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Abstract: Maize production in South Africa is concentrated in its central provinces. The Eastern
Cape contributes less than 1% of total production, but is steadily increasing its production and has
been identified as a priority region for future growth. In this study, we surveyed ear rots at maize
farms in the Eastern Cape, and mycotoxins were determined to be present in collected samples.
Fungal isolations were made from mouldy ears and species identified using morphology and DNA
sequences. Cladosporium, Diplodia, Fusarium and Gibberella ear rots were observed during field
work, and of these, we collected 78 samples and isolated 83 fungal strains. Fusarium was identified
from Fusarium ear rot (FER) and Gibberella ear rot (GER) and Stenocarpella from Diplodia ear rot
(DER) samples, respectively. Using LC-MS/MS multi-mycotoxin analysis, it was revealed that 83%
of the collected samples contained mycotoxins, and 17% contained no mycotoxins. Fifty percent of
samples contained multiple mycotoxins (deoxynivalenol, 15-acetyl-deoxynivalenol, diplodiatoxin
and zearalenone) and 33% contained a single mycotoxin. Fusarium verticillioides was not isolated and
fumonisins not detected during this survey. This study revealed that ear rots in the Eastern Cape are
caused by a wide range of species that may produce various mycotoxins.

Keywords: maize; Fusarium spp.; LC-MS/MS; multi-mycotoxins; ear rot

Key Contribution: The findings of this research suggest a change in both fungal diversity and
mycotoxin profile within Eastern Cape maize, from those previously reported for the region. Fusarium
verticillioides was not isolated in this study, and fumonisins were not detected. In addition, it serves
as the first report of diplodiatoxin in Eastern Cape maize with multi-mycotoxin contamination.

1. Introduction

Maize is a staple crop produced by commercial, small-scale and subsistence farmers in
many African countries, especially in sub-Saharan Africa [1]. In South Africa, commercial
maize production is concentrated in the central regions that includes the Free State, North
West, Gauteng and Mpumalanga provinces [2]. The Eastern Cape (EC) contributes about
1% of South Africa’s annual maize production, with many farms classified as small-scale or
emerging across the province [3].

Maize production in Africa continuously faces challenges like pests and diseases
preventing regions from reaching their full production potential [4]. Maize ears are prone to
fungal infection, often resulting in ear rots and/or subsequent mycotoxin contamination of
kernels. Economically, it is one of the most important diseases [5], either directly associated
with reduced trade revenue due to contamination, or with adverse health effects [1].

Globally the most common maize fungal ear rots include Aspergillus (AER), Cla-
dosporium (CER), Diplodia (DER), Fusarium (FER), Gibberella (GER) and Penicillium
(PER) [6]. The distribution of ear rots is dependent on climatic and geographical conditions;
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however, DER, FER and GER are reported as the most common to South Africa [5,7,8].
Diplodia ear rot is caused by Stenocarpella maydis (=Diplodia maydis), whereas FER is caused
by several species classified within the Fusarium fujikuroi species complex (FFSC) and GER
by members of the Fusarium sambucinum species complex (FSAMSC) [9–12]. Fusarium
verticillioides (=F. moniliforme) is most commonly linked with FER, while F. graminearum
is most commonly linked with GER [13–15]. However, several other species from both
the FFSC and FSAMSC can also cause ear rots and differ in their abilities to produce my-
cotoxins [13,16]. These mycotoxins can cause disease or death in animals and humans if
consumed above threshold levels [17]. Mycotoxin contamination of maize can occur across
the entire value chain, from the field, during transportation or storage, and is affected by
many biotic and abiotic factors (e.g., climatic conditions) [18–21]. Fumonisins were first
discovered from home-grown maize in the EC after being linked to oesophageal cancer
in the Transkei region [22–24]. Since the discovery of fumonisins, mycotoxin levels in
commercially produced maize in South Africa are monitored annually by the Southern
African Grain Laboratory (SAGL) as part of the maize quality crop survey, but this does
not usually include EC-produced maize.

The occurrence of maize ear rots in South Africa were previously reported [7,23,25–30].
In these studies, fungal species were identified using morphology or species-specific quan-
titative PCR (qPCR). However, the use of morphology often results in misidentifications,
especially in the case of cryptic species (species that are morphologically identical but
genetically different), while identification using species-specific qPCR does not consider
the possibility of the presence of other potential ear rot causal agents. Furthermore, even
though mycotoxin contamination of maize in South Africa has been studied [31–35], the
correlation between ear rots and species associated with it has not been linked, especially
using modern taxonomic approaches.

To help mitigate potential mycotoxin contamination in EC-produced maize, it is
important to complete fungal surveys to determine what species are present on maize,
which mycotoxins they may produce and determine the level of mycotoxin contamination
across the province. This study thus aimed to complete a maize ear rot survey across EC
farms, with the goals to (1) determine their distribution and severity, (2) identify the fungal
species responsible for ear rots and (3) determine the mycotoxins present on collected ear
rot samples.

2. Results
2.1. Ear Rot Survey

Ear rots were observed at 12 of the 19 farms (Table 1). These include CER (five farms,
Figure 1A), DER (six farms, Figure 1B), FER (ten farms; Figure 1C), and GER (three farms;
Figure 1D). Generally, ear rot incidence (0.8–14%) and severity (an average score of two
recorded) was low (Table 1). The exception was farm 5, where the field had mild-to-severe
DER, attributed to a hailstorm that damaged ears a month earlier. From the farms where
ears rots were reported, a single ear rot was observed at four farms including farm 3 (FER),
farm 8 (CER), farm 9 (CER) and farm 11 (FER). Farms where two types of ear rots were
observed include farm 2 (DER and FER), farm 4 (CER and FER), farm 6 (DER and FER),
farm 7 (FER and GER) and farm 10 (DER and FER). Three types of ear rots were observed
at farm 1 (CER, DER and FER) and farm 5 (DER, FER and GER), while four types of ear
rots were observed at farm 12 (CER, DER, FER and GER).

