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5. Summary (Description of the project, capturing the main findings; 250 words)

Fusarium verticillioides MRC 826, isolated from maize in the former Transkei in 1975 and subcultured
on various media over a period of 35 years, originally produced unsurpassed high levels of fumonisins,
particularly FBy, up to 17900 pg/g of cultured material. Several of the subcultures of this isolate have
shown varying fluctuation in their ability to produce fumonisins. The objectives of this project are the
elucidation of the molecular factors contributing to mycotoxins contamination.

Fumonisin toxins are secondary metabolites and it would seem that the FB content, depending on the
subculture, is inversely related to growth, The reduction in ergosterol in older cultures could be the result
of possible cell degeneration which also coincided with a reduction on FB content, presumably being



degraded by host enzymes to serve as a carbon source when nutrients are depleted. The reduction of FB
levels in older cultures of subculture P was also noticed previously.

Overall, there doesn’t seem to be a common trend of FUM!I activity that can be correlated to the actual
FB levels quantitated when comparing this gene expression profiles to the FB profiles of all subcultures.
This gene codes for a polyketide synthase enzyme that initiates fumonisin production with the synthesis
of the C18 chain of the fumonisin backbone and could be involved in synthesis of other fumonisin
analogues (FA, FC and FP) and would exhibit a high expression that does not manifest into high levels of
the FB toxin. In addition, dozens of protein can be translated from much less mRNA. There are many
processes between gene expression and the expression of the proteins that catalyses the synthesis of FB
toxins. Transcriptional regulation is too complicated for direct correlations between gene expression and
actual FB produced. Molecular studies into the fumonisin biosynthetic gene regulation with correlating
analyses of the translated FUM encoding proteins (fump) are essential to understand and stabilise the
mechanisms of these two interacting levels of toxin production. Essentially, the FUM translated proteins
are potentially better targets for controlling the biosynthesis of fumonisins, than controlling / inhibiting
the gene expression and regulation of these genes.

The expression of FUMS of the subcultures shows more definite trends that can be correlated with the
corresponding FB levels, although the screening of the gene activity is time dependent. A common trend
seen in all subcuitures is that the expression ceases from day 22 with very low levels still detected at day
19. This gene is therefore only expressed in younger cultures from day 7 to day 13 or 19, depending on
the levels of FB produced. The expression of this gene stops when the FB production starts leveling out.
As with FUM2I, there doesn’t seem to be a distinct expression pattern when compared to the FB
produced of the subcultures. Different scenarios seem to exist with some subcultures, the gene is
expressed during the early exponential growth phase whilst in others it is expressed very late during the
lag phase of fungal growth related with a reduction of the FB levels. Of interest is the expression of
another regulatory gene FCKI also did not correspond with FB production.

It would appear that monitoring the expression of FUM genes will not be a viable tool in PCR assays to
assess FB production in the plant due to the time dependent cycle of infection and type of FB analogues
being produced. The regulation of FUMS and FUM?21 could be an important target to control FB
production.

6. Objectives (Refer to application)
6.1. Strategic objectives (Maize Trust objectives)

Strategic objectives Yes/No

To support the establishment of the magnitude of mycotoxin contamination of | No
maize during the stages of its production, storage, and processing in South
Africa.

To support the regular monitoring of the occurrence of the fumonisins, aflatoxins,
zearalenone, and trichothecenes (DON and NIV} in locally produced and
imported maize.

No




To support the determination of the factors which contribute to mycotoxin Yes
contamination during the production (pre-harvest), storage (post-harvest) and
processing of maize.

To support the development of practical, affordable and environmentally sound | Yes
methods to manage toxigenic fungi in maize, with particular emphasis on the
introduction of resistance in local maize cultivars.

To support the development of sound mycotoxin risk management practices in | Yes
the maize supply chain to ensure the delivery of safe products to the consumer.

6.2. Project objectives (List main objectives)

Fusarium verticillioides MRC 826 was isolated from maize in the former Transkei, South Africa in 1975
and subcultured on various media over a period of 35 years. This maize isolate originally produced
unsurpassed high levels of fumonisins, particularly FBy, up to 17900 pg/g of cultured material. Several of
the forty two subcultures of this isolate have shown a reduction and fluctuation in their ability to produce
fumonisins. Amplified Fragment Length Polymorphisms (AFLP), a DNA fingerprinting/profiling
method, was used to determine genetic variation between fourteen of these MRC 826 subcultures, which
confirmed their homogeneity, i.e. genetically identical (clonal). These subculture strains are therefore a
unique and exceptional group of clonal F. verticillioides strains that exhibit varying fumonisin B (FB)
producing abilities and present an ideal group of toxigenic F. verticillioides strains to study the molecular
basis of fumonisin production.

There are 17 biosynthetic (FUM) genes that control the synthesis of fumonisin B in F. verticillioides of
which the roles have been molecularly confirmed. In order to further elucidate the regulatory mechanisms
by which Fusarium verticillioides produces fumonisins, a study into the gene regulation was performed
using Real-Time PCR. Three FUM genes were specifically selected based on their molecular roles. The
protein coded by FUMI, a polyketide synthase, is responsible for the initiation of fumonisin biosynthesis
and is involved in the synthesis of the C18 polyketide chain that forms part of the fumonisin backbone.
FUMS codes for an aminotransferase that catalyse the condensation of the amino acid to the C18 chain.
Various aminotransferases will condense specific amino acids to the C18 chain and this will determine
the type of fumonisin analogue produced, that is fumonisin B, C, A or P. FUM2/ is thought to code for a
transcription regulatory protein that regulates FB synthesis. This is the only gene identified with a
regulatory function that forms part of the FUM gene cluster.

