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Abstract Fungal species comprising the Fusarium
graminearum species complex (FGSC) may cause dis-
ease in maize and wheat. Host preference within the
FGSC has been suggested, in particular F. boothii to-
wards maize ears. Therefore, the disease development
and mycotoxin production of five FGSC species in
maize and wheat grain was determined. Eighteen iso-
lates representing F. acaciae-mearnsii, F. boothii,
F. cortaderiae, F. graminearum and F. meridionalewere
used. Each isolate was inoculated on maize ears and
wheat heads to determine host preferences. Disease
severity and disease incidence was measured for maize
and wheat, respectively. Fungal colonisation and myco-
toxins, deoxynivalenol (DON), nivalenol and
zearalenone, was also quantified. Isolates differed sig-
nificantly (P < 0.05) in their ability to produce symp-
toms on maize ears, however, no significant differences
between FGSC species were determined. Similarly, sig-
nificant differences (P < 0.05) between isolates but not
between FGSC species in disease incidence on wheat
were determined. The isolates also differed significantly
(P < 0.05) in their ability to colonise maize and wheat
grain. No significant differences in fungal colonisation,

among the five FGSC species, were determined in field
grown maize. However, under greenhouse conditions,
F. boothii was the most successful coloniser of maize
grain (P < 0.05). In wheat, F. graminearum colonised
the grain more successfully and produced significantly
more (P < 0.05) DON than the other species. Fusarium
boothii isolates were the best colonisers and mycotoxin
producers in maize, and F. graminearum isolates in
wheat. The selective advantage of F. boothii to cause
disease on maize was supported in this study.
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Introduction

At least 33 mycotoxin-producing Fusarium species have
been associated with grain crops in South Africa (Beukes
et al. 2017), of which Fusarium graminearum sensu lato
(s.l.) Schwabe is one of the most ubiquitous fungi asso-
ciated with grain diseases, not only in South Africa, but
also worldwide. High fungal infection rates lead to re-
duced seed germination, seedling blight and low kernel
weight in small-grain cereals drastically reducing profits.
The economic impact is further aggravated by price
deductions due to reduced seed quality (Windels 2000).
The most common diseases caused by F. graminearum
include Gibberella ear rot (GER) of maize (Munkvold
2003; Boutigny et al. 2011, 2012) and Fusarium head
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blight (FHB) of small-grain cereals such as wheat and
barley (Boutigny et al. 2011).

Infection of grain by F. graminearum also raises food
safety concerns as the fungus is able to produce toxic
secondary metabolites known as mycotoxins. Two
groups of mycotoxins are commonly associated with
F. graminearum s.l., namely zearalenone (ZEA) and
the type B-trichothecenes (TCT-B), most commonly
deoxynivalenol (DON) and, at a lower frequency,
nivalenol (NIV) (Lee et al. 2009; Boutigny et al. 2012;
Desjardins and Proctor 2011; Malbrán et al. 2014). The
TCT-B group of mycotoxins are phytotoxic and act as
virulence factors on sensitive plant hosts (Proctor et al.
1995, 2002; Jansen et al. 2005).Fusarium graminearum
s.l. produces one of three strain-specific TCT-B profiles
(chemotypes), namely: (i) NIV and its acetylated deriv-
atives (NIV chemotype), (ii) deoxynivalenol and the
acetylated derivative 3-acetyldeoxynivalenol (3-ADON
chemotype), or (iii) deoxynivalenol and the acetylated
derivative 15-acetyldeoxynivalenol (15-ADON
chemotype) (Ward et al. 2002; Alexander et al. 2011).

Since 2000, at least 16 distinct phylogenetic
l ineages have been descr ibed wi th in the
F. graminearum morphospecies (O’Donnell et al.
2000, 2004, 2008; Starkey et al. 2007; Yli-Mattila
et al. 2009; Sarver et al. 2011; Aoki et al. 2012).
These lineages have been designated phylogenetic
species status based on high-throughput multi-lo-
cus genotyping with DNA sequences from 13 nu-
clear genes, combined with genealogical concor-
dance of phylogenetic species recognition (Taylor
et al. 2000; Aoki et al. 2012). These lineages are
collectively referred to as the F. graminearum spe-
cies complex (FGSC).

An analysis of the FGSC associated with wheat,
barley and maize in South Africa identified six
FGSC species. Fusarium acaciae-mearnsii, F.
cortaderiae and F. meridionale possess the NIV
chemotype, the single F. brasilicum isolate a 3-
ADON chemotype and F. boothii the 15-ADON
chemotype. Isolates of F. graminearum predomi-
nately possesses the 15-ADON chemotype, with
only two of the 391 isolates characterized
representing a 3-ADON chemotype (Boutigny
et al. 2011). The study by Boutigny et al. (2011)
provided an understanding of the prevalence, geo-
graphic distribution and host range (of the host
species included) of FGSC species in South Afri-
ca. Fusarium graminearum was found to be the

dominant FGSC member associated with FHB of
wheat and barley, accounting for more than 85%
of the isolates collected. However, F. boothii was
exclusively associated with GER of maize ears.

Wheat, barley and maize are often grown in
rotation in South Africa, especially in the North
West and Northern Cape provinces. Differences in
FGSC species composition observed on these crops
suggest a competitive advantage for F. boothii to
colonise maize ears and F. graminearum to infect
wheat heads (Boutigny et al. 2011). Evidence of the
predilection of F. boothii towards maize as host
was also demonstrated in China. Zhang et al.
(2016) concluded that F. boothii is selected when
maize is cultivated without rotation and the rotation
of maize with wheat might restrict the infection
cycle of F. boothii. Further indications of potential
host preference among species of the FGSC was
also observed for rice in Korea, where F. asiaticum
was the dominant FGSC species causing FHB rath-
er than F. graminearum or F. boothii (Lee et al.
2009). Likewise, F. asiaticum was mainly found in
areas where rice is grown in rotation with wheat in
China (Zhang et al. 2012), whereas F. graminearum
was more common in wheat-maize rotation sys-
tems. In Brazil, F. graminearum was found to be
dominant in wheat (Del Ponte et al. 2015),
F. asiaticum in rice (Gomes et al. 2015), and
F. meridionale was determined as the predominant
FGSC species on maize ears and stalks (Kuhnem
et al. 2016).