2.2. Mycotoxins

Aflatoxins (AFs; including AFB1, AFB2, AFG1 and AFG2), fumonisins (FBs; including
FB1, FB2 and FB3), HT-2 toxin (HT-2), ochratoxin A (OTA) and T-2 toxin (T-2) were not de-
tected at any farm. However, deoxynivalenol (DON), 15-acetyldeoxynivalenol (15-ADON),
diplodiatoxin (DIP) and zearalenone (ZEN) were detected (summarized in Table 2). Mul-
tiple mycotoxins were detected from six of the twelve farms, including farm 2 (DON,
15-ADON and DIP), farm 4 (DON and 15-ADON), farm 5 (DON, 15-ADON, DIP and ZEN),
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farm 6 (DON and DIP), farm 7 (DON, 15-ADON and ZEN) and farm 12 (DON, 15-ADON,
DIP and ZEN). A single mycotoxin was detected at farm 1 (DIP), farm 8 (DON), farm
9 (DIP) and farm 10 (DIP), while none of the tested mycotoxins were detected from farms
3 and 11, even though FER was detected at both.

Table 1. Species isolated from ear rots from the respective farms in this study.

Farm Number Ear Rot Species Detected District e
General Disease

Incidence (%) Severity (Average)

Farm 1

CER a C. pseudocladosporioides *

AN 14 1DER b S. maydis **

FER c F. temperatum ***

Farm 2
DER S. maydis

AN 6 1
FER F. temperatum

Farm 3 FER F. temperatum AN 2 2

Farm 4
CER C. cladosporioides,

C. pseudocladosporioides CH 3 2
FER F. temperatum, F. scirpi

Farm 5

DER S. maydis

CH 35 7FER F. oxysporum, F. temperatum

GER d F. boothii, F. poae

Farm 6

DER S. maydis

CH 5 2
FER F. clavus, F. oxysporum, F.

subglutinans, F. temperatum

Farm 7

FER F. oxysporum, F. temperatum
JG 3 2

GER F. boothii, F. graminearum,
F. poae

Farm 8 CER C. cladosporioides JG 6 1

Farm 9 CER C. cladosporioides JG 11 1

Farm 10
DER S. macrospora, S. maydis

ORT 2 2
FER F. temperatum

Farm 11 FER F. subglutinans,
F. sporodochiale ORT 1 2

Farm 12

CER C. cladosporioides

ORT 0.8 1
DER S. maydis

FER F. temperatum

GER F. boothii

* C. = Cladosporium, ** S. = Stenocarpella and *** F. = Fusarium. a: Cladosporium ear rot (CER); b: Diplodia ear rot
(DER); c: Fusarium ear rot (FER) and d: Gibberella ear rot (GER). e: Districts: AN = Alfred Nzo; CH = Chis Hani;
JG = Joe Gqabi; and ORT = OR Tambo.

Deoxynivalenol was detected from seven farms. It was detected from four farms
where GER samples were collected, including farm 5 (5678 µg/kg), farm 6 (254 µg/kg),
farm 7 (18,306 µg/kg) and farm 12 (7273 µg/kg). It was also detected from three farms
(farm 2 (879 µg/kg), farm 4 (3143 µg/kg) and farm 8 (89 µg/kg (<LOQ)) where GER was
not observed and no FSAMSC species were isolated.

The DON derivative, 15-ADON, was detected from all farms where DON was detected,
except for farms 6 and 8. It was detected from three farms where GER samples were
collected including farm 5 (257 µg/kg), farm 7 (1263 µg/kg) and farm 12 (736 µg/kg). It
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was also detected from farms where GER was not observed and no FSAMSC species were
isolated, including farm 2 (174 µg/kg) and farm 4 (301 µg/kg). The levels of 15-ADON
detected were far lower than DON.
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Figure 1. Ear rots collected across the Eastern Cape. (A) Cladosporium ear rot, (B) Diplodia ear rot,
(C) Fusarium ear rot and (D) Gibberella ear rot.

Table 2. Mycotoxins detected from ear rots in this study.

Farm Number

Mycotoxins Detected (Average µg/kg)

DON a 15-ADON b DIP c ZEN d

LOQ e: 100 µg/kg LOQ: 100 µg/kg LOQ: 50 µg/kg LOQ: 20 µg/kg

LOD f: 50 µg/kg LOD: 50 µg/kg LOD: 25 µg/kg LOD: 10 µg/kg

Farm 1 ND ND 726 ND

Farm 2 879 174 122 ND

Farm 3 ND ND ND ND

Farm 4 3143 301 ND ND

Farm 5 5678 257 33,808 23

Farm 6 254 ND 2648 ND

Farm 7 18,306 1263 ND 639

Farm 8 <LOQ ND ND ND

Farm 9 ND ND <LOQ ND

Farm 10 ND ND 1268 ND

Farm 11 ND ND ND ND

Farm 12 7273 736 23,004 67
a: Deoxynivalenol (DON); b: 15-acetyldeoxynivalenol (15-ADON); c: diplodiatoxin (DIP) and d: zearalenone
(ZEN). e and f: Limit of quantitation (LOQ) means the lowest concentration level that can be quantified with
acceptable precision and accuracy by the mass spectrometer. Limit of detection (LOD) is the lowest concentration
level that can be detected but not quantified and is 50% of the LOQ of each mycotoxin. A concentration measured
below the LOD is reported as not detected (ND).