The expression of selected FUM was correlated with the fumonisin profiles, which will include all the
fumonisin B analogues, i.e. fumonisin By, as well as the actual growth of the MRC 826 subculture
strains indicative by the ergosterol levels. Ergosterol is a sterol found in fungi present in the cell
membrane. The Real-Time PCR analyses will therefore analyse all the FUM genes in order to determine
which genes and at what time points are activated. Monitoring only one gene could be misleading as this
excludes the significant contributions of as well as the interactions that occur between the various genes
during the biosynthesis. It is therefore essential to analyse the essential FUM genes to determine the
overall molecular regulatory mechanism involved in fumonisin biosynthesis. In the current project,
PROMEC-MRC in conjunction with research institutions such as the ARC-Grain Crops Institute and the
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Department of Plant Pathology, University of Stellenbosch, are trying to reduce mycotoxins
contamination in maize before harvest by means of understanding the mechanisms of toxin production.

The objectives of this project are in alignment with the last three strategic objectives of the maize trust.
This project will be of great importance to the Maize Trust as it will provide (i) vital information on the
molecular mechanisms of fumonisin production in the fungi and (ii) the elucidation of the molecular
factors contributing to mycotoxins contamination. The results could potentially identify genetic targets
necessary for resistance breeding in maize. Ultimately methods can be developed to reduce and manage
toxigenic fungi and their toxins in maize leading to sound mycotoxin risk management by ensuring the
delivery of safe products. Future research will focus on the development of a molecular assay (real-time
PCR) to identify potential toxin producing fungi in maize and in culture.

7. Work plan (Refer to application)
7.1. Work plan as stated in the application (List main tasks)

(Work plan was amended as work progressed and as needed)

Fungal Isolates

* Culture material of five representative clonal F. verticillioides MRC 826 subcultures preserved in the
culture collection of the PROMEC Unit of the MRC were selected for analyses. Re-suspended fungal
materials of these subcultures were used as inoculums for cultures intended for subsequent RNA
extractions and chemical analyses (Alberts et al, 1993; Vismer et al, 2004). (PROMEC-MRC).

® Each MRC 826 subculture strain, namely A, J, K, M and P, was cultured on maize patty media (culture
triplicates) (Figure 1).

e Triplicate cultures for each of the five subcultures were prepared for each of the nine time points, viz.
days 7, 10, 13, 16, 19, 22, 25, 28 and 31. This resulted in 135 cultures to be used for analyses,

* Each triplicate culture was numbered 1 — 3 and according to day harvested, e.g. subculture A triplicate
cultures harvested on day 7 for analyses will be labelled D7A1, D7A2 and D7A3.

RNA Isolation

* Subcultures were cultured on sterile maize patties under sterile working conditions.

* Autoclaved patties were inoculated fungal spore suspension prepared from lyophilized cultures diluted.

e Cultures were incubated in the dark at 25°C and harvested at stipulated time points, days 7, 10, 13, 16,
19,22, 25, 28 and 31 of incubation for subsequent RNA isolation.

* The total RNA from fungal material from each maize patty was extracted using TRIZOL Reagent

* The genomic DNA was eliminated with DNase (Fermentas) treatment. It is essential to eliminate
contaminating genomic DNA as this could result in incotrect expression profiles.

* The RNA was subsequently analysed for quality control using the Agilent 2100 Bioanalyzer. This step
determines whether the RNA has been degraded in the different treatments.

* Total RNA isolated from each of the 135 maize patty cultures were quantitated using the Nanodrop
Spectrophotometer,

Real-Time PCR Analysis
e The mRNA in the extraction mix of the 135 samples were converted into cDNA by means of reverse
transcription (RT) using the cDNA Synthesis Kit (Applied Biosystems).



* Primers specific for FUM genes FUMI, FUM8 and FUM21, FUM21 being identified as a
transcriptional regulatory gene, as well as for 2 reference genes as endogenous controls, Beta-tubulin
(Btub) and Elongation factor alpha (EFa) was designed using the ABI Primer Express program from
protein-coding regions.

e A standard curve, consisting of a 5 dilution series of known concentrations, was constructed for
relative quantification of the six expressed genes in the unknown samples.

* A melting curve analysis was used to distinguish primer dimers and non-specific amplification in
addition to target gene amplification (Logan et al, 2009; Nolan et al, 2006).

» Expression of the FUM genes were normalised and analysed with the expression of the housekeeping
genes.

Fumonisin and Ergosterol Profile Analysis

o Parallel with the RNA extractions, the 135 maize patty cultures were harvested at nine time points
during incubation, days 7, 10, 13, 16, 19, 22, 25, 28 and 31, dried overnight and milled to a fine
powder.

» Sample extracts from the cultures was analysed for all the fumonisin B analogues, as well as ergosterol
using Liquid Chromatography Mass Spectrometry (LC-MS) by Dr M Stander from the CAF of SU.

7.2, Achieved tasks according to the stated work plan (List measurable units as milestones
and provide an indication of progress made)

Milestones Achievements

Culturing of selected representative MRC Various MRC826 subcultures were analysed for FB
826 subculture strains, viz. A, J, K, M and P. | production and five genetically homogenous strains, as
shown with AFLP fingerprinting (previous study), were
selected as representative strains exhibiting various FB
producing abilities (as recommended by molecular
advisor).

Three replicate cultures per strain at 9 time
points, resulting in 135 maize patty cultures.

RNA Isolation from each of the 135 maize Total RNA isolation method using TRIZOL was

patty cultures. optimised for the extraction of fungal RNA from maize
patty cultures. This a much cruder method than
chromatographic column methods normally used for
RNA extraction, further complicated by the culture
material on and in which the fungi grew. To achieve
non-degraded, high levels of total RNA, this method had
to be trouble-shooted and optimised at various steps of
isolation.

Initially RNA isolation kits (Qiagen) using the
chromatographic column methodology was used for
RNA isolation. This method ensured purer RNA,




however, this method resulted in high loss of total RNA
and was also limiting with regards to the size of starting
material used, i.e. the amount of maize patty culture

used for RNA isolation.

