Zearalenone {ppb)

1 PAN 6734 0.7

2 DKC 80-10 1.8 ND
3 PHB 3442 8.6 ND
4 PAN 6844 0.8 ND
5 SNK 2662 0.1 46.3
6 Syncerus 26 ND
7 LS 8504 1.5 ND
8 PAN 6148 0.4 ND
9 DKC 80-12 Y 0.3 ND
10 | AFG 4410 3.6 ND
11 | Goldfinger 8.5 26.7
12 | PAN 6966 5.9 ND
13 | DKC 66-22 6 ND
14 | NS 5914 0.1 6.8
15 | PHB 30H22 7.6 ND
16 SNK 2472 4.7 62.2
17 | AFG 4512 52 ND
18 | DKC 63-20 3.1 ND
19 i CRN 3760 6.5 ND
20 | MRI 514 5 ND
21 PAN 6053 0.2 ND
22 | CRN 3505 1.4 ND
23 SC 621 ND ND
24 | MRI 624 1.1 ND
25 PAN 6479 37 ND
26 | SNK 2551 ND ND
27 Saffier 1.9 ND
28 | PAN 6043 0.1 ND
29 | SC 405 4.1 ND
30 | PHB 30D05 2.1 ND
31 PAN 6633 0.4 ND
32 | LS 8509 0.4 ND
33 | CRN 3549 0.2 ND
34 | PANB611 ND ND
35 | 8C 407 8.3 ND
36 | CAP 341 NG 9.9 ND
37 | PANB615 0.1 ND
38 | DKC 78-15 ND ND
39 Caracai ND ND
40 | PAN 6995 Bt ND ND
41 LS 8507 8.8 ND
42 | PAN 6927 ND ND
43 Panthera 5.1 ND
44 | PAN 6537 ND ND
45 | SNK 2969 10.2 ND
46 | PAN 6017 0.5 ND
47 SM 521 11.1 ND
48 PAN 6335 0.1 ND
49 | PHB 30N35 0.8 ND

*ND = not detected, ppm = parts per million (mg/kg), ppb = parts per billion {(ug/kg)

Based on the results obtained on the presence of fumonisins it is evident that fumonisin formation
in field was experienced. Extremely high levels of up to 11 100 ppb fumonisins were experienced
in cultivar 47 (ZM 421). Figure 5 illustrates the comparisons between the levels of F. verticillioides
and the levels of fumonisins.
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Figure 5: Fumonisin levels compared to levels in F verticilfiodes produced in Potchefstroom

Lower levels of fungal infestation correlated well with lower levels of fumonisins. However, it was
evident that the presence of F. verticillioides in high numbers did not necessarily indicated high
levels of fumonisins. The conclusion is thus that high levels of fungal infestation increase the risk
of mycotoxin contamination, although this is not a given that the mycotoxin is present. One should
also keep in mind that the growth of fungi in a food commodity contribute to other problems such
as paiatabiiity, aesthetic appearance, overali quality and risks of unknown toxic substances to be

present.

There was also a concern that resistance trials during storage will not be possible due to the
already high levels of fungi in the test samples. It was recognised that a way should be found to
lower the existing levels of viable fungi in the maize before resistance trials can be conducted. The
idea was to inoculate the maize cultivars with the 10 identified fungi as indicated in Subtask 1a.
However, if high numbers of other fungi are already experienced, the chance is likely that these
fungi will also develop during the trials and distort the outcome of the results.

4.4 Subtask 1d: Lowering the levels of viable fungi in the 49 maize cultivars

4.4.1 Background

Ten fungi were identified in Subtask 1a to be screened against 49 maize cultivars produced in
Subtask tb. Problems were experienced in the production of the maize cultivars due to the high
rainfall during the months of May, June and July in 2004. It was evident in Subtask 1c that all of
the cultivars were highly contaminated with especially F. verticillioides and P. oxalicum. It was also
evident that fumonisin levels were very high in many of the samples.