Diplodiatoxin was detected from six farms where DER was collected, including farm
1 (726 µg/kg), farm 2 (122 µg/kg), farm 5 (33,808 µg/kg), farm 6 (2648 µg/kg), farm
10 (1268 µg/kg) and farm 12 (23,004 µg/kg), but also from farm 9 (25 µg/kg (<LOQ)) where
no DER or producing species was observed. Lastly, ZEN was detected from three farms
(farm 5 (23 µg/kg), farm 7 (639 µg/kg) and farm 12 (67 µg/kg)) where GER was collected.

2.3. Fungal Identification

Isolations from 78 ear rot samples resulted in 83 fungal strains identified into six genera
and 16 species, including Cladosporium (two species), Epicoccum (one species), Fusarium
(nine species), Mucor (one species), Stenocarpella (two species) and Trichoderma (one species).
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The Epicoccum (n = 1), Mucor (n = 1) and Trichoderma (n = 1) were not associated with any
specific ear rot symptoms. Strains isolated, species identified and gene sequences generated
with GenBank accession numbers are summarized in Supplementary Table S1. From FER
samples, six Fusarium species (Figure 2A) were isolated and identified, including F. clavus
(n = 1, Fusarium incarnatum-equiseti species complex (FIESC)), F. oxysporum (n = 2, Fusarium
oxysporum species complex (FOSC)), F. scirpi (n = 1, FIESC), F. sporodochiale (n = 1; Fusarium
chlamydosporum species complex (FCSC)), F. subglutinans (n = 4, FFSC) and F. temperatum
(n = 33, FFSC). Fusarium temperatum was isolated from all farms where FER was observed,
and this was the only species isolated from FER on farm 3. Three Fusarium species were
identified from GER, and all belong to the FSAMSC (Figure 2B). These include F. boothii
(n = 7), F. graminearum (n = 4) and F. poae (n = 3).
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Figure 2. Species isolated from different ear rots in the Eastern Cape (n = number of strains isolated).
(A) Fusarium species isolated from FER, (B) Fusarium species isolated from GER, (C) Stenocarpella
species isolated from DER and (D) Cladosporium species isolated from CER.

Stenocarpella maydis (n = 17) and S. macrospora (n = 1) were isolated from DER samples
(Figure 2C). Stenocarpella maydis was isolated from all farms where DER was identified,
with a single isolate of S. macrospora isolated from a DER sample together with S. maydis.
Cladosporium cladosporioides (n = 4) and C. pseudocladosporioides (n = 2) were isolated from
CER (Figure 2D).

3. Discussion

This is the first survey conducted in the EC of South Africa to make use of DNA
sequences to accurately identify species associated with maize ear rots. Ear rots were
observed at 12 of 19 farms surveyed, including CER (5/12), DER (6/12), FER (10/12) and
GER (3/12). Fungal isolations from these resulted in the identification of six genera and
16 species, most notably Fusarium and Stenocarpella. Mycotoxins (DON, 15-ADON, DIP
and ZEN) were detected at 10 of the 12 farms where ear rots were collected.

Fusarium ear rot has been reported frequently in South Africa [8,25,26,29,36] and
worldwide [13,37–43], with F. verticillioides being the most common species reported, fol-
lowed by F. subglutinans and F. temperatum. During this study, no F. verticillioides or FBs
were detected from FER samples. This differs from previous South African surveys that
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report F. verticillioides as the most common species associated with FER [8,25,26,29,36].
The absence of F. verticillioides and FBs was surprising considering F. verticillioides and
its mycotoxin, FB1, have been frequently reported from smallholder-produced maize in
the EC [23,44–46]. During this study, F. subglutinans and F. temperatum were frequently
isolated from FER. These are cryptic sister species that are reproductively isolated and
were previously reported as distinct groups (1 and 2) of F. subglutinans [47,48]. The two
groups were later described as two distinct species, F. subglutinans (previously Group 2)
and F. temperatum (previously Group 1) [49]. Fusarium subglutinans is prevalent in cooler
maize production areas such as the northern United States of America and Canada [50,51]
and central and northern Europe [14]. Recently, F. temperatum has been found to dominate
maize production areas in North America, Argentina and Europe [12]. Previous studies
conducted on maize in South Africa detected F. subglutinans [25,26,29,36]. However, these
studies were conducted prior to the reclassification and splitting of F. subglutinans into
two species. This implies that species identifications in the South African literature may
be outdated. It was previously reported that both F. subglutinans and F. temperatum can
produce FBs [11,49,52]. However, the biosynthetic gene clusters required for FB production
have not been found in the former species [38,53]. Whilst these species are sister species,
their mycotoxin production potential differs, and they are known to produce emerging my-
cotoxins [11]. Fusarium subglutinans can produce moniliformin (MON), which is cytotoxic
and has been implicated in protein synthesis inhibition, chromosome damage, intestinal
haemorrhaging, coma and death in poultry [12,38,54], while F. temperatum can produce
beauvercin (BEA), which has been implicated in the induction of apoptosis and enzyme
inhibition [11,49,53,55]. Neither of these were tested for during our mycotoxin analyses.