Each of the 135 RNA samples were treated with DNase
to eliminate any possible genomic DNA contamination.

| Real-Time PCR Ana [}'::;.is N B
- Primers specific for s FUMI, FUMS and
FUM21, FUM21, Beta-tubulin (Btub) and

Elongattion factor alpha (EFa)

- Primers were designed using the ABI Primer Express
program from protein-coding regions. The resulting
primers were tested and the ideal concentration for
Real-Time PCR was optimised for each of the six
primer sets.

- Constructing a standard curve consisting
of a 5 dilution series of known
concentrations suitable for all primer sets.

- Various standard curves with different dilutions
series were tested for each of the primer sets. The
dilution series with the concentrations of 100, 25,
6.25, 1.56 and 0.39 was shown to be the most

‘ suitable for all six primers sets.

Quantitating the expression of the six

. The expression of the six target genes were
genes in the unknown samples P gete

quantified using the known concentrations of the
standard curve. To compensate for overloading or
underloading of starting cDNA, i.e. variation in

‘ ¢DNA concentration between samples, the
expression of the FUM genes were normalised
against the individual expression of the
housekeeping genes Brub and EFa. Each
housekeeping gene was analysed individually and

‘ the most suitable gene was used for normalisation,

- Melting curve analysis | viz. Btub.

| = Melting curve analysis of each sample confirmed
specific amplification of target genes using the six
‘ primer sets.

Fumonisin and Ergosterol Profile Analysis - FB levels were quantitated from each of the 135
maize patty cultures

- LC-MS method was optimised to determine the
ergosterol levels from each of the 135 maize patty

cultures
Confirmation of expression patterns and Tasks not yet initiated: Stavistical analvses still be 1o
trends tlone




8. Detailed report covering the research conducted during the full grant period
(Introduction, methods, results, discussion, tables, figures, etc.)

INTRODUCTION

Fumonisins have been epidemiologically linked to oesophageal cancer in both South Aftica and China. It
is also considered a potential risk factor for birth defects, including human neural tube defects (NTD), in
populations consuming fumonisin-contaminated maize. Fusarium verticillioides MRC 826 was isolated
from maize in the former Transkei, South Africa in 1975 and sub cultured on various media over a period
of 35 years. This maize isolate originally produced unsurpassed high levels of fumonisins, particularly
FBy, up to 17900 ng/g of cultured material. Several of the forty two subcultures of this isolate have shown
a reduction and fluctuation in their ability to produce fumonisins. Amplified Fragment Length
Polymorphisms (AFLP), a DNA fingerprinting/profiling method, was used to determine genetic variation
between fourteen of these MRC 826 subcultures, which confirmed their homogeneity, i.e. genetically
identical (clonal). These subculture strains are therefore a unique and exceptional group of clonal F.
verticillioides strains that exhibit varying fumonisin B (FB) producing abilities and present an ideal group
of toxigenic F. verticillioides strains to study the molecular basis of fumonisin production.

There are 17 biosynthetic (FUM) genes that control the synthesis of fumonisin B in F. verticillicides of
which the roles have been molecularly confirmed. The fumonisin biosynthetic (FUM) gene cluster
consists of 17 genes that are localized to a 42.5 kb region of chromosome 1 in F. verticillioides (Proctor et
al., 2003, Brown et al., 2005, Brown et al., 2007). The protein coded by FUM]I, a polyketide synthase, is
responsible for the initiation of fumonisin biosynthesis and is involved in the synthesis of the C18
polyketide chain that forms part of the fumonisin backbone (Proctor et al, 1999). FUMS codes for an
aminotransferase that binds an amino acid to the C18 chain. Various aminotransferases will bind various
amino acids to the C18 chain and this will determine the type of fumonisin analogue produced, that is
fumonisin B, C, A or P. FUM2I is thought to code for a transcription regulatory protein, a Zn(1[)2Cys6
protein that regulates FB synthesis, with deletion mutants producing little or no fumonisins when cultured
on cracked maize (Brown et al., 2007). This is the only gene identified with a regulatory function that
forms part of the FUM gene cluster. It was demonstrated that a remaining FUM genes also plays a role in
the production of fumonisin B in F. verticillioides. However, deletion analyses showed only mild
variation in FB production with the deletion of certain FUM genes as the functions of most of these genes
are duplicated. For example: deletion analyses of FUM?7, FUMI0, FUMII and FUMI4 confirmed that
these FUM genes were involved in tricarballylic ester formation during fumonisin biosynthesis (Butchko
et al., 2006).The individual deletions of FUMI5, FUMI16, FUMI17 and FUMIS8 did not affect fumonisin
production. (Proctor et al., 2003, Proctor et al., 2004, Butchko et al., 2006). The role of FUM20 has yet to
be elucidated (Brown et al., 2005). In order to further elucidate the regulatory mechanisms by which
Fusarium verticillioides produces fumonisins, a study into the gene regulation was performed using Real-
Time PCR to analyse the expression of three FUM genes specifically selected based on their molecular
roles, viz. FUMI, FUMS and FUM?1.

There are also positive and negative regulatory genes (Bluhm et al, 2006; Chit et al, 2001; Flaherty et al,
2003; Shim et al, 2001) that play a role in regulating fumonisin biosynthesis, which enhances or stops
fumonisin production depending on environmental and other conditions. However, these genes are also
involved in regulating primary metabolic functions such as growth and conidiation. Therefore expression
of these genes would not be indicative and therefore cannot be correlated with the production of
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secondary metabolites such as fumonisin toxins. This was confirmed with a previous gene expression
study.

Quantitative Real-time PCR was performed to ascertain whether the FUM genes are differentially
expressed or absent in the subculture strains with varying fumonisin profiles. It is inaccurate to determine
the potential toxin producing abilities of the contaminating fungi by only determining presence of the
toxigenic fungus (Waalwijk et al, 2004) by analysing one FUM gene. It is essential to analyse more
essential FUM genes to determine the molecular regulatory mechanism involved in fumonisin
biosynthesis. The objective of the study is to continue the investigation of fumonisin production by
investigating the mechanism of gene regulation in a set of clonal F. verticillioides MRC 826 subcultures
that were previously grown under varying cultural conditions and diverse media in which F.
verticillioides produced fluctuating fumonisin levels. Through understanding the regulation of fumonisin
biosynthesis, specific measures can be developed to control fumonisin production by identifying possible
target areas for reduction of toxin production.