Aithough the aim of this study was to conduct resistance trials directly on the harvested maize
cultivars, an additional sub-task had to be added to make an effort to lower the viability of the initial
fungi in the various cultivars without affecting the germinability of the maize kernels (see Subtask
1f). The concern was that the test fungus will be totally overwhelmed by these initial contaminants
that accurate data will not be obtained.
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To overcome this issue it was first decided to surface sterilize the maize kemneis and then inoculate
with pure cultures of the test fungi. This was, however, not successful and the maize kernels were
quickly contaminated with fast growing fungi such as Aspergillus and Rhizopus species. An
alternative, but more aggressive, method was suggested, i.e. irradiation. The only prerequisite
was that the germinability of the maize kernels should still be intact as an indication that the likely
resistance mechanisms will be still functional.

4.4.2 Methodology

First a trial run was done by selecting two cultivars, each representative of yellow (PHB 3442 /
Cultivar 3) and white maize (LS 8507 / Cultivar 41). The two cultivars were exposed to various
levels of gamma irradiation, including levels of 2, 4, 6, 8 and 12 kGy. The purpose was to
determine the level of irradiation that will kill most of the fungi in the kernels without affecting the
germinability. After irradiation, fungal enumerations were done on the two samples to determine
the viability of the fungi. The populations and levels of the various fungi were determined by the
method described by Rabie et al. (1997). Details of the method to conduct fungal enumeration
have been discussed in Subtask 1c.

4.4.3 Results and discussion

Table 4 and & show the resuits obtained when both Cuitivars 3 and 41 were irradiated at five
different levels of 2, 4, 6, 8 and 12 kGy. A control sample was included that was not irradiated.
Fusarium verticillioides was used as an indicator of the effectivity of the irradiation. The
germination of the maize kerneis was used as an indicator for the extent of the damage done to the
kernels compared to the viability of the fungi. The levels of viable fungi were expressed as the
percentage of maize kernels infested with a specific fungal species. Germinability was also
expressed as the percentage of kernels germinated.

Table 5: Fungal enumeration of cultivar 3 (PHB 3442) at various irradiation levels
Fungal names Control | 2 kGy 4 kGy 6 kGy 8 kGy 12 kGy
Acremonium spp. 2
Aspergillus niger 50 12 2 6
Eurotium rubrum 2
Fusarium verticiflioides 62 96 56 18 4 10
Mucor spp. 2 22 2
Penicillium spp. 38 10 18 10 2 8
Phoma sorghina 4
Germination 78 66 16
Table 6: Fungal enumeration of cultivar 41 (LS 8507) at various irradiation levels
Fungal names Control | 2 kGy 4 kGy 6 kGy 8 kGy 12 kGy
Eurotium repens 12 2 2
Eurotium rubrum 4 14 2 14
Fusarium verticillioides 86 68 34 4 2
Mucor spp. 8
Nigrospora spp. 6 4 4 24
Penicilfium spp. 8 12 14
Phoma sorghina 2 2
Germination o8 86 66
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Based on the above results it was decided that 8 kGy gamma irradiation seems to be the best level
to considerably lower fungal viability without compromising germinability significantly. All 49
cultivars were exposed to 8 kGy gamma irradiation that showed similar results. Detailed results
are summarised in Appendix B. Figure 6 shows the comparison of the levels of F. verticillioides
between the 49 cultivars before and after gamma irradiation at 8 kGy.
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Figure 6: Comparison of F. verticilliodes levels in irradiated and non-irradiated maize

Results showed that the viable levels of F. verticillioides were dramatically lowered after gamma
irradiation at 8 kGy. Figure 7 shows the comparison of the germinability of the maize kernels
before and after gamma irradiation at 8 kGy.
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Figure 7: Comparison of maize kernel germination in irradiated and non-irradiated maize

Based on the results obtained a dramatic decline in fungal viability was obtained without
dramatically influencing the germinability of most of the maize cultivars. All cultivars showed at
least some germinability, although some cuitivars, such as 18 (DKC 63-20), 24 (MRI 624) and 29
(SC 407), dropped below 20%. It was demded however, that this was acceptable and the
resistance trials were continued as almost non-existent viable levels of fungal contamination were
present. it was noted that the sharp decrease in the germinabiiity of some cuitivars shouid be
taken into consideration when interpreting the data from the resistance trials.