Gibberella ear rot was previously reported in South Africa [8,25,26,29,56] and glob-
ally [13,40,41,43], with F. graminearum the most commonly reported. This survey iden-
tified known GER causal agents F. boothii, F. graminearum and F. poae [57]. Gibberella
ear rot is found to predominate in cooler temperatures and regions with high precipita-
tion [13,14,50,51]. Previous surveys from South Africa mostly reported F. graminearum as
the GER causal agent [25,26,36]; however, F. boothii has also been reported [56]. Fusarium
poae is a pathogen typically associated with small grain cereals and causes Fusarium Head
Blight (FHB) of wheat in South Africa [56,58,59]. It has previously been isolated from
asymptomatic maize in South Africa [46,60]; however, this is the first report of it being
isolated from GER in the country. Fusarium boothii and F. graminearum are producers of
DON (a regulated mycotoxin, <2000 µg/kg for human consumption) and its derivative
15-ADON (an unregulated mycotoxin) [61,62]. In addition to these mycotoxins, F. gramin-
earum produces ZEN (a regulated mycotoxin, <75 µg/kg for human consumption) [63],
while F. poae can produce emerging mycotoxins like diacetoxyscirpenol (DAS), fusarenone
X (FUS-X), neosolaniol (NEO) and nivalenol (NIV) [11]. Deoxynivalenol, 15-ADON and
ZEN were detected in this study and have also been detected from other maize-producing
regions in South Africa [31–34,64–66]. Mycotoxin analysis revealed that the EC has one of
three DON chemotypes (15-ADON chemotype), and this has previously been reported in
South Africa, as well as the Americas and Europe [11,67].

In South Africa, annual mycotoxin surveys on various agricultural produce, including
maize, are conducted. A shift in the dominant mycotoxins detected from all agricul-
tural produce has been observed. Previously, reports indicated FB1 to be the dominant
mycotoxin, especially associated with maize [23,32,34,35,65,68,69]. This study, and the
above-mentioned studies have observed that FB1 is no longer the dominant mycotoxin
and that DON, 15-ADON and ZEN are becoming more prominent. Health implications
following consumption of DON include feed refusal by swine and altered immune function,
while consumption of ZEN results in oestrogenic activity of mammals [13,50,62,70].

Like FER and GER, DER has been reported in South Africa [25,26,29,30,36], with
S. maydis the main causal agent, but S. macrospora has also been shown to be associated
with DER [26,71,72]. Diplodia ear rot is often found in maize production regions that
experience dry weather early in the season, followed by wet weather conditions prior to
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and after silking conditions [71,73]. Outbreaks of DER typically occur in the late winter
months [36]. This study isolated S. maydis from all DER samples, with a single isolate of
S. macrospora found together with the former. Stenocarpella maydis is known to produce
DIP and chaetoglobosins K and L; however, the production potential has been found to
differ between strains [72,74,75]. Diplodiatoxin is an unregulated neuromycotoxin affecting
mainly cattle and sheep and has been linked to diplodiosis outbreaks in South Africa,
Argentina and Brazil [74,76,77]. Symptoms of diplodiosis include ataxia and paralysis;
however, toxicity studies conducted have not definitively identified DIP as the metabolite
responsible for this mycotoxicosis [78]. This is the first report of DIP detected from grown
maize in the EC.

The type of ear rot, distribution and prevalence of the species, and the mycotoxins
associated are influenced by environmental conditions [13]. Conditions that favour FER
caused by F. annulatum, F. subglutinans and F. verticillioides include high temperatures and
dry conditions, while low temperatures and high precipitation favours GER caused by
F. graminearum and F. culmorum [12,14,40]. In general, the EC experiences moderate-to-
warm temperatures (19–27 ◦C) during the day and cooler temperatures (0–7 ◦C) at night.
However, there are variations in climatic conditions between the districts within the EC. For
example, the AN district will experience cooler climatic conditions as it is found at a higher
elevation close to a mountainous region [79]. The ORT district however experiences more
humid conditions and moderate-to-high rainfall along its sub-tropical coast, but it also has
pockets of mountainous areas [80]. Suboptimal environmental conditions can contribute
to mycotoxins not being present at the two farms that had ear rots and mycotoxigenic
species present. Variations in the climatic conditions not only impact the distribution of the
ear rots observed but also the species and the mycotoxins that are associated with them.
This should be studied further to gain a better understanding of the influence climatic
conditions have.

Ear rot infection and subsequent mycotoxin contamination can be mitigated following
the application of good agricultural practices. This study observed a difference in the
dominant species (from F. verticillioides to F. temperatum) and mycotoxins (from FB1 to
multiple mycotoxins) previously reported to be associated with ear-rot-affected maize
in the EC and South Africa [33,44,46,64–66,81,82], noting that both F. verticillioides and
F. temperatum are commonly isolated during our ongoing survey from seemingly healthy
grains. We hypothesize that a shift in the species causing ear rots is occurring in South
Africa. In order to confirm this, however, more extensive sampling over a longer period
of time is needed. In addition, this study has also highlighted the growing concern that
multiple species and multiple mycotoxins may be associated with EC maize. Due to the
production potential of the EC, continuous maize ear rot and mycotoxin monitoring should
be conducted over multiple seasons to obtain a better understanding of the ear rots and
mycotoxins typical for the area. This will ensure continuous safe food production with the
goal to minimize the financial loss directly associated with yield loss, as well as indirectly
associated with consumer-related health impacts. Isolates obtained during this study
have been accessioned into culture collections and will be used in future studies that will
explore the biotic and abiotic factors that trigger mycotoxin production. This will not only
contribute to the development of prevention and management strategies that are unique to
the EC microclimate but also sustainable food security.