METHODS

Fungal Isolates

* Culture material of five representative clonal F. verticillioides MRC 826 subcultures preserved in the
culture coliection of the PROMEC Unit of the MRC were selected for analyses. Re-suspended fungal
materials of these subcultures were used as inoculums for cultures intended for subsequent RNA
extractions and chemical analyses (Alberts et al, 1993; Vismer et al, 2004).

e FEach MRC 826 subculture strain, namely A, J, K, M and P, was cultured on 3 maize patty media
(culture triplicates) (Figure 1).

* Triplicate cultures for each of the five subcultures were prepared for each of the nine time points, viz.
days 7, 10, 13, 16, 19, 22, 25, 28 and 31. This resulted in 135 cultures to be used for analyses.

e Each triplicate culture was numbered 1 — 3 and according to day harvested, e.g. MRC 826 subculture
A triplicate cultures harvested on day 7 for analyses were labelled D7A1, D7A2 and D7AS3.

RNA Isolation

* Subcultures was cultured on sterile maize patties consisting of 30 g of ground yellow maize kernels
mixed with 30 ml sterile dHO placed in 90 mm glass petri dishes and autoclaved at 121°C for 1 h on
two consecutive days.

* Autoclaved patties was inoculated with 1 ml of a spore suspension prepared from lyophilized cultures
diluted 1:100 with dHO (Alberts et al, 1993).

*» Cultures were incubated in the dark at 25°C until stipulated harvest day.

e The patty cultures was harvested at nine time points, days 7, 10, 13, 16, 19, 22, 25, 28 and 31 of
incubation for RNA isolation using TRIZOL Reagent (Invitrogen) following manufacturer’s
instructions (Chomczynski and Sacchi, 1987).

e The genomic DNA was eliminated with DNase (Fermentas) treatment following manufacturer’s
instructions (Sambrook and Russell, 2001).

* The RNA was subsequently analysed for quality control using the Agilent 2100 Bioanalyzer. This step
determines whether the RNA has been degraded in the different treatments.

¢ Total RNA isolated from each of the 135 maize patty cultures were quantitated using the Nanodrop
Spectrophotometer (Ingaba).



Real-Time PCR Analysis

The mRNA in the extraction mix of the 135 samples were converted into cDNA by means of reverse
transcription (RT) using the cDNA Synthesis Kit (Applied Biosystems) following the manufactures
instructions. cDNA is the exact copy of mRNA that is used for Real-Time PCR analysis.

Primers specific for FUM genes FUMI, FUM8 and FUM21, FUM2I being identified as a
transcriptional regulatory gene, as well as for 2 reference genes as endogenous controls, Beta-tubulin
(Btub) and Elongation factor alpha (EFa) was designed using the ABI Primer Express program from
protein-coding regions.

SYBR Green was the detection dye used to measure the amplification of target cDNA’s, and hence
measure the expression of complimentary genes. The PCR reaction mix consisted of 1x Power SYBR
Green PCR Master Mix (Applied Biosystems), 0.5mM of each primer (forward and reverse) and 2ul
cDNA, and analysed in a CFX96 Real-Time System (BioRad).

The standard curve method was employed for relative quantification of unknown samples. A standard
curve, consisting of a 5 dilution series of known concentrations, was optimised and constructed using
combined ¢cDNA from each sample to ensure the presence of the expressed target genes (FUM and
reference genes).

A standard curve was optimised for each gene primer pair and amplified together with the 135
unknown samples, ie. the cDNA of MRC 826 subcultures harvested at different time points. The
unknown samples were quantified using the known concentrations of the standard curve (Logan et al,
2009; Nolan et al, 2006). Each Real-Time PCR run had to include a standard curve to determine
amplification efficiency per run.

To ensure the 135 samples were not contaminated with genomic DNA that would have resulted in
false positives and skewed expression results, a non-reverse transcripted (i.e. only mRNA and no
cDNA) of each of these 135 samples were included in the Real-Time PCR as a negative control.

In addition, a water control (no template control, NTC) was included to test the contamination of the
reagents as well as the primer dimer potential of primers as this too would skew expression readings
with dyes such as SYBR Green that does not differentiate between amplified DNA products.

A melting curve analysis was used to distinguish primer dimers and non-specific amplification in
addition to target gene amplification (Logan et al, 2009; Nolan et al, 2006).

Fumonisin and Ergosterol Profile Analysis

Subcultures were cultured on sterile maize patties incubated at 25°C in the dark (Alberts et al, 1993).
Paralle]l with the RNA extractions, the remaining culture material of the 135 maize patty cultures were
harvested once RNA extraction material was removed, at nine time points during incubation, days 7,
10, 13, 16, 19, 22, 25, 28 and 31, dried overnight at 55°C and milled to a fine powder.

Sample extracts from the cultures was analysed for all the fumonisin B analogues, as well as ergosterol
using Liquid Chromatography Mass Spectrometry (LC-MS). Confirmation of the toxins and toxin
levels was done for selected samples and cultures. (PROMEC-MRC; CAF, SU)

RESULTS

Fumonisin B and Ergosterol Profiles of MRC 826 Subcultures.

There are wide variations in FB produced among the triplicate cultures of each MRC 826 subculture
strains. This is possibly the result of the culture conditions. Petri dishes were stacked in groups of six
when incubated and this could have affected the drying out of the culture material in the top dishes with
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the culture material in the bottom dishes being damper. Water activity is known to affect fumonisin
production and this could be the reason for the variation in FB levels among triplicate cultures of the
same subculture strain. Ergosterol levels are similar among the triplicate cultures. A possible reason for
this is that fungal growth is not as sensitive to water activity as FB production. FB and ergosterol results
are summarized in Figure 2.