4.5 Subtask 1e: Evaluation of cultivars against most important field- and storage fungi
(resistance trials)

4.5.1 Background

Ten fungi were identified (Subtask 1a) to be screened against 49 maize cultivars (Subtask 1b) for
their ability to withstand fungal infestation. Obstacles that had to be overcome were the high levels
of fungal infestation when the cultivars were produced in the field in Potchefstroom. By using
gamma irradiation at 8 kGy allowed us to overcome this problem and the initial fungal infestation
were almost totally eradicated. Having ten fungi identified and single-spored, and having 49 maize
cultivars relatively free of viable fungi, the resistance trials were conducted.

4.5.2 Methodology

Resistance trials were initially done by weighing 500 g of maize in a tray and then surface
sterilising the maize kernels by using 76% (v/v) ethanol. The maize kemels were inoculated with
ear buds, which were covered with fungal growth. This initial method has shown not to be
successful due to the overwhelming growth of fungal contaminants already present in the maize.
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Figure 8: Tray initially used to conduct Figure 9: Stack of trays inoculated with
trials during the initial resistance Stenocarpella maydis
experiments

The maize kernels were then irradiated as described in Subtask 1d and, due to iimited access to
cultivar material, a new protocol was designed for the resistance trials. In total 180 g of each
maize cultivar was placed in ten 200 ml plastic containers with screw caps respectively and sent
for irradiation. The moisture contents of the maize kernels were determined and adjusted
accordingly to support fungal growth. The resistance trial for each fungus was done separately to
accommodate the optimum moisture contents needed. Moisture contents for each fungus were
adjusted as follows:

Table 7: Moisture contents used to support fungal growth in the resistance trials
CAMS no. | Fungai name | Moisture content {%)

Field fungi
CAMS 1255 Alternaria alternata 30
CAMS 1256 Fusarium graminearum 25
CAMS 1257 Fusarium verticillioides 30
CAMS 1288 Phoma sorghina 25
CAMS 1259 Stenocarpella maydis 25
Storage fungi
CAMS 1260 Aspergillus ochraceus 20
CAMS 1261 Aspergillus flavus 20
CAMS 1262 Eurotium repens 20
CAMS 1263 Penicillium islandicum 20
CAMS 1264 Rhizopus oryzae 30

Ear buds were bought at a Pick 'n Pay supermarket, cut in half and autoclaved at 121°C for 20
minutes. In a separate container, potato dextrose agar (PDA) was prepared in the same way as
described in Subtask 1c. The PDA was autoclaved and cooled down to approximately 50°C. A
spore suspension was prepared by taking a full grown 90 mm petri plate of a specific fungus. Five
millititres of sterile distilled water were added to the plate and the surface was scratched with a
blunt pintset. The spore suspension was removed from the plate by using a sterile syringe and
injecting the suspension into the PDA. This was mixed thoroughly and the sterile ear buds were
dipped into the PDA that contained the fungal spores. The ear buds were then placed in a sterile
container and incubated until fruiting structures were visible.

Each fungus was inoculated in all 49 maize cultivars by placing a colonised ear bud in the middle
of the container with 180 g maize. The containers were placed in an incubator at 25°C with 12-
hour light and dark cycles. These were investigated on a daily basis for visual fungal development.
As soon as one container out of the set of 49 showed significant fungal development, all containers
were removed from the incubator and fungali enumeration was done to determine the level of
infestation in each cultivar.
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Either PDA or malt salt agar (MSA) was used to determine the levels of the tested fungus. The
type of medium used depended whether the fungus is regarded as a storage fungus or a field
fungus. The results are expressed as the percentage of maize kernels infested with a specific
fungus.

Figure 10: Ear buds inoculated with Figure 11: Containers inoculated with a fungus
Penicillium islandicum during the resistance trials

Figure 12:  Container on the left shows visible growth of Fusarium verticillioides whereas the
container on the right has no visible growth

4.5.3 Results and discussion

The ten selected fungi were successfully tested under storage conditions against the 49 maize
cultivars. Details on the levels of each fungus on each cultivar is summarised in Table C1
(attached as Appendix C). For the purpose of comparison a graph of each fungus is included here
for discussion purposes.