Understanding host-specific differences in path-
ogen composition is of critical importance in the
development of disease and mycotoxin control
strategies. Additionally, such information can pro-
vide clarity about the value of crop rotation sys-
tems as part of an integrated management strategy.
It could also lead to novel approaches to achieve
improved resistance in commercial cultivars, by
using isolates with high virulence towards the host
crop in inoculation studies when screening for
resistance. In this study, the disease development
and mycotoxin production by isolates representing
FGSC species in maize, grown under field and
greenhouse conditions, were investigated to better
understand host preferences. These isolates were
also inoculated onto wheat, under field conditions,
to investigate differential disease development and
mycotoxin production between maize and wheat.
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Materials and methods

Fungal isolates and inoculum preparation

Eighteen FGSC isolates representing five species, col-
lected from diseased wheat and maize in South Africa,
were used in this study (Boutigny et al. 2011) (Table 1).
The isolates are maintained in the culture collection of
the Department of Plant Pathology at Stellenbosch Uni-
versity, South Africa. Conidial suspensions for green-
house maize inoculations were prepared by cultivating
FGSC isolates in 100 mLmung bean broth (Evans et al.
2000) at 25 °C on a rotary shaker at 100 rpm. After
14 days the fungal spores were collected by filtration
through double layer sterile cheesecloth. The suspen-
sions were then centrifuged at 4000 rpm for 10 min at
4 °C, the supernatant discarded and the conidia washed
twice with de-ionised, autoclaved water. The conidial
pellet was suspended in sterile de-ionised water and the
s p o r e c on c e n t r a t i o n d e t e rm i n e d u s i n g a

haemocytometer. The spore suspension was adjusted
to a final concentration of 4 × 104 conidia mL−1.

Little to no macroconidia production by some FGSC
isolates necessitated the use of mycelia for inoculations
of maize and wheat field trials. The FGSC isolates were,
therefore, inoculated in 100 mL potato dextrose broth
(PDB), incubated at 25 °C and shaken at 100 rpm, and
mycelia harvested by filtration through four layers of
cheesecloth after 1 week. The harvested mycelia was
rinsed with sterile de-ionised water and allowed to dry
for 30 min. For the inoculation of maize and wheat,
3.0 g and 4.0 g mycelia, respectively, was weighed into
100 mL sterile water. The mycelia was then pulverised
(VirTis® model no 6303–0002, The Virtis Company,
USA) to form a homogenous suspension. The viability
of the inoculum was confirmed by plating 1 mL suspen-
sion onto potato dextrose agar (PDA) after the comple-
tion of inoculations. Isolates were kept separate for all
inoculations and were not co-inoculated onto the same
plant.

Table 1 Origin, host and chemotype of Fusarium graminearum species complex isolates used for the inoculation of maize and wheat

FGSC species Isolate IDa Isolate IDb Geographical origin in South Africa Original host Chemotypec

F. acaciae-mearnsii 2–889 STE-U 8005 Kwa Zulu Natal Wheat NIV

F. acaciae-mearnsii 2–898 STE-U 8006 Kwa Zulu Natal Wheat NIV

F. acaciae-mearnsii 2–908 STE-U 8007 Kwa Zulu Natal Wheat NIV

F. boothii 2–805 STE-U 8008 Kwa Zulu Natal Wheat 15-ADON

F. boothii 2–881 STE-U 8009 Free State Wheat 15-ADON

F. boothii 2–987 STE-U 8010 Northern Cape Wheat 15-ADON

F. boothii M0002 STE-U 8011 Free State Maize 15-ADON

F. boothii M0010 STE-U 8012 Mpumalanga Maize 15-ADON

F. boothii M0100 STE-U 8013 North-West Maize 15-ADON

F. cortaderiae 2–551 STE-U 8014 Western Cape Wheat NIV

F. cortaderiae 2–571 STE-U 8015 Western Cape Wheat NIV

F. cortaderiae 2–911 STE-U 8016 Kwa Zulu Natal Wheat NIV

F. graminearum s.s. 2–559 STE-U 8017 Western Cape Wheat 15-ADON

F. graminearum s.s. 2–574 STE-U 8018 Mpumalanga Wheat 15-ADON

F. graminearum s.s. 2–922 STE-U 8019 Northern Cape Wheat 15-ADON

F. meridionale 2–623 STE-U 8020 Mpumalanga Wheat NIV

F. meridionale 2–853 STE-U 8021 Kwa Zulu Natal Wheat NIV

F. meridionale 2–895 STE-U 8022 Kwa Zulu Natal Wheat NIV

a Isolate identity according to Boutigny et al. (2011)
b Isolate identity at the Department of Plant Pathology, Stellenbosch University
c Determined by multi-locus genotyping (Boutigny et al. 2011)

15-ADON: 15 Acetyldeoxynivalenol; NIV: Nivalenol
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Plant material and artificial inoculation

Maize: A white maize cultivar, PHB30D07B (DuPont
Pioneer®, South Africa) characterised as susceptible to
GER, was planted at theWelgevallen experimental farm
at Stellenbosch University, Stellenbosch, Western Cape,
South Africa. In the greenhouse, seeds were planted
directly into 15-L plant bags filled with organic coconut
coir growth medium (Vegtech 2000, South Africa).
Plants were irrigated twice daily with approximately
500 mL of non-fertilised water until the seedlings were
2 weeks old. Thereafter, plants were irrigated twice daily
with 1 L of elemental nutrient solution per day. For field
trials, the seeds were planted manually in 5-m long rows
with an intra-row spacing of 0.3-m and an inter-row
spacing of 1-m. The field was fertilised 3 weeks after
planting with 2:3:2 N:P:K (22) + ZN at a rate of 200 kg
ha−1, and top-dressed with LAN 28 at the eighth leaf
stage (Small et al. 2012). Water was supplied using a
Tritan 2 L hr.−1 drip-irrigation pipe (Loxton Irrigation,
South Africa) for 90 min per day for the first 2 months,
after which irrigation time was reduced to 60 min every
second day.

Silk channel inoculation was performed 6 days after
silk emergence (Reid et al. 2002) according to Small
et al. (2012). In the greenhouse, 2 mL of the liquid spore
suspension was injected down the silk channel of pri-
mary ears, with three plants per treatment, repeated three
times in a randomised complete block design (RCBD).
Mock inoculations with sterile de-ionised water served
as controls. In the field trial, experimental plots of +/−15
plants represented a replicate with each treatment repli-
cated three times (RCBD). Sterile de-ionised water
served as the control treatment. After inoculation, over-
head irrigation was applied daily to ensure sufficient
humidity for disease development. Inoculated maize
ears were handpicked 8 weeks after inoculation, de-
husked and artificially dried in a forced-air oven at
50 °C to 12–14% moisture measured with a Delmhorst
G-7 Grain Moisture Meter (Delmhorst Instrument Co.,
USA).

Wheat: A wheat cultivar, SST047 (Sensako (Pty)
Ltd., South Africa) characterised as susceptible to
FHB, was planted under dryland conditions in a winter
rainfall area at the Sensako Research Farm, Napier,
Western Cape, South Africa. The trial was fertilized
using standard fertilization practices. Experimental units
(plots) were each 5-m long, and plots were inoculated in
triplicate (RCBD) with the 18 FGSC isolates. For

inoculations, wheat plants were tied into bunches con-
taining six heads, and ten bunches per 5-m row served as
a replicate. Bunches were spray-inoculated with 10 mL
of freshly prepared inoculum (Engle et al. 2003) during
full anthesis, and sterile water was used for mock-inoc-
ulations. The inoculated wheat heads were then covered
with plastic bags to maintain a humid micro-
environment (Teich and Michelutti 1993), and brown
paper bags to prevent ultra-violet (UV) damage of the
inoculated fungus. The bags were removed 3 days after
inoculations and inoculated bunches were handpicked
10 weeks after inoculations.