4. Materials and Methods
4.1. Ear Rot Survey and Sample Collection

Nineteen emerging maize farms across the EC were surveyed for maize ear rots during
May 2021, approximately two weeks before harvesting. Farms were located in the Alfred
Nzo (AN), Chris Hani (CH), Joe Gqabi (JG) and OR Tambo (ORT) districts. Disease severity
was determined using a disease rating scale of one to nine, where one is resistant and
nine is very susceptible [83]. Every fifth ear in a planted row was examined for ear rot
and scored using the above disease rating scale. The disease incidence of individual rows
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was calculated as a proportion of disease-rated maize cobs to the number of maize cobs
surveyed [84]. This is presented as a percentage value. Total field disease incidence was
determined by averaging the disease incidence for individual rows. Whole symptomatic
maize ears were removed from the plant and placed in individual paper bags labelled with
the respective sample number. Samples were stored at 4 ◦C until processing.

4.2. Mycotoxin Sample Preparation

Ear rot samples were processed at SAGL (ISO/IEC17025:2017 accredited) and my-
cotoxin levels determined following the validated methodology published by Meyer,
Skhosana, Motlanthe, Louw and Rohwer [33]. Maize kernels were removed from the
cob and milled with a 1 mm sieve (Retsch ZM 200 mill). Milled samples were mechanically
mixed for 90 min. Subsamples (10 g ± 0.05 g) were weighed out and 40 mL extraction
solvent, comprising 50:25:25 ultra-pure water (<18.2 MΩ·cm)–methanol (MeOH, for high-
performance liquid chromatography (HPLC), >99.9%)–acetonitrile (AcCN, ACS/HPLC
grade, Burdick and Jackson) was added. The samples were blended using an overhead
stirrer for 1 min and were subsequently transferred to a 50 mL polypropylene centrifuge
tube. Centrifuge tubes were shaken on a mechanical shaker in the horizontal position for
15 min at 260 rpm and subsequently centrifuged for 10 min at 3000 rpm. A volume of 5 mL
of the supernatant was aliquoted into a volumetric flask, and 5 mL of the dilution solution
(25% MeOH in H2O) was added. Sample extracts were filtered into HPLC amber vials
using 13 mm, 0.22 µm syringe filters.

4.3. Mycotoxin Analysis

Fourteen mycotoxins were monitored for, including AFs, DON, 15-ADON, DIP, FBs,
HT-2, OTA, T-2 and ZEN. A standard (10 µg/mL) was prepared using stock solutions
of AFs, DON, 15-ADON, FB1, OTA, T-2, ZEN, HT-2 (Romer Labs Diagnostic GmbH,
Tulln, Austria), FBs (FB2 and FB3) (Cape Peninsula University of Technology, Cape Town,
South Africa) and DIP (University of Pretoria). Maize matrix-matched standards, for
quantitative analyses, were prepared from the stock solution using maize samples not
contaminated with the analysed mycotoxins. Additionally, negative controls were prepared
using only the extraction solvent and the uncontaminated maize sample, and spiked
samples (positive controls) were prepared at a concentration of 5 and 50 µg/kg, respectively,
in 10 g uncontaminated maize.

Liquid chromatography mass spectrometry (LC-MS/MS) analysis was carried out on
an ultra-performance liquid chromatograph (Waters Acquity UPLC, Waters Corp, Milford,
MA, USA) with a C18 column (Waters Acquity UPLC BEH, 1.7 µm, 50 × 2.1 mm ID) at
30 ◦C connected to a tandem (triple) quadrupole mass spectrometer (Waters Acquity TQD).
The MRM transitions are described in Supplementary Table S2. A programmed gradient
elution comprising mobile phase A (0.5 mM ammonium acetate (purity ≥ 98%, Sigma-
Aldrich/Merck, St. Louis, MO, USA) and 0.1% formic acid (98–100%, Suprapur, Merck)),
and mobile phase B (AcCN with 0.1% formic acid) at a column flow rate of 0.4 mL/min
from an A:B ratio of 90:10 to an A:B ratio of 10:90 in 15 min was used for the separation of the
14 mycotoxins. The sample injection volume was set at 5 µL. A standard calibration curve
with at least six concentrations was constructed (linear, 1/x weighted, origin excluded)
for each mycotoxin. The samples were analysed in duplicate, and the mean values were
reported. The results were not corrected for percentage recovery. The percentage recoveries,
concentration ranges of the calibration curves and LOQs of the 14 mycotoxins are reported
in Supplementary Table S2.

4.4. Fungal Isolation and Identification

Symptomatic maize ears were observed under a stereomicroscope and fungal material
transferred using a sterile needle onto 1/4 Potato Dextrose Agar (PDA) supplemented
with chloramphenicol (100 mg/L). The plates were incubated for ~7 d at room tempera-
ture (±23 ◦C). Single-spore cultures were prepared following Leslie and Summerell [85],
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with pure cultures subsequently preserved in 10% glycerol and stored at −80 ◦C. The
cultures were accessioned into the Applied Mycology working collection (CN collection)
and representative cultures for each species into the CMW culture collection, both housed
at the Forestry and Agricultural Biotechnology Institute (FABI) at the University of Pretoria,
Pretoria, South Africa.