All fungi were found to invade the maize cultivars under storage conditions except Afternaria

alternata. This fungus developed well on the ear buds but did not have the ability to colonise any
of the maize cultivars (Figure 13). Similar results were obtained by other researchers, which
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makes this fungus an unlikely candidate for spoilage after harvesting. The presence of this fungus
and its mycotoxins in any commodity is thus exclusively an indication of infestation during poor

field conditions.
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Figure 13:  Comparison of 49 cultivars against infestation of Affernaria alternata during storage

Fusarium graminearum was able to grow in 28 of the 49 maize cultivars during storage (see Figure
14). The most susceptible cultivar seemed to be 30 (PHB 30D05). Most of the cultivars (38) have
shown a low infestation below 10%, or even no infestation at all. Those cultivars that have been
earmarked in Subtask 1¢ compared well with the results obtained here. However, cultivar 40 (PAN
6995 Bt) showed a considerable higher infestation than most of the other cultivars.
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Figure 14:  Comparison of 49 cultivars against infestation of Fusarium graminearum during

storage
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Fusarium verticillioides was able to invade only 14 of the maize cultivars during storage (see
Figure 15). This is in contrast of what was experienced during field conditions. However, the
cultivars earmarked in Subtask 1c seemed to be relatively resistant during field and storage
conditions. The exception to the rule was, however, again Cultivar 40 (PAN 6995 Bt), which
showed a considerable infestation of F. verticillioides. Culitivars 12 (PAN 6966), 30 (PHB 30D05)
and 33 (CRN 3549) were also highly infested with this fungus during storage.
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Figure 15:  Comparison of 49 cultivars against infestation of Fusarium verticilliodes during
storage

Phoma sorghina was able to grow on 25 of the maize cultivars screened in the trial (see Figure
16). Again Cuitivar 33 (CRN 3549) was identified as the more susceptible cultivar to fungal
infestation. Other cultivars identified in sub-task 1c as possible resistant cultivars have followed
the same pattern than in the field when it came to Phoma sorghina. The overall infestation was,
however, relatively slow compared to other field and storage fungi included in this study. In total,
24 cultivars showed no infestation during storage. This is an indication that either maize is not
regarded as an ideal substrate or that the storage conditions are not ideal for this fungus to

develop.
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Figure 16:  Comparison of 49 cultivars against infestation of Phoma sorghina during storage
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Stenocarpella maydis seemed to be relatively well adapted to propagate under storage conditions
(see Figure 17). Only 10 cultivars showed no infestation under these conditions, while another 10
cultivars showed an infestation of 60% and higher. There is thus an indication that the resistance
of attack by S. maydis under storage conditions varied greatly among the cultivars tested in the
trial. Those cultivars identified in Subtask 1¢ as possibly resistant seemed to have followed the
same pattern in this trial. The exception again was cultivar 40 (PAN 6995 Bt) that showed a high
infestation of S. maydis.
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Figure 17:  Comparison of 49 cultivars against infestation of Stenocarpella maydis during
storage

Aspergiflus ochraceus is known to be a storage fungus and this was clear based on the results
obtained in this trial (see Figure 18). This fungus was able to invade all maize cultivars during
storage. Although this fungus is not associated in high numbers with South African maize, it is
clear that this fungus will cause damage under ideal moisture conditions. The results obtained
here differ considerably with those observed in Subtask 1c under field conditions. Cultivars 2
(DKC 80-10), 25 (PAN 6479) and 40 (PAN 6995 Bt) showed an infestation rate above 50%. The
most resistant cultivars against attack by A. ochraceus seemed to be 4 (PAN 6844), 11
(Goldfinger), 13 (DKC 66-22), 18 (DKC 63-20), 24 (MRI 624), 47 (ZM 521) and 48 (PAN 6335).
However, it should be kept in mind that, although the infestation rate was slow, damage was still
experienced. This indicates that further infestation is likely if such commodities are kept at high
moisture for long periods. The most susceptible cultivars were identified as 6 (Syncerus), 12 (PAN
6966), 30 (PHB 30D05), 33 (CRN 35489) and 46 (PAN 6071).
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