Disease evaluation and grain handling

At harvest, maize ears (between 12 and 18% kernel
moisture content) were handpicked, de-husked and
inspected for visual disease symptoms. Disease severity
was rated as a percentage of each ear surface showing
Gibberella ear rot (GER) symptoms, which include dark
purple or pink mold that usually starts at the tip of the
ear. Kernels exhibiting ‘starburst’ symptoms (white
streaking radiating from the cap of the kernels) were
also considered as diseased (Clements et al. 2004; Picot
et al. 2012). Maize ears were hand-shelled and bulked
according to each replicate. The maize kernels were
crushed using a Husqvarna cast-iron corn mill hand
grinder (Reliance, Sweden), with the grinder being
cleaned thoroughly between batches with high-
pressure air to avoid cross contamination. Disease inci-
dence, expressed as the percentage of infected wheat
heads per inoculated bunch (Hilton et al. 1999; Wegulo
et al. 2011), was determined 6 weeks post-inoculation.
The presence of the disease was characterised by symp-
toms of premature bleaching.Wheat heads were excised
1 cm below the basal spikelet at harvest and the grain
was mechanically threshed and winnowed. A sub-
sample (~25 g) of the coarsely-milled maize and wheat
kernels of each replicate, respectively, were further
milled into a fine flour with a Philips 400 W blender
(South Africa) and stored at −20 °C. Flour sub-samples
(2 g and 5 g) from each replicate was stored at −20 °C
until DNA and mycotoxin extractions were performed.

Fungal colonisation determination: DNA isolation
for real-time PCR

A reference isolate of F. graminearum (NRRL 28439),
provided by Dr. Kerry O’Donnell (USDA-ARS, Peoria,
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IL., USA), was used to produce DNA standards for the
quantification of FGSC species in maize and wheat. The
fungus was grown on PDA for 7 days and genomic
DNA was extracted from freeze-dried mycelia using
the commercial Qiagen DNeasy® Plant Mini Kit
(Whitehead Scientific (Pty) Ltd., South Africa), with
some modifications in the cell lysis and protein removal
steps (Fredlund et al. 2008; Boutigny et al. 2012). DNA
from the inoculated maize and wheat samples, as well as
additional DNA extractions from FGSC-free, water-
inoculated maize and wheat was performed according
to Boutigny et al. (2012). The fungal and plant DNA
was quantified using the Nanodrop ND-1000 Spectro-
photometer (Inqaba Biotechnical Industries, South Af-
rica). The DNA purity was evaluated by comparing the
absorbance ratios A260/280 (pure DNA ~1.8) and
A260/230 (ideally 1.8 to 2.2), and the plant DNA was
diluted to 10 ng μL−1.

Quantification of FGSC fungal DNA

Primers ZEA-F (5′-CTGAGAAATATCGCTACACT
ACCGAC-3′) and ZEA-R (5′-CCCACTCAGGTTGA
TTTTCGTC-3′) (Atoui et al. 2012) were used to quan-
tify FGSC DNA. The qPCR assay was carried out in a
total volume of 20 μL comprising 1X KAPA SYBR®
FAST, 2 μL DNA (10 ng μL−1), 200 nM of each primer
for maize and 250 nM for wheat. Real-time PCR was
performed on a Rotor-GeneTM 6000 (Corbett Life Sci-
ence, Whitehead Scientific (Pty) Ltd., South Africa)
using the cycling conditions: 95 °C for 5 min, 35 cycles
of 95 °C for 15 s, 65 °C for 35 s and 72 °C for 1 s,
followed by melt curve analyses from 72 °C to 95 °C,
rising by 1 °C each step.

The analytical specificity of the primer set to amplify
the target sequences of the 18 FGSC isolates (Table 1),
was determined. The isolates were grown on PDAplates
for 5 days and genomic DNA was then extracted from
fresh aerial mycelia using the Promega Wizard® SV
Genomic DNA Purification System (Anatech Instru-
ments (Pty) Ltd., South Africa). Fungal DNAwas quan-
tified using the Nanodrop ND-1000 Spectrophotometer
and diluted to ~10 ng μL−1 for use in the qPCR assays.
The qPCR reactions were prepared using the optimised
cycling conditions as described.

For direct comparisons with inoculated grain sam-
ples, a matrix matched mixed DNA standard curve was
prepared by diluting the F. graminearum (NRRL
28439) DNA (~20 ng μL−1) 41–46-fold in FGSC-free,

water-inoculated maize or wheat DNA (10 ng μL−1).
Real-time PCR reactions for each dilution standard were
performed in triplicate. Standard curves were analysed
using the Rotor-GeneTM 2.0.2.4 software (Corbett Life
Science, Whitehead Scientific (Pty) Ltd., South Africa),
which plotted the cycle threshold (Ct) values of the
diluted standards against the logarithm of the known
DNA concentration (Nanodrop Spectrophotometer
measurement). Dynamic tube normalisation, starting at
Cycle 1 and noise slope correction for standard curve
analysis was selected on the Rotor-GeneTM 2.0.2.4
software programme for all runs performed.

To assess the linearity and presence of inhibitors, the
correlation coefficient (R2), slope (M-value) and reac-
tion efficiency (E-value) were noted after analysis of
each standard curve. Stringent parameters were set to
ensure accurate, inhibition-free qPCR assays with
R2 > 0.99, M-values between −3.2 and −3.4, and an
efficiency of 0.98 to 1.05 (Corbett Life Science 2006;
European Commission 2008; Bustin et al. 2009). The
melting temperatures (Tm) of qPCR products were eval-
uated to confirm analytical specificity in planta.

To quantify FGSC target DNA in the inoculated
maize and wheat samples, the qPCR assays contained
a duplicate of each sample and a triplicate of the stan-
dard (F. graminearumDNA diluted 42-fold in target free
host DNA). Using the matrix specific standard curves,
the Ct values were transformed into DNA concentra-
tions using the Rotor-Gene™ 2.0.2.4 software.

Mycotoxin quantification

Mycotoxin extractions were performed on 5-g maize
and wheat flour samples according to Rose et al.
(2016). The analytes, together with the freshly prepared
standard dilution series of known concentration, were
sent to the Central Analytical Facility (CAF), Stellen-
bosch University for the simultaneous quantification of
DON, NIV and ZEA using liquid chromatography tan-
dem mass spectrometry (LC-MS/MS). The analytical
standards, used to prepare the standard dilution series
of DON, NIV and ZEA, were obtained from Sigma-
Aldrich (South Africa), and were all guaranteed >98%
pure.