Genomic DNA was extracted from 7 d old cultures grown on 1/4 PDA. DNA ex-
tractions for Fusarium and Stenocarpella isolates were carried out using PrepMan® Ultra
(Applied Biosystems, Waltham, MA, USA) following the manufacturer’s instructions. For
pigmented fungi such as Cladosporium, Epicoccum and Trichoderma, DNA extractions were
carried out using the Quick-DNATM Fungal/Bacterial Miniprep kit (Zymo Research, Irvine,
CA, USA) following the manufacturer’s instructions.

PCR amplifications were made in 25 µL PCR master mixes consisting of 5 µL of
BioLine 5 X MyTaq Reaction Buffer (Meridian BioScience, Ohio, OH, USA), 0.50 µL of each
primer (10 µM), 17.85 µL of demineralized sterile water and 0.15 µL of BioLine MyTaq
DNA Polymerase (Meridian BioScience, Ohio, OH, USA). The internal transcribed spacer
(ITS1-5.8S-ITS2) rDNA region (ITS) [86,87], large subunit (LSU) [88,89] and translation
elongation factor 1-alpha (TEF) [48,90] gene regions were amplified. PCR conditions and
primers used for these are included in Supplementary Table S3.

Amplified fragments were purified using Exo-SAP-IT PCR Product Cleanup Reagent
(ThermoFischer Scientific, Waltham, MA, USA) and sequenced in both directions using the
BigDye Terminator v.3.1 Cycle Sequencing Kit (Applied Biosystems, CA, USA) with the
same primers used for PCR. Sequencing reactions were run on an ABI PRISM 3100 Genetic
Analyzer (Applied Biosystems, CA, USA). Contigs were assembled and edited using
Geneious Prime v. 2019.2.1 (BioMatters Ltd., Auckland, New Zealand).

Sequences generated in this study were compared to locally curated databases, mainly
compiled from published taxonomic studies, and obtained from the National Centre for
Biotechnology Information’s (NCBI) nucleotide database (http://www.ncbi.nlm.nih.gov/
nucleotide/, accessed on: 28 January 2024), Fusarium-MLST (https://fusarium.mycobank.
org, accessed on: 28 January 2024) and Fusarium-ID v.3.0 [91] databases. Newly generated
sequences were submitted to GenBank.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins16020095/s1, Table S1: Fungal species identified during
this study; Table S2: LC-MS/MS method parameters and method performance results; Table S3: PCR
conditions used for amplification.

Author Contributions: Conceptualization, J.-L.P., N.Y. and C.M.V.; methodology, J.-L.P., N.Y., H.M.
and C.M.V.; software, H.M. and C.M.V.; formal analysis, J.-L.P. and H.M.; investigation, J.-L.P.;
resources, H.M., N.Y. and C.M.V.; data curation, J.-L.P.; writing—original draft preparation, J.-L.P.;
writing—review and editing, J.-L.P., H.M., N.Y. and C.M.V.; visualization, J.-L.P., N.Y. and C.M.V.;
supervision, N.Y. and C.M.V.; project administration, J.-L.P., N.Y. and C.M.V.; funding acquisition,
C.M.V. and N.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Future Leaders—African Independent Research fellowship
programme (grant number: FLR\R1\201831). The FLAIR Fellowship Programme is a partnership
between the African Academy of Sciences and the Royal Society funded by the UK Government’s
Global Challenges Research Fund. This research also benefitted from funding by the European
Union’s Horizon 2020 research and innovation program (RISE) under the Marie Skłodowska-Curie
grant agreement No. 101008129, project acronym “Mycobiomics” (lead beneficiaries Neriman Yilmaz
and Cobus M. Visagie).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Sequence data is available on GenBank. Accession numbers are
provided in Supplementary Table S1.

http://www.ncbi.nlm.nih.gov/nucleotide/
http://www.ncbi.nlm.nih.gov/nucleotide/
https://fusarium.mycobank.org
https://fusarium.mycobank.org
https://www.mdpi.com/article/10.3390/toxins16020095/s1
https://www.mdpi.com/article/10.3390/toxins16020095/s1


Toxins 2024, 16, 95 10 of 13

Acknowledgments: The authors would like to acknowledge the Forestry and Agricultural and
Biotechnology Institute (FABI), the University of Pretoria and Zanele Diana Skhosana (SAGL) for her
assistance with the mycotoxin analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Chukwudi, U.P.; Kutu, F.R.; Mavengahama, S. Mycotoxins in maize and implications on food security: A Review. Agric. Rev.

2021, 42, 42–49. [CrossRef]
2. Gravelet-Blondin, R. Prospectus on the South African Maize Industry. Available online: https://sacota.co.za/wp-content/

uploads/Prospectus-on-the-South-African-Maize-Industry (accessed on 12 March 2020).
3. Aveling, T.A.S.; de Ridder, K.; Olivier, N.A.; Berger, D.K. Seasonal variation in mycoflora associated with asymptomatic maize

grain from small-holder farms in two provinces of South Africa. J. Agric. Rural Dev. Trop. Subtrop. 2020, 121, 265–275. [CrossRef]
4. Logrieco, A.; Battilani, P.; Leggieri, M.C.; Jiang, Y.; Haesaert, G.; Lanubile, A.; Mahuku, G.; Mesterházy, A.; Ortega-Beltran, A.;

Pasti, M.; et al. Perspectives on global mycotoxin issues and management from the MycoKey maize working group. Plant Dis.
2021, 105, 525–537. [CrossRef] [PubMed]

5. Boutigny, A.L.; Beukes, I.; Small, I.; Zühlke, S.; Spiteller, M.; Van Rensburg, B.J.; Flett, B.; Viljoen, A. Quantitative detection of
Fusarium pathogens and their mycotoxins in South African maize. Plant Pathol. 2012, 61, 522–531. [CrossRef]

6. White, D.G.; Carson, M.L.; Munkvold, G.P. Compendium of Corn Diseases, 4th ed.; Munkvold, G.P., White, D.G., Eds.; American
Phytopathological Society Press: St. Paul, MN, USA, 2016; Volume 165, p. 165.