A gradual increase in ergosterol is seen all subcultures, peaking at day 28 and a decrease in levels seen in
day 31. MRC subculture K strain exhibited the lowest FB levels but the highest ergosterol levels. The
opposite is seen with subculture P. This strain exhibited the highest FB levels but the lowest ergosterol
levels. There appears to be an inverse pattern of production between fumonisin B toxins and ergosterol
produced exhibited in all five subculture strains: the higher the ergosterol levels and therefore fungal
growth, the lower the fumonisin production. (Statistics to be concluded). Fumonisin toxins are secondary
metabolites and it would seem that secondary metabolism of FB decreases when the fungi exhibit more
vigorous growth.

Gene Expression Analyses

Normalisation with housekeeping genes

FUM gene expression data obtained with Real-Time PCR with both housekeeping genes Bfub and EFa
individually and found that Btub was the better reference gene as the expression of EFa appeared less
consistent than that of Btub, a requirement for a housekeeping gene. All gene expression data presented
has been normalized with Bfub.

Subculture K

This subculture was the lowest FB producer, and also exhibited comparable lowest expression of FUM],
FUMS and FUM21 when compared to the other subcultures. Both FUM? and FUMS had the highest
expression at day 7. FUM2I expression is higher in older cultures / later time points. Gene expression
results of this subculture are summarized in Table 1 and Figure 2.

Subculture J

This subculture exhibited the 2™ lowest FB levels but unlike the previous subculture, the FUMI
expression was much higher and with a more broadened expression pattern at later time points when
compared to the other subcultures. A peak >500 for triplicate culture J1 was detected at day 19 (D19J1)
but this culturc had the lowest FB compared to the J2 and J3 at day 19. D19 J2 had very low levels of
FUM] but exhibited the highest FB levels at this time point. Similar to subculture K, FUMS peaks at day
7 but with slightly higher expression seen at later time points. Higher expression levels of FUM2] are
also detected over the observed time points. Gene expression results of this subculture are summarized in
Table 2 and Figure 3.

Subculture M

This subculture exhibited high levels of FB, higher than subculture J but with lower FUM] expression,
with peaks at day 16. Higher expression of FUUMS is observed at day 7 but also day 10 and day 16 and at
generally higher levels than subculture J. As with previous cultures, FUM2] was expressed at higher
levels at later time points. Gene expression results of this subculture are summarized in Table 3 and
Figure 4.
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Subculture A

Subculture A has the 2™ highest FB levels but with generally low FUMI expression levels with the
highest peak at day 13. This was seen with sample D13A3 but this has the lowest FB levels at this time
point (day 13). FUM8 was also expressed at much higher levels with peaks at day 7 as with all previous
subcultures, but also like higher producers, had peaks at later time points day 10 and day 13. FUM21
exhibited similar expression patterns with peaks at day 7 but higher expression at days 10 and day 13.
Interestingly, the expression pattern/trend of FUMI, FUMS8 and FUM21 at day 7 is similar and almost
reflects the FB levels pattern at the corresponding time point. Gene expression results of this subculture
are summarized in Table 4 and Figure 5.

Subculture P

There is a bell shaped pattern seen with this strain with a sharp decrease in FB levels seen in all triplicate
cultures at day 31. Subculture P was the highest producer of FB and with the exception of the largest peak
observed at day 13 for P3 (DI3P3) the FUMI expression levels were generally low, but almost
undetectable levels at the later time points day 25 to day 31. As with the high producer subculture A,
FUMS levels were quite high and also had a longer time range of expression, with peaks from day 7 to
slightly higher leves at day 16. The expression of FUM2! is seen more at earlier time point for this high
producer. Gene expression results of this subculture are summarized in Table 5 and Figure 6.

Comparing FUMI expression with correlating FB levels between MRC 826 subcultures

The FUM1 expression results with FB production of all the subcultures are summarised in F igure 7 in the
order of lowest to highest FB producer, K, J, M, A and P.

Subculture K, the lowest producer, only exhibits an expression peak at day 7 with subsequent very low
levels of FUMIthroughout the specified time period of analyses. This is the only subculture that exhibits
an expression pattern that resembles the FB profile. Subcultures A and P, both high FB producers also
exhibits generally low FUMI expression with random peaks at various time points. Subculture P, the
highest producer also had the highest FUM! expression peak at day 13, similarly subculture A also has its
highest expression peak at day 13. Overall, there doesn’t seem to be a common trend of FUM] expression
that can be correlated to the actual FB levels quantitated.

Comparing FUMS expression with correlating FB levels between MRC 826 subcultures

Lower FB producers exhibited FUMBS expression peaks at earlier time points, with subculture K only
peaking at day 7. As the FB levels increased, the expression range of FUMS also increases with increase
expression seen at later time points. Higher FB producers exhibited higher expression at days 10 and 13,
with subculture P also showing higher expression at day 16 than the expression seen in lower producers.
A common trend also seen in all subcultures is that the expression comes to a stop from day 22 with very
low levels still detected at day 19. Therefore expression of this gene is only active in younger cultures and
corresponds better to FB production.

Comparing FUM21 expression with correlating FB levels between MRC 826 subcultures

There doesn’t seem to be an overall expression pattern of FUM2! when compared to the FB produced.
The highest FUM21 expression is seen in subculture A with early expression of this gene detected mostly
at carly time points days 7, 10 and 13. The highest FB producer, subculture P, also has its higher
expression at early time points at day 7 and dayl0. The lower FB producers seem to express this gene
more at later time points.
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DISCUSSION

Ergosterol is a compound associated with fungal growth as it is important component of cell membranes
and is and therefore is involved in primary metabolism. Fumonisin toxins are secondary metabolites and
it would seem that the FB content, depending on the subculture, is inversely related to growth: the higher
the ergosterol levels and therefore fungal growth, the lower the fumonisin production. In addition, a
gradual increase in ergosterol is seen all subcultures, peaking at day 28 and a decrease in levels seen in
day 31. The reduction in ergosterol in older cultures could be the result of possible cell degeneration and
therefore its degradation.