Statistical analyses

All data obtained was subjected to univariate analysis of
variance (ANOVA) using the generalised linear model
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(GLM) procedure of SAS statistical software version
9.2 (SAS Institute Inc., Cary, NC, USA). The replicates
of each isolate were used to determine differences be-
tween isolates. To determine the most aggressive FGSC
species, isolates were considered as replicates within a
FGSC species (means of replicates for each isolate). The
Shapiro-Wilk test was performed to test for normality
(Shapiro and Wilk 1965) and variables (fungal coloni-
sation, DON, NIV and ZEA content) were ln trans-
formed [Ln(x + 1)] to stabilise the variance and improve
normality for all measurements (Snedecor and Cochran
1980). Transformation did not improve normality, thus
the untransformed data was reported on. Student’s t-test
least significant difference (LSD) was calculated at the
5% level to compare isolates and species means with
respect to the variable tested (Ott 1998), and a probabil-
ity level of 5% (P < 0.05) was considered significant for
all significance tests.

Pearson correlation coefficients (R) were used to
determine the relationship between fungal coloni-
sation and mycotoxin contamination (DON or NIV
and ZEA) using the CORR procedure in SAS. The
relationships were classified as very strong
(R > 0.7), strong (40 < R < 69), moderate
(30 < R < 39), weak (20 < R < 29) and negligible
(1 < R < 19) (Quinnipiac University 2015), and
were only considered significant when P < 0.05.

Results

Standard curves for qPCR assays

The standard curves obtained for the quantification
of FGSC target DNA in both maize and wheat
DNA matrices indicated that the correlation coef-
ficient (R2) for linearity and inhibition tests were
0.999 for each. The slopes were also within the
acceptance criterion with M values of −3.32 for
maize and −3.31 for wheat. The reaction efficien-
cies within both matrices were 1.00 (Table 2). The
analytical specificity of primer pair ZEA-F/ZEA-R
was demonstrated as all the FGSC isolates were
successfully amplified. Melt curve analysis of the
amplicons revealed a melt temperature (Tm) of
82.5–82.7 °C for all the isolates. The NTC reac-
tion, which generated a fluorescent signal, pro-
duced a different PCR product with a Tm of
75 °C.

Disease severity, fungal colonisation and mycotoxin
contamination in maize

Greenhouse trial: Significant differences between
FGSC isolates were determined in their ability to cause
disease on maize grain. All F. boothii isolates caused
significantly (P < 0.05) more disease than the water-
inoculated control, with three isolates being most viru-
lent based on the variation in the degree of disease
severity (Burlakoti et al. 2012) (Table 3). The F. boothii
isolates STE-U 8009 (51.9%) and STE-U 8013 (51.1%)
caused significantly more disease (P < 0.05) then the
other FGSC isolates evaluated, with the exception of the
third most virulent isolate, F. boothii STE-U 8010
(42.6%). Isolates of F. acaciae-mearnsii and
F. cortaderiae did not cause significantly (P > 0.05)
more disease than the water-inoculated control, and only
one isolate each of F. graminearum, STE-U 8018
(20.0%), and F. meridionale, STE-U 8021 (23.6%),
displayed significant more disease symptoms
(P < 0.05) than the water-inoculated control (Table 3).

FGSC isolates differed significantly (P < 0.05)
in their ability to colonise and produce their asso-
ciated mycotoxins in maize (Table 3). Fusarium
boothii isolates were the most successful maize
colonisers, with significantly (P < 0.05) more fun-
gal DNA of isolate STE-U 8013 measured in
inoculated grain (15.46 ng μL−1) than in any of
the other FGSC isolates used (Table 3). The
F. boothii isolates STE-U 8010 (8.54 ng μL−1)
and STE-U 8011 (7.41 ng μL−1) also resulted in
significantly (P < 0.05) more fungal DNA com-
pared to the water control (0.17 ng μL−1). The
highest DON concentration (40.12 μg mL−1) in
maize grain was produced by F. graminearum iso-
late STE-U 8018, followed by three F. boothii
isolates; STE-U 8013 (30.63 μg mL−1), STE-U
8010 (27.63 μg mL−1 ) and STE-U 8012
(23.19 μg mL−1). These four isolates differed sig-
nificantly (P < 0.05) from the water-inoculated
control, but not from each other (Table 3). Two
F. meridionale isolates, STE-U 8021 (5.93 μg
mL−1) and STE-U 8022 (4.93 μg mL−1), were
the only treatments which resulted in significantly
higher (P < 0.05) NIV concentrations than mea-
sured in the water control, although they did not
differ significantly (P > 0.05) from the other iso-
lates (Table 3). Only three isolates, the two
F. boothii isolates STE-U 8013 (7.91 μg mL−1)
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and STE-U 8009 (7.12 μg mL−1), as well as the
F. graminearum isolate STE-U 8018 (7.48 μg
mL−1), resulted in significantly (P < 0.05) higher
ZEA levels than measured in the water inoculated
control (Table 3).

The most virulent FGSC species on maize, based on
disease severity, was F. boothii (37.44%), as it was the
only species to cause significantly (P < 0.05) more
disease than all the FGSC species (Table 4). Fusarium
boothii was also the only species to result in significant-
ly (P < 0.05) higher fungal DNA levels (7.57 ng μL−1)
than the water-inoculated control, although it did not
differ significantly (P > 0.05) from F. graminearum
(1.9 ng μL−1) (Table 4). Neither F. boothii (21.53 μg
mL−1) nor F. graminearum (22.31μg mL−1) -inoculated
grain contained significantly more DON than the water-
inoculated control (0.49 μg mL−1), and only
F. meridionale-inoculated maize contained significantly
(P < 0.05) higher NIV levels (4.21 μg mL−1) than the
water control (not detected), although it did not differ
significantly (P > 0.05) from the other two NIV-
producing species (Table 4). No significant differences
(P > 0.05) were observed between any of the species
and the water control when evaluating ZEA contamina-
tion (Table 4).

Significant (P < 0.05) correlations were obtained
among disease severity, target DNA concentrations
and mycotoxin contamination in maize grain (Fig. 1 a-
i)). Strong positive correlations were obtained between
disease severity and fungal colonisation (R = 0.64;
P < 0.0001) (Fig. 1 a) as well as between disease
severity and DON (R = 0.52; P = 0.005) (Fig. 1 b) and
disease severity and NIV contamination (R = 0.67;
P = 0.0001) (Fig. 1 g). A very strong relationship was
found between disease severity and ZEA contamination
(R = 0.70; P < 0.0001) (Fig. 1 c). Strong positive
correlations were observed between fungal colonisation
and DON (R = 0.54; P = 0.0046) (Fig. 1 d), NIV
(R = 0.61; P = 0.0008) (Fig. 1 h) and ZEA contamina-
tion (R = 0.51; P = 0.0002) (Fig. 1 f). Additionally, a
strong, positive correlation was found between ZEA and
DON contamination (R = 0.69; P < 0.0001) (Fig. 1 e),
and a very strong correlation between ZEA and NIV
contamination of maize grain (R = 0.70; P < 0.0001)
(Fig. 1 i).