7. Mabuza, L. Monitoring Fusarium, Gibberella and Diplodia Ear Rots and Associated Mycotoxins in Maize Grown under Different
Cropping Systems. Master’s Thesis, Stellenbosch University, Stellenbosch, South Africa, 2017.

8. Flett, B. A Look at the Most Important Ear Rots in Maize Production. Available online: https://www.grainsa.co.za/a-look-at-the-
most-important-ear-rots-in-maize-production#:~:text=The%20major%20maize%20ear%20rot,and%20potential%20human%20
toxicity%20problems (accessed on 15 April 2022).

9. Reid, L.M.; Nicol, R.W.; Ouellet, T.; Savard, M.; Miller, J.D.; Young, J.C.; Stewart, D.W.; Schaafsma, A.W. Interaction of Fusarium
graminearum and F. Moniliforme in maize ears: Disease progress, fungal biomass, and mycotoxin accumulation. Phytopathology
1999, 89, 1028–1037. [CrossRef] [PubMed]

10. Fandohan, P.; Hell, K.; Marasas, W.F.O.; Wingfield, M.J. Infection of maize by Fusarium species and contamination with fumonisin
in Africa. Afr. J. Biotechnol. 2003, 2, 570–579. [CrossRef]

11. Munkvold, G.P.; Proctor, R.H.; Moretti, A. Mycotoxin production in Fusarium according to contemporary species concepts. Annu.
Rev. Phytopathol. 2021, 59, 373–402. [CrossRef]

12. Munkvold, G.P. Fusarium species and their associated mycotoxins. Methods Mol. Biol. 2017, 1542, 51–106.
13. Logrieco, A.; Mule, G.; Moretti, A.; Bottalico, A. Toxigenic Fusarium species and mycotoxins associated with maize ear rot

in Europe. In Mycotoxins in Plant Disease; Logrieco, A., Bailey, J.A., Corazza, L., Cooke, B.M., Eds.; Springer: Dordrecht, The
Netherlands, 2002; pp. 597–609.

14. Bottalico, A. Fusarium diseases of cereals: Species complex and related mycotoxin profiles, in Europe. J. Plant Pathol. 1998,
80, 85–103.

15. Nelson, P.E. Taxonomy and biology of Fusarium moniliforme. Mycopathologia 1992, 117, 29–36. [CrossRef]
16. Logrieco, A.; Moretti, A.; Perrone, G.; Mulè, G. Biodiversity of complexes of mycotoxigenic fungal species associated with

Fusarium ear rot of maize and Aspergillus rot of grape. Int. J. Food Microbiol. 2007, 119, 11–16. [CrossRef]
17. Pitt, J.I. Toxigenic fungi and mycotoxins. Br. Med. Bull. 2000, 56, 184–192. [CrossRef]
18. Lillehoj, E.B.; Fennell, D.I.; Kwolek, W.F. Aspergillus flavus and aflatoxin in Iowa corn before harvest. Science 1976, 193, 495–496.

[CrossRef]
19. Shotwell, O.L. Mycotoxins in hot spots in grains. I. Aflatoxin and zearalenone occurrence in stored corn. Cereal Chem. 1975,

52, 687–697.
20. Sweeney, M.J.; Dobson, A.D.W. Mycotoxin production by Aspergillus, Fusarium and Penicillium species. Int. J. Food Microbiol. 1998,

43, 141–158. [CrossRef] [PubMed]
21. Eskola, M.; Kos, G.; Elliott, C.T.; Hajšlová, J.; Mayar, S.; Krska, R. Worldwide contamination of food-crops with mycotoxins:

Validity of the widely cited ‘FAO estimate’ of 25%. Crit. Rev. Food Sci. Nut. 2020, 60, 2773–2789. [CrossRef]
22. Bezuidenhout, S.C.; Gelderblom, W.C.A.; Gorst-Allman, C.P.; Horak, R.M.; Marasas, W.F.O.; Spiteller, G.; Vleggaar, R. Structure

elucidation of the fumonisins, mycotoxins from Fusarium moniliforme. J. Chem. Soc., Chem. Commun. 1988, 11, 743–745. [CrossRef]
23. Rheeder, J.P.; Van der Westhuizen, L.; Imrie, G.; Shephard, G.S. Fusarium species and fumonisins in subsistence maize in the

former Transkei region, South Africa: A multi-year study in rural villages. Food Addit. Contam. Part B 2016, 9, 176–184. [CrossRef]
[PubMed]