The bell shaped pattern seen with the FB levels in all three triplicate cultures of subculture P was also
noticed previously where a reduction in of FB was seen in all older cultures. A possible proposition is that
decrease of FB in older cultures is the result of FB being degraded to serve as a carbon source when
nutrients are depleted.

Overall, there doesn’t seem to be a common trend of FUM] expression that can be correlated to the actual
FB levels quantitated when comparing expression profiles and FB profiles of all subcultures. This gene
codes for a polyketide synthase enzyme that initiates fumonisin production with the synthesis of the C18
chain of the fumonisin backbone. However, this C18 chain can also be incorporated into the production of
other fumonisin analogues (FA, FC and FP). Therefore, FUM]I involved in synthesis of other fumonisin
analogues (FA, FC and FP) and would exhibit a high expression that does not manifest into high levels of
FB. In addition, there are many processes between gene expression (transcription) and the expression of
the proteins (from the mRNA, i.. translation) that catalyses the synthesis of FB mycotoxins., QOther
factors include the stability of proteins compared to mRNA for gene expression, and the lower rate of
mRNA transcription to higher protein translation. Dozens of protein can be translated from much less
mRNA. Epigenetics could play a role in the expression of the genes that result in varying phenotype, that
is, the actual FB levels. Epigenetics does not affect the gene sequence but does play a role in the
expression and the end product. Essentially, the FUM translated proteins are potentially better targets for
controlling the biosynthesis of fumonisins, than controlling / inhibiting the gene expression and regulation
of these genes.

The expression of FUMS of the subcultures shows more definite trends that can be correlated with the
corresponding FB levels, aithough the screening of the gene activity is time dependent. F irstly, a common
trend also seen in all subcultures is that the expression ceases from day 22 with very low levels still
detected at day 19, depending on the levels of FB produced. This gene is therefore only active in younger
cultures when there is a sharp increase in FB levels but expression ceases when the FB production starts
leveling out. Also, lower producers only expresses FUMS at early time points, with a longer expression
range (at later time points) and higher activity only seen with higher FB producers. In addition, the FUMS
gene homolog found in F. verticillioides is specific for the type of fumonisin analogue produced by this
species, i.e. fumonisin B. Therefore unlike FUM]I, this gene homolog will only be involved in and
indicative of FB synthesis.

As with FUMI, there doesn’t seem to be a distinct expression pattern for FUM2I when compared to the
FB produced of the subcultures. A possible trend could be that the higher FB producers has higher
expression at early time points at day 7 and dayl0 whereas the lower FB producers seem to express this
gene more at later time points. Different scenarios seem to exist with some subcultures, the gene is
expressed during the early exponential growth phase whilst in others it is expressed very late during the

13



lag phase of fungal growth related with a reduction of the FB levels. Of interest is the expression of
another regulatory gene FCKI also did not correspond with FB production. This gene encodes a
transcriptional regulatory protein, however, the type of regulation activity and the effect on the expression
of other FUM genes is unknown.

It would appear that monitoring the expression of FUM genes will not be a viable tool in PCR assays to
assess FB production in the plant due to the time dependent cycle of infection and type of FB analogues
being produced. The regulation of FUMS and FUM2I could be an important target to control FB
production.
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TABLES
Table 1. Subculture K expression levels of FUMI, FUMS8 and FUM2I normalised with the expression of

housekeeping gene Beta-tubulin (Bfub) at time points Day 7 to Day 31.

Subculture K: Gene Expression:

Day 7 - Day 31 FUMI FUMS FUM21
D7K1 77.32 180.28 13.32
D7K2 37.22 15.62 3.88
D7K3 0.20 1,35 4.83
D10K1 4.80 5.78 0.93
D10K2 19.21 0.00 11.55
D10K3 0.00 0.00 0.00
D13K1 3.71 0.00 3.06
D13K2 6.23 0.00 0.73
D13K3 4.60 0.00 14.19
D16K1 18.61 0.48 7.24
D16K2 7.09 0.45 4.06
D16K3 6.96 8.10 1.93
D19K1 7.85 0.00 73.44
D19K2 2.64 2.87 3.13
D19K3 3.81 0.00 27.84
D22K1 4.21 0.72 10.58
D22K2 11.03 0.12 38.71
D22K3 0.02 0.11 0.29
D25K1 5.82 0.76 0.52
D25K2 4.45 0.00 14.11
D25K3 1.48 0.00 13.38
D28K1 1.72 0.39 8.90
D28K?2 1.83 1.45 5.21
D28K3 0.10 0.00 1.37
D31K1 4.68 0.49 57.93
D31K2 1.07 0.04 18.88
D31K3 3.51 0.00 29.61
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Table 2. Subculture J expression levels of FUMI, FUMS and FUM21 normalised with the expression of
housekeeping gene Beta-tubulin (Btub) at time points Day 7 to Day 31.

Sub culture J: Gene Expression:

Day 7 - Day 31 FUMI1 FUMS FUM21
D7J1 103.36 32.23 10.70
D7J2 43.96 136.00 8.72
D7J3 334.43 7.95 0.89

D10J1 0.00 0.00 57.23
D10J2 74.07 49.67 7.06
D10J3 2.48 9.85 3.52
D13J1 133.98 0.00 96.58
D13J2 27.25 3.36 242
D13J3 94.64 26.80 14.52
D16J1 138.95 4.96 1.86
D16J2 48.89 3.19 1.03
D16J3 151.05 13.72 3.80
D19J1 531.04 63.54 14.15
D19J2 3.26 0.12 7.40
Di%J3 96.75 4.09 19.94
D22J1 43.41 2.82 17.06
D22J2 14.46 0.02 81.99
D22J3 52.17 1.21 39.63
D25J1 25.94 2.58 238.99
D25J2 227 0.07 20.92
D25J3 1.89 0.04 18.04
D28J1 23.52 0.21 44.20
D28J2 3.67 0.00 39.40
D28J3 3.64 0.17 21.94
D31J1 0.00 0.00 0.00
D31J2 0.42 0.73 218.63
D31J3 0.00 0.00 0.00
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Table 3. Subculture M expression levels of FUMI, FUM8 and FUM21 normalised with the expression of

housekeeping gene Beta-tubulin (Brub) at time points Day 7 to Day 31.

Subculture M: Gene Expression:

Day 7 - Day 31 FUMI1 FUMS FUM21
D7M1 141.56 103.06 20.69
DTM2 10.17 45.89 14.08
D7M3 8.89 20.51 3.67
D10M1 22.06 79.96 20.49
D10M2 20.13 180.36 56.47
D10M3 0.56 7.06 4.99
D13M1 23.46 16.43 4.78
D13M2 20.03 4.49 2.47
D13M3 24.77 3.52 3.98
D16M1 83.74 50.56 4.73
D16M2 260.83 48.40 4.07
D16M3 241.67 37.66 7.82
D19M1 27.15 3.67 3.24
D19M2 1.45 0.08 12.47
D15M3 38.58 7.61 28.10
D22M1 5.87 0.03 65.80
D22M2 11.00 0.98 11.98
D22M3 23.71 3.35 4.19
D25M1 0.69 0.12 3.21
D25M2 14.12 1.90 18.36
D25M3 3.23 0.00 23.69
D28M1 1.43 0.00 10.24
D28M2 0.72 0.00 5.01
D28M3 9.37 0.31 44.37
D31M1 11.83 0.32 145.76
D31M2 5.27 0.00 74.53
D31M3 0.00 0.00 0.00
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Table 4. Subculture A expression levels of FUMI, FUMS and FUM21 normalised with the expression of
housekeeping gene Beta-tubulin (Btub) at time points Day 7 to Day 31.

Subculture A: Gene Expression;

Day 7 - Day 31 FUM1 FUM8 FUM21
D7A1 44.74 178.22 74.14
D7A2 38.52 170.65 96.96
D7A3 3.23 15.30 33.61
D10A1 8.82 194.98 315.29

D10A2 55.24 550.00 370.69
D10A3 6.33 119.82 18.62
D13A1 12.70 121.62 83.61
D13A2 1.45 27.46 14.85
D13A3 113.97 521.25 224.41
D16A1 3.02 6.53 3.31
D16A2 7.85 41.39 5.69
D16A3 2,11 18.39 2.09
D19A1 9.16 5.59 5.32
D19A2 3.19 3.55 1.52
D19A3 24.53 1.15 8.78
D22A1 3.38 0.87 26.49
D22A2 13.07 0.35 155.23
D22A3 12.71 13.86 10.34
D25A1 0.17 0.00 5.50
D25A2 1.92 0.15 19.47
D25A3 443 2.84 2.09
D28A1 0.16 0.06 3.39
D28A2 2.62 0.74 5.50
D28A3 6.25 9.32 8.40
D31A1 0.00 0.00 0.00
D31A2 0.00 0.00 0.00
D31A3 2.63 1.23 19.73
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Table S. Subculture P expression levels of FUMI, FUM8 and FUM21 normalised with the expression of
housekeeping gene Beta-tubulin (Bfub) at time points Day 7 to Day 31.

Subculture P; Gene Expression:
Day 7 - Day 31 FUMI1 FUMS8 FUM21
D7P1 38.14 133.90 36.36
D7P2 0.00 110.92 29.38
D7P3 12,27 70.75 28.47
D10P1 71.96 281.24 33.35
D10P2 25.75 199.41 122.63
D10P3 4.23 45.71 94.07
D13P1 11.54 28.62 12.67
D13P2 111.78 127.70 11.54
D13P3 633.68 211.09 9.71
D16P1 37.87 76.25 13.81
D16P2 66.75 96.80 0.00
D16P3 14.59 39.15 2.81
D19P1 5.98 5.11 13.58
D19P2 8.21 1.38 5.59
D19P3 48.11 5.81 19.93
D22P1 0.00 0.00 0.00
D22P2 4.35 1.96 3.25
D22P3 18.39 2.96 63.46
D25P1 1.43 0.76 2.66
D25P2 0.42 0.00 32.67
D25P3 1.69 0.11 10.00
D28P1 0.08 0.00 3.79
D28P2 1.30 0.00 23.83
D28P3 0.52 0.13 1.71
D31P1 3.70 0.00 89.41
D31P2 0.29 0.00 4,69
D31P3 0.05 0.00 0.56

19



FIGURES

Figure 1. Maize patty cultures used for analyses.
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Figure 2. Fumonisin B levels compared to Ergosterol levels in individual cultures (triplicate cultures per
strain) at time points ranging from Day 7 (D7) to Day 31 (D31). Graphs are arranged from lowest to

highest FB producer (subcultures K to P).
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Figure 3. Subculture K (lowest FB producer): gene expression of FUM{, FUMS8 and FUM21 compared

to FB levels quantitated at time points Day 7 (D7) to Day 31 (D31).
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Figure 4. Subculture J (low/med FB producer): gene expression of FUMI, FUMS and FUM21 compared

to FB levels quantitated at time points Day 7 (D7) to Day 31 (D31).




ime point culture

FB Levelsof Subculture M

FB levels quantitated per ¢

tW-1EQ
TWTEd
TN-TEQ
£W-3Ta
IW-8Ta
TW-2Za
EN-STQ
THW-5Ta
T-s7a
tW-ETd
TW-ZTa
TW-Zza
EW-6TA
TW-6TO
W6
£W-9Ta
TWN-9Ta
TW-9ta
fW-E£Td
TW-£1a
TW-€Ta

f culture

ime poin

t

550

500

450

200 -
%0

00 -

30

FUM gene expression levels per

550

450
400
350
300
50
0

550

450

350 -——
300

50

W0

150 -
100 -

SW-0Ta

-0t

TW-0%a

EW-Ld

TW-za

| W-2a

g : 3
= _En&.ru....mhnw

T ewTEd - A [ ewtea ENTEQ
[ TWTEd ! i T ZwTEd TWTEQ
NtEa N i TNTED TWTEA
i ewaza . _“ fwszg " ewsza
" 7wsza A ! owaza Twsza
. msza o weza 5 ™azo
- | Ewsza = i f €WsZa & £WSZa
g THsTa F " [ zwsza S| Zsza
£ TINSZa £ TWsza .W i sza
= TWzzZa S | £wWrza a2l EWzZa
2 i TWTZA 3 _ wTea | | TNTTa
“m | TWZZa = i neza E | TNTZa
E | EWGTQ E £NGTa =2 ! EWETO
- i TW6ETA 2 zneTa ol o TNETY
= " TIGTA @ | TWETO W { TWETQ
= ! EWOTO = | | EWsTO 2| £WITa
. s TIM9TA - . TWITO = ; i TWSTa
= TW9STG &= _ TW9Ta @ | weota
2 EWETA [ g | EWETa 2 | TweTa
f- ' Tweto = _ ! TNETD 3 ¢ IWETa
g TWET] .m TWETA 2 Pl et
A £WOTd 7 ‘ €WOTQ i { £woTa
: ! ZWota f ZwoTa =i zni0Ta
: THOTA m THIOTI ; = TWoTa
l LD e 1 swza
i THLO o zTza ! * La
. TWZa TLa o=l mMLg

25

f FUM1, FUMS8 and FUM21

. gene €xpression O

compared to FB levels quantitated at time points Day 7 (D7) to Day 31 (D31).

Figure 5. Subculture M (med/high FB producer)
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f FUMI1, FUM8 and FUM21
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FB levels quantitated at time points Day 7 (D7) to Day 31 (D31).

Figure 7. Subculture P: (high FB producer)
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Figure 8. Comparing FUM1 gene expression and FB levels of MRC 826 subcultures.
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Figure 9. Comparing FUMS gene expression and FB levels of MRC 826 subcultures.
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Figure 10. Comparing FUM21gene expression and FB levels of MRC 826 subcultures.
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9.

Scientific outputs

9.1. Expected outputs of project as stated in the application

9.2

Outputs

Date of completion

Nature of output e.g. number
and title of papers

Scientific papers: 2013/2014 2 Peer Reviewed Publication

Technical reports: Nov 2011/2012/2013 3 Annual Reports

Databases: Continuous Research results and information will be
captured on the existing PROMEC Unit
culture collection database. Biodiversity
preservation: PROMEC-MRC, US and
SGI-ARC culture collections.

Procedures/methods: | Annually Molecular assay to identify fumonisin

gene expression profiles

Human capacity
development:

Continuous as required

Provide in-house training for post-
graduate students in methods such as
DNA extraction, Real-time PCR
analyses, HPLC and

microbiological techniques.

Technology transfer: | Annually 2-3 Conference presentations and posters
Other outputs: 2011 Committee members of MycoRed Africa
2011 Conference (mycotoxin conference)

Actual outputs of project

Outputs Date of completion Nature of output e.g. number
and title of papers

Scientific papers: 2013/2014 Manuscript in process

Technical reports: 2011, 2012, 2013 Annual reports

Databases: Continuous Primer database for qRT-PCR; research
results of MRC 826 subcultures

Procedures/methods: | Continuous qRT-PCR

Human capacity Continuous New methological application of gqRT-

development PCR and training of post-graduate
students in these techniques

Technology transfer: | 2011 MycoRed conference

2013 National conference (SASPP)
Other outputs 2011 Committee members of MycoRed Africa

2011 Conference (mycotoxin conference)
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9.3. Outputs not achieved (give reasons)

None.

10. Successful institutional and inter-institutional collaboration

Researcher Institution Role
Lorraine Moses PROMEC —MRC Principle investigator/ Molecular
Analyses
Dr HE Vismer PROMEC — MRC Mycology / Advisor:

Project advisor and supervisor

Marietjie Stander CAF, SU Chemical Analyses:
LC-MS Analyses of FB and
Ergosterol

Dr JP Rheeder PROMEC — MRC Mycology Advisor:

Culturing and harvesting
conditions of MRC 826

subcultures

Dr RH Proctor NCAUR, USDA, USA Molecular Advisor:
Gene expression analyses advisor

11. Benefit of the outputs to the Maize Industry

Contributions to all facets of the Maize Industry concemned with mycotoxin contamination and its
possible reduction in maize and maize products by understanding the molecular mechanisms of toxin
production. By determining the expression of essential FUM and regulatory genes and the interactions
between the genes that results in high fumonisin levels, could result in the development of an important
tool and screening method to identify samples with potentially high mycotoxin content and other
toxigenic fungi co-occurring on maize. Knowledge can be transferred to maize producers (commercial,
small-scale and emerging farmers). Real-Time PCR assays currently in use only analyses FUMI to
determine potential FB toxin abilities, The results obtained with the study shows this to be incorrect.
FUMS encodes the amino synthase that determines the type of fumonisin analogue produced but cannot
be used as a sole indicator of FB production as this gene is only active in the early steps of synthesis and
therefore could give false negatives when analysed at the incorrect time point. However, the inhibition of
this gene in early infection of the fungal pathogen will undoubtedly cease FB production,

12. Progress with regards to human resource development
(e.g. Training of post-graduate students in mycotoxin research)
Training of post-graduate students in new methodology, i.e. gqRT-PCR.
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13. Funds available to complete the execution of the proposed tasks according to the
expenditure statement of the project (Were the funds adequate?)

Yes.

14. Comments (Discuss anything you wish to share with The Maize Trust)

None.
16. Signature of the Project Leader

/% %/ 5/ /07/ 2013

6rojoct Leader
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