Field maize: The disease severity of GER symptoms
on maize ears ranged from 0.4 to 24.5% (Table 5).
Significant differences (P < 0.05) in disease severity
were determined amongst some of the 18 FGSC isolatesT
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(Table 5). The highest disease severity was caused by
F. boothii isolates STE-U 8009 (10.8%), STE-U 8008
(13.3%), STE-U 8010 (24.5%) and STE-U 8011
(10.3%). Isolate STE-U 8009 was the most virulent,
causing significantly more (P < 0.05) disease than all
isolates inoculated. Notably, an isolate of F. acaciae-
mearnsii (STE-U 8006) and F. meridionale (STE-U
8021) also produced 9.4 and 9.8% disease severity,
respectively. However, only F. boothii isolates STE-U
8008 and STE-U 8010 produced significantly more
GER symptoms than the water-inoculated control
(0.4%).

FGSC isolates differed significantly (P < 0.05) in
their ability to colonise and produce their associated
mycotoxins in maize (Table 5). The F. boothii isolate,
STE-U 8010, was the most successful maize coloniser
(1.62 ng μL−1) which was significantly more (P < 0.05)
than all other isolates, except for isolates STE-U 8006

(F. acaciae-mearnsii) (0.93 ng μL−1) and STE-U 8013
(F. boothii) (0.92 ng μL−1) (Table 5). Not all isolates
belonging to F. acaciae-mearnsii, F. cortaderiae and
F. meridionale, classified as NIV producers based on
chemotype, were able to produce detectable levels of
NIV in maize grain. However, F. boothii and
F. graminearum isolates, classified as DON producers,
all produced detectable levels of DON.

The F. boothii isolate, STE-U 8010 was the highest
DON-producing isolate and did not differ significantly
from F. boothii isolate STE-U 8011 (20.3 μg mL−1).
Both, however, differed significantly from the water-
inoculated control (P < 0.05), but not from the remain-
ing F. boothii isolates. The highest DON-producing
F. graminearum isolate, STE-U 8017 (5.6 μg mL −1),
did not differ significantly (P > 0.05) from the water
control or from the remaining F. graminearum isolates.
The NIV content of grain inoculated with the highest

Table 3 Mean disease severity, fungal colonisation and mycotoxin levels in greenhouse-grown maize grain inoculated with 18 isolates
representing five Fusarium graminearum species complex species

Treatment Disease severity
(%)

Fungal colonisation
(ng μL−1)

Deoxynivalenol (μg
mL−1)

Nivalenol (μg
mL−1)

Zearelanone (μg
mL−1)

FGSC species Isolate Mean SD Mean SD Mean SD Mean SD Mean SD

F. acaciae-mearnsii STE-U 8005 6.3 f-h 5.51 0.69 cd 0.38 N/A - 3.09 ab 3.56 0.18 d 0.16

F. acaciae-mearnsii STE-U 8006 5.9 f-h 5.10 0.44 d 0.18 N/A - 2.95 ab 2.69 0.47d 0.62

F. acaciae-mearnsii STE-U 8007 10.6 d-h 5.74 0.56 cd 0.24 N/A - 2.71 ab 1.64 0.23 d 0.19

F. boothii STE-U 8008 25.4 cd 11.22 5.68 b-d 3.54 18.38 bc 10.73 N/A - 2.86 d 3.14

F. boothii STE-U 8009 51.9 a 12.28 4.79 b-d 2.99 17.93 b-d 7.34 N/A - 7.12 a-c 5.31

F. boothii STE-U 8010 42.6 ab 12.33 8.54 b 3.06 27.63 a-c 12.28 N/A - 1.71 d 1.18

F. boothii STE-U 8011 20.2 c-f 24.28 7.41 bc 9.33 11.44 cd 15.57 N/A - 1.82 d 1.15

F. boothii STE-U 8012 33.4 bc 7.24 3.55 b-d 0.25 23.19 a-c 3.24 N/A - 3.43 b-d 0.91

F. boothii STE-U 8013 51.1 a 15.75 15.46 a 13.45 30.63 ab 12.15 N/A - 7.91 a 4.48

F. cortaderiae STE-U 8014 7.3 f-h 5.81 1.37 cd 1.05 N/A - 2.37 ab 0.69 0.7 d 0.47

F. cortaderiae STE-U 8015 7.8 e-h 3.65 0.68 cd 0.77 N/A - 2.01 ab 1.94 0.18 d 0.17

F. cortaderiae STE-U 8016 3.0 h 2.65 0.13 d 0.17 N/A - 1.82 ab - 0.27 d 0.46

F. graminearum STE-U 8017 7.6 e-h 4.35 MD - 14.3 b-d 2.22 N/A - 3.12 cd 0.38

F. graminearum STE-U 8018 20.0 c-g 7.86 2.87 b-d 0.83 40.12 a 12.08 N/A - 7.48 ab 6.08

F. graminearum STE-U 8019 9.5 d-h 2.78 0.93 cd 0.76 12.5 cd 11.08 N/A - 0.4 d 0.65

F. meridionale STE-U 8020 4.0 gh 1.73 0.89 cd 0.75 N/A - 1.76 ab 2.00 0.13 d 0.09

F. meridionale STE-U 8021 23.6 c-e 19.3 1.93 b-d 0.33 N/A - 5.93 a 4.40 1.23 d 0.97

F. meridionale STE-U 8022 1.0 h 1.00 2.28 b-d 1.39 N/A - 4.93 a 2.68 0.57 d 0.57

Control Water 2.0 h 1.73 0.17 d 0.18 0.49 d 0.48 ND b - 0.14 d 0.11

LSD (P = 0.05) LSD = 16.16 LSD = 6.87 LSD = 17.70 LSD = 4.92 LSD = 4.13

Different letters shown indicate significant differences (P < 0.05) between isolates for the measured variable based on the student’s t-test of
least significant differences (LSD) calculated at the 5% level

N/A: Not applicable; ND: Not detected; MD: Missing data – sample destroyed; SD: Standard deviation
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NIV-producing isolates for F. acaciae-mearnsii (STE-U
8005) (0.68 μg mL−1), F. cortaderiae (STE-U 8015)
(0.54 μg mL−1) and F. meridionale (STE-U 8022)
(0.11 μg mL−1) did not differ significantly (P > 0.05)
from the water-inoculated controls. The highest ZEA
levels were detected in maize grain inoculated with
F. boothii isolate STE-U 8013 (2.98 μg mL−1) and
was the only isolate to differ from the water inoculated
control (P < 0.05) (Table 5).

All FGSC species caused disease, colonised
maize ears and produced detectable TCT-B levels,
but the most aggressive FGSC species on maize
grain could not be conclusively established (Ta-
ble 6). Fusarium boothii caused the highest dis-
ease severity (11.9%) and was the only species to
differ significantly (P < 0.05) from the water con-
trol, but did not differ significantly from the other
FGSC species. This was also observed for fungal
colonisation, in which Fusarium boothii was the
most successful grain coloniser with the highest
target DNA level (0.77 ng μL−1) but did not differ
significantly (P > 0.05) from the other FGSC
species. It was, however, the only FGSC species
that differed significantly (P < 0.05) from the
water-inoculated control (Table 6). The DON
levels produced by F. boothii (14.1 μg mL−1)
and F. graminearum (3.8 μg mL−1) did not differ
significantly from each other, but F. boothii dif-
fered significantly (P < 0.05) from the water-
inoculated control (not detected). Fusarium
acaciae-mearnsii was the highest NIV-producing

FGSC species (0.42 μg mL−1), followed by
F. cortaderiae (0.22 μg mL−1) and F. meridionale
(0.04 μg mL−1). None of their NIV concentrations
measured, however, d i ffered s igni f icant ly
(P > 0.05) from the water-inoculated control (not
detected). The highest ZEA levels were produced
by F. boothii (1.11 μg mL−1), followed by
F. acaciae-mearnsi i (0.26 μg mL−1)- and
F. meridionale (0.25 μg mL−1)-inoculated maize
grain, which did not differ significantly from one
another, or the water control (0.01 μg mL−1)
(Table 6).

A highly significant positive relationship was re-
corded between disease severity and fungal colonisa-
tion (R = 0.805; P < 0.0001) (Fig. 2 a), as well as
between disease severity and DON accumulation
(R = 0.845; P < 0.0001) Fig. 2 b). A significant,
strong positive relationship (R = 0.441; P = 0.0006)
was also determined between disease severity and
ZEA accumulation (Fig. 2 c). A significant, very
strong positive relationship was recorded between
fungal colonisation and DON accumulation
(R = 0.895; P < 0.0001) (Fig. 2 d). No significant
correlation could be established between NIV accu-
mulation and fungal colonisation (P = 0.947). Signif-
icant, strong positive relationships were observed be-
tween ZEA and DON accumulation (R = 0.59;
P < 0.0001) (Fig. 2 e), and between fungal colonisa-
tion and ZEA accumulation (R = 0.68; P < 0.0001)
(Fig. 2 f). An insignificant correlation (P = 0.981)
was observed between NIV and ZEA accumulation.

Table 4 Mean disease severity, fungal colonisation and mycotoxin levels in greenhouse-grown maize grain inoculated with five Fusarium
graminearum species complex species

Treatment Disease severity
(%)

Fungal colonisation (ng
μL−1)

Deoxynivalenol (μg
mL−1)

Nivalenol (μg
mL−1)

Zearelanone (μg
mL−1)

Mean SD Mean SD Mean SD Mean SD Mean SD

F. acaciae-mearnsii 7.59 b 2.58 0.56 b 0.13 N/A - 2.92 ab 0.19 0.29 a 0.16

F. boothii 37.44 a 13.28 7.57 a 4.26 21.53 a 7.04 N/A - 4.14 a 2.70

F. cortaderiae 6.01 b 2.62 0.73 b 0.62 N/A - 2.06 ab 0.28 0.38 a 0.28

F. graminearum 12.35 b 6.69 1.9 ab 1.37 22.31 a 15.45 N/A - 3.67 a 3.57

F. meridionale 9.54 b 12.28 1.70 b 0.73 N/A - 4.21 a 2.18 0.64 a 0.55

Control 2.0 b - 0.17 b - 0.49 a - ND b - 0.14 a -

LSD (P = 0.05) LSD = 19.72 LSD = 5.76 LSD = 24.07 LSD = 3.12 LSD = 4.34

Different letters shown indicate significant differences (P < 0.05) between FGSC species for the measured variable based on the student’s t-
test of least significant differences (LSD) calculated at the 5% level

N/A: Not applicable; ND: Not detected; SD: Standard deviation
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Disease incidence, fungal colonisation and mycotoxin
contamination in wheat

Wheat: FGSC isolates differed significantly (P < 0.05)
in their ability to cause FHB to wheat (Table 7). Fusar-
ium boothii isolate STE-U 8013 (68.0%) caused the
highest disease incidence, followed by F. cortaderiae
isolate STE-U 8015, (58.0%) and F. meridionale isolate
STE-U 8022 (55.9%). The disease incidence deter-
mined by these isolates did not differ significantly
(P < 0.05), but differed significantly from the water-
inoculated control (21 .4%).

FGSC isolates also differed significantly
(P < 0.05) in their ability to colonise and produce
their associated mycotoxins in wheat (Table 7).
Two F. graminearum isolates, STE-U 8017 and
STE-U 8018, were the most successful grain
colonisers, resulting in significantly higher
(P < 0.05) fungal target DNA levels than the
remaining isolates and the water inoculated con-
trol, at 0.96 and 0.73 ng μL−1, respectively. The

highest DON-producing isolate, F. graminearum
isolate STE-U 8018 (0.24 μg mL−1), produced
significantly more DON (P < 0.05) than the other
DON-producing isolates and the water control
(Table 7). The highest DON-producing F. boothii
isolate (STE-U 8010) (0.05 μg mL−1) did not
produce significantly more DON (P > 0.05) than
the levels detected in the other F. boothii isolates
or in the water-inoculated control (Table 7). The
F. acaciae-mearnsii isolate STE-U 8005 was the
only isolate to produce significantly more NIV
(0.05 μg mL−1) (P < 0.05) than the water-
inoculated control. No significant differences
(P > 0.05) in the NIV content of wheat grain
inoculated with the highest NIV-producing isolates
of F. cortaderiae (STE-U 8015) (0.01 μg mL−1)
and F. meridionale (STE-U 8021) (0.01 μg mL−1)
was observed when compared to the water-
inoculated controls (Table 7).

Evaluation of the five FGSC species revealed that the
highest visual disease incidence on inoculated wheat
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Fig. 1 Pearson correlation coefficients (R) demonstrating the
relationship between (a) disease severity and fungal colonisation,
(b) disease severity and deoxynivalenol (DON) contamination, (c)
disease severity and zearalenone (ZEA) contamination, (d) DON
contamination and fungal colonisation, (e) DON and ZEA con-
tamination levels, (f) ZEA contamination and fungal colonisation,

(g) disease severity and nivalenol (NIV) contamination, (h) fungal
colonisation and NIV contamination, and (i) ZEA and NIV con-
tamination levels on greenhouse grown maize grain inoculated
with 18 isolates representing five Fusarium graminearum species
complex species
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Table 5 Mean disease severity, fungal colonisation and mycotoxin levels in field-grown maize grain inoculated with 18 isolates
representing five Fusarium graminearum species complex species

Treatment Disease severity
(%)

Fungal colonisation
(ng μL−1)

Deoxynivalenol
(μg mL−1)

Nivalenol
(μg mL−1)

Zearelanone
(μg mL−1)

FGSC species Isolate Mean SD Mean SD Mean SD Mean SD Mean SD

F. acaciae-mearnsii STE-U 8005 1.2 c 0.80 0.04 cd 0.03 N/A - 0.68 a 1.17 0.04 b 0.05

F. acaciae-mearnsii STE-U 8006 9.4 bc 8.10 0.93 ab 1.29 N/A - 0.57 a 0.99 0.69 b 0.92

F. acaciae-mearnsii STE-U 8007 3.0 bc 2.20 0.04 cd 0.01 N/A - ND a - 0.05 b 0.05

F. boothii STE-U 8008 13.3 b 15.40 0.43 b-d 0.29 11.30 a-c 12.90 N/A - 0.35 b 0.29

F. boothii STE-U 8009 10.8 bc 9.80 0.62 b-d 0.64 11.90 a-c 12.30 N/A - 0.48 b 0.40

F. boothii STE-U 8010 24.5 a 14.00 1.62 a 0.75 21.20 a 13.50 N/A - 1.34 b 0.75

F. boothii STE-U 8011 10.3 bc 8.00 0.75 bc 0.70 20.30 ab 22.20 N/A - 1.20 b 0.95

F. boothii STE-U 8012 5.7 bc 2.80 0.33 b-d 0.06 5.60 a-c 0.60 N/A - 0.31 b 0.17

F. boothii STE-U 8013 6.7 bc 4.70 0.92 ab 0.56 14.10 a-c 10.10 N/A - 2.98 a 3.53

F. cortaderiae STE-U 8014 2.3 bc 0.70 0.10 cd 0.05 N/A - 0.13 a 0.23 0.07 b 0.06

F. cortaderiae STE-U 8015 2.9 bc 1.40 0.12 cd 0.02 N/A - 0.54 a 0.09 0.31 b 0.38

F. cortaderiae STE-U 8016 1.5 c 0.40 0.02 d 0.01 N/A - ND a - 0.004 b 0.01

F. graminearum STE-U 8017 2.9 bc 1.10 0.19 cd 0.04 5.60 a-c 3.40 N/A - 0.17 b 0.13

F. graminearum STE-U 8018 3.7 bc 2.40 0.08 cd 0.05 3.20 a-c 2.60 N/A - 0.02 b 0.02

F. graminearum STE-U 8019 2.0 c 1.50 0.05 cd 0.04 2.60 bc 3.00 N/A - 0.02 b 0.01

F. meridionale STE-U 8020 1.0 c 0.10 0.06 cd 0.06 N/A - ND a 0.00 0.04 b 0.05

F. meridionale STE-U 8021 9.8 bc 12.10 0.43 b-d 0.37 N/A - ND a 0.00 0.55 b 0.53

F. meridionale STE-U 8022 1.5 c 0.30 0.05 cd 0.03 N/A - 0.11 a 0.20 0.16 b 0.14

Control Water 0.4 c 0.30 0.01 d 0.01 ND c - ND a - 0.01 b 0.00

LSD (P = 0.05) LSD = 11.10 LSD = 0.73 LSD = 18.05 LSD = 0.84 LSD = 1.49

Different letters shown indicate significant differences (P < 0.05) between isolates for the measured variable based on the student’s t-test of
least significant differences (LSD) calculated at the 5% level

N/A: Not applicable; ND: Not detected; SD: Standard deviation

Table 6 Mean disease severity, fungal colonisation and mycotoxin levels in field-grown maize grain inoculated with five Fusarium
graminearum species complex species

Treatment Disease severity
(%)

Fungal colonisation
(ng μL−1)

Deoxynivalenol
(μg mL-1)

Nivalenol
(μg mL−1)

Zearelanone
(μg mL−1)

Mean SD Mean SD Mean SD Mean SD Mean SD

F. acaciae-mearnsii 4.5 ab 4.30 0.34 ab 0.51 N/A - 0.42 a 0.36 0.26 a 0.37

F. boothii 11.9 a 6.80 0.77 a 0.45 14.10 a 5.90 N/A - 1.11 a 1.02

F. cortaderiae 2.3 ab 0.70 0.08 ab 0.05 N/A - 0.22 a 0.28 0.13 a 0.16

F. graminearum 2.9 ab 0.80 0.11 ab 0.07 3.80 ab 1.60 N/A - 0.07 a 0.09

F. meridionale 4.1 ab 5.00 0.18 ab 0.21 N/A - 0.04 a 0.07 0.25 a 0.27

Control 0.4 b - 0.01 b - ND b - ND a - 0.01 a -

LSD (P = 0.05) LSD = 9.80 LSD = 0.70 LSD = 11.90 LSD = 0.66 LSD = 1.30

Different letters shown indicate significant differences (P < 0.05) between FGSC species for the measured variable based on the student’s t-
test of least significant differences (LSD) calculated at the 5% level

N/A: Not applicable; ND: Not detected; SD: Standard deviation
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grain was caused by F. cortaderiae (54.4%), followed
by F. meridionale (49.2%), F. graminearum (47.3%)
and F. acaciae-mearnsii (44.4%). These FGSC species
did not differ significantly from one another or Fusari-
um boothii (43.6%). However, F. boothii was the only
species that did not cause significantly more disease
(P > 0.05) than the water-inoculated control plants
(21.4%) (Table 8). Fusarium graminearum was the
most successful coloniser of wheat kernels accumulat-
ing significantly more (P < 0.05) fungal target DNA
(0.68 ng μL−1) than the other FGSC species. It also
produced significantly (P < 0.05) more DON (0.16 μg
mL−1) than the only other DON-producing species,
F. boothii (0.04 μg mL−1), and the water control. The
NIV content in wheat grain inoculated with the highest
NIV-producing species, F. acaciae-mearnsii (0.038 μg
mL−1), differed significantly (P < 0.05) from the other
NIV-producing species which failed to produce signifi-
cantly more NIV (P > 0.05) than the water control
(Table 8). No ZEA was detected in inoculated wheat
grain.

No significant relationships were determined be-
tween disease incidence and fungal accumulation or

mycotoxin contamination in wheat grain. Fungal colo-
nisation correlated significantly with DON (P < 0.0001)
and NIV (P = 0.003) accumulation, with a stronger
relationship between fungal colonisation and DON
(R = 0.72) (Fig. 3 a) than between fungal colonisation
and NIV (R = 0.52) (Fig. 3 b). ZEAwas not detected in
any of the samples evaluated.

Discussion

In this study, significant differences in disease expres-
sion, fungal colonisation and mycotoxin contamination
ofmaize and wheat grain by individual isolates of FGSC
were observed. Inoculation with F. boothii isolates re-
sulted in the highest fungal target DNA in greenhouse
and field-grownmaize. Isolates of F. graminearumwere
the most successful kernel colonisers and highest DON
producers in wheat grain. These findings are in accor-
dance with a study by Boutigny et al. (2011), who also
found F. boothii and F. graminearum to be the predom-
inant FGSC species associated with South African
maize and wheat, respectively. Furthermore,

0

10

20

30

40

50

0 20 40 60

D
O

N
 (

µg
 m

L
-1

)

Disease severity (%)

R = 0.845 
P < 0.0001

0

1

2

3

4
5

6

7

8

0 20 40 60

Z
E

A
 (

µg
 m

L
-1

)

Disease severity (%)

R = 0.441 
P = 0.0006

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 20 40 60

F
un

ga
l c

ol
on

is
at

io
n 

 (
ng

 µ
L

-1
)

Disease severity (%)

R = 0.805 
P < 0.0001

0

0.5

1

1.5

2

2.5

3

0 20 40 60

F
un

ga
l c

ol
on

is
at

io
n 

(n
g 

µL
-1

)

DON (µg mL-1)

R = 0.895 
P < 0.0001

0

1

2

3

4
5

6

7

8

0 20 40 60

Z
E

A
 (

µg
 m

L
-1

)

DON (µg mL-1)

R = 0.587 
P < 0.0001

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 2 4 6 8

F
un

ga
l c

ol
on

is
at

io
n 

(n
g 

µL
-1

)

ZEA (µg mL-1)

R = 0.681 
P < 0.0001

b a c 

fed

Fig. 2 Pearson correlation coefficients (R) to demonstrate the
relationship between (a) disease severity and fungal colonisation,
(b) disease severity and deoxynivalenol (DON) contamination, (c)
disease severity and zearalenone (ZEA) contamination, (d) DON
contamination and fungal colonisation, (e) ZEA contamination

and DON contamination, (f) fungal colonisation and ZEA con-
tamination levels on field grown maize grain inoculated with 18
isolates representing five Fusarium graminearum species complex
species
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Table 7 Mean disease incidence, fungal colonisation and mycotoxin levels in wheat grain inoculated with 18 isolates representing five
Fusarium graminearum species complex species

Treatment Disease incidence
(%)

Fungal colonisation
(ng μL−1)

Deoxynivalenol
(μg mL−1)

Nivalenol
(μg mL−1)

FGSC species Isolate Mean SD Mean SD Mean SD Mean SD

F. acaciae-mearnsii STE-U 8005 54.7 a-c 17.30 0.36 bc 0.17 N/A - 0.05 a 0.07

F. acaciae-mearnsii STE-U 8006 32.4 b-d 12.00 0.24 b-e 0.03 N/A - 0.04 ab 0.05

F. acaciae-mearnsii STE-U 8007 46.0 a-d 7.10 0.41 b 0.10 N/A - 0.03 ab 0.01

F. boothii STE-U 8008 28.7 cd 19.20 0.22 b-e 0.12 0.04 c 0.03 N/A -

F. boothii STE-U 8009 47.3 a-d 21.10 0.22 b-e 0.13 0.04 c 0.02 N/A -

F. boothii STE-U 8010 30.1 b-d 8.60 0.18 b-e 0.03 0.05 c 0.02 N/A -

F. boothii STE-U 8011 31.0 b-d 11.60 0.3 b-d 0.19 0.04 c 0.02 N/A -

F. boothii STE-U 8012 55.5 a-c 3.90 0.18 b-e 0.12 0.03 c 0.03 N/A -

F. boothii STE-U 8013 68.0 a 16.70 0.21 b-e 0.09 0.04 c 0.02 N/A -

F. cortaderiae STE-U 8014 54.8 a-c 9.80 0.07 e 0.03 N/A - 0 b 0.00

F. cortaderiae STE-U 8015 58.0 ab 26.70 0.18 b-e 0.08 N/A - 0.01 ab 0.01

F. cortaderiae STE-U 8016 50.5 a-c 30.70 0.12 c-e 0.02 N/A - 0.01 ab 0.00

F. graminearum STE-U 8017 51.4 a-c 15.60 0.96 a 0.50 0.13 b 0.04 N/A -

F. graminearum STE-U 8018 42.7 a-d 10.70 0.73 a 0.04 0.24 a 0.03 N/A -

F. graminearum STE-U 8019 47.9 a-d 2.60 0.34 bc 0.17 0.11 b 0.00 N/A -

F. meridionale STE-U 8020 51.6 a-c 28.00 0.08 de 0.05 N/A - 0.01 ab 0.01

F. meridionale STE-U 8021 40.0 a-d 24.60 0.17 b-e 0.12 N/A - 0.01 ab 0.01

F. meridionale STE-U 8022 56.0 a-c 7.70 0.06 e 0.02 N/A - ND b -

Control Water 21.4 d 14.60 0.18 b-e 0.28 0.04 c 0.06 ND b -

LSD (P = 0.05) LSD = 29.10 LSD = 0.24 LSD = 0.05 LSD = 0.047

Different letters shown indicate significant differences (P < 0.05) between isolates for the measured variable based on the student’s t-test of
least significant differences (LSD) calculated at the 5% level

N/A: Not applicable; ND: Not detected; SD: Standard deviation

Table 8 Mean disease incidence, fungal colonisation and mycotoxin levels in wheat grain inoculated with five Fusarium graminearum
species complex species

Treatment Disease severity (%) Fungal colonisation (ng μL-1) Deoxynivalenol (μg mL-1) Nivalenol (ng μL-1)

Mean SD Mean SD Mean SD Mean SD

F. acaciae-mearnsii 44.4 a 11.26 0.34 b 0.09 N/A 0.038 a 0.01

F. boothii 43.6 ab 16.07 0.22 b 0.05 0.04 b 0.01 N/A -

F. cortaderiae 54.4 a 3.74 0.13 b 0.05 N/A - 0.007 b 0.00

F. graminearum 47.3 a 4.38 0.70 a 0.32 0.16 a 0.07 N/A -

F. meridionale 49.2 a 8.27 0.10 b 0.06 N/A - 0.004 b 0.00

Control 21.4 b - 0.18 b - 0.04 b - ND b -

LSD (P = 0.05) LSD = 22.90 LSD = 0.27 LSD = 0.09 LSD = 0.02

Different letters shown indicate significant differences (P < 0.05) between FGSC species for the measured variable based on the student’s t-
test of least significant differences (LSD) calculated at the 5% level

N/A: Not applicable; ND: Not detected; SD: Standard deviation
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Lamprecht et al. (2011) found significant differences in
pathogenicity between F. boothii, F. graminearum and
F. meridionale in causing maize root rot. Hao et al.
(2017), however, found no differences between FGSC
isolates from wheat and maize when determining their
pathogenicity on both maize and wheat using a Petri
plate assay.

Significant differences in disease expression, fungal
colonisation among the five FGSC species present in
South Africa could not be definitively established in
field grown maize. However, F. boothii was the most
successful FGSC species in colonising maize ears when
compared to the four other species evaluated under
greenhouse conditions. For maize, FGSC species asso-
ciated with GER differ according to geographical region
and cropping systems. In Nepal, GER of maize was
predominantly associated with F. meridionale and
F. asiaticum. In South Korea and France, GER infected
maize was mostly contaminated with F. graminearum,
while F. boothii was the only FGSC species found on
maize in South Africa (Lee et al. 2012; Desjardins and
Proctor 2011; Boutigny et al. 2011, 2014). Noticeably,
F. boothii was also commonly detected in regions in
South Korea where only maize was grown (Lee et al.
2012), while the occurrence of F. boothii on maize
decreased in areas in China where maize and wheat
was grown in rotation (Zhang et al. 2016).

In wheat grain, however, F. graminearum was