24. Gelderblom, W.C.; Jaskiewicz, K.; Marasas, W.F.; Thiel, P.G.; Horak, R.M.; Vleggaar, R.; Kriek, N.P. Fumonisins—Novel mycotoxins
with cancer-promoting activity produced by Fusarium moniliforme. Appl. Environ. Microbiol. 1988, 54, 1806–1811. [CrossRef]
[PubMed]

https://doi.org/10.18805/ag.R-140
https://sacota.co.za/wp-content/uploads/Prospectus-on-the-South-African-Maize-Industry
https://sacota.co.za/wp-content/uploads/Prospectus-on-the-South-African-Maize-Industry
https://doi.org/10.17170/kobra-202011262275
https://doi.org/10.1094/PDIS-06-20-1322-FE
https://www.ncbi.nlm.nih.gov/pubmed/32915118
https://doi.org/10.1111/j.1365-3059.2011.02544.x
https://www.grainsa.co.za/a-look-at-the-most-important-ear-rots-in-maize-production#:~:text=The%20major%20maize%20ear%20rot,and%20potential%20human%20toxicity%20problems
https://www.grainsa.co.za/a-look-at-the-most-important-ear-rots-in-maize-production#:~:text=The%20major%20maize%20ear%20rot,and%20potential%20human%20toxicity%20problems
https://www.grainsa.co.za/a-look-at-the-most-important-ear-rots-in-maize-production#:~:text=The%20major%20maize%20ear%20rot,and%20potential%20human%20toxicity%20problems
https://doi.org/10.1094/PHYTO.1999.89.11.1028
https://www.ncbi.nlm.nih.gov/pubmed/18944658
https://doi.org/10.5897/AJB2003.000-1110
https://doi.org/10.1146/annurev-phyto-020620-102825
https://doi.org/10.1007/BF00497276
https://doi.org/10.1016/j.ijfoodmicro.2007.07.020
https://doi.org/10.1258/0007142001902888
https://doi.org/10.1126/science.821144
https://doi.org/10.1016/S0168-1605(98)00112-3
https://www.ncbi.nlm.nih.gov/pubmed/9801191
https://doi.org/10.1080/10408398.2019.1658570
https://doi.org/10.1039/c39880000743
https://doi.org/10.1080/19393210.2016.1154612
https://www.ncbi.nlm.nih.gov/pubmed/26958826
https://doi.org/10.1128/aem.54.7.1806-1811.1988
https://www.ncbi.nlm.nih.gov/pubmed/2901247


Toxins 2024, 16, 95 11 of 13

25. Flett, B.C.; McLaren, N.W.; Wehner, F.C. Incidence of ear rot pathogens under alternating corn tillage practices. Plant Dis. 1998,
82, 781–784. [CrossRef] [PubMed]

26. Flett, B.C.; Wehner, F.C. Incidence of Stenocarpella and Fusarium cob rots in monoculture maize under different tillage systems.
J. Phytopathol. 1991, 133, 327–333. [CrossRef]

27. Ncube, E.; Flett, B.C.; Van den Berg, J.; Erasmus, A.; Viljoen, A. Fusarium ear rot and fumonisins in maize kernels when comparing
a Bt hybrid with its non-Bt isohybrid and under conventional insecticide control of Busseola fusca infestations. J. Crop Prot. 2018,
110, 183–190. [CrossRef]

28. Phokane, S. Mycotoxin Contamination of Maize and Groundnut Produced by Subsistence Farmers in Northern KwaZulu-Natal.
Master’s Thesis, Stellenbosch University, Stellenbosch, South Africa, 2018.

29. Rheeder, J.P.; Marasas, W.F.O.; Van Wyk, P.S.; Du Toit, W.; Pretorius, A.J.; Van Schalkwyk, D.J. Incidence of Fusarium and Diplodia
species and other fungi in naturally infected grain of South African maize cultivars. Phytophylactica 1990, 22, 97–102.

30. Flett, B.C.; McLaren, N.W.; Wehner, F.C. Incidence of Stenocarpella maydis ear rot of corn under crop rotation systems. Plant Dis.
2001, 85, 92–94. [CrossRef] [PubMed]

31. Gruber-Dorninger, C.; Jenkins, T.; Schatzmayr, G. Multi-mycotoxin screening of feed and feed raw materials from Africa. World
Mycotoxin J. 2018, 11, 369–383. [CrossRef]

32. Janse van Rensburg, B.; McLaren, N.W.; Flett, B.C.; Schoeman, A. Fumonisin producing Fusarium spp. and fumonisin contamina-
tion in commercial South African maize. Eur. J. Plant Pathol. 2015, 141, 491–504. [CrossRef]

33. Meyer, H.; Skhosana, Z.D.; Motlanthe, M.; Louw, W.; Rohwer, E. Long term monitoring (2014–2018) of multi-mycotoxins in South
African commercial maize and wheat with a locally developed and validated LC-MS/MS method. Toxins 2019, 11, 271. [CrossRef]

34. Ekwomadu, T.I.; Dada, T.A.; Nleya, N.; Gopane, R.; Sulyok, M.; Mwanza, M. Variation of Fusarium free, masked, and emerging
mycotoxin metabolites in maize from agriculture regions of South Africa. Toxins 2020, 12, 149. [CrossRef]

35. Ekwomadu, T.I.; Dada, T.A.; Akinola, S.A.; Nleya, N.; Mwanza, M. Analysis of selected mycotoxins in maize from North-West
South Africa using high performance liquid chromatography (HPLC) and other analytical techniques. Separations 2021, 8, 143–155.
[CrossRef]

36. Rheeder, J.; Marasas, W.; van Schalkwyk, D. Incidence of Fusarium and Diplodia species in naturally infected grain of South
African maize cultivars: A follow-up study. Phytophylactica 1993, 25, 43–48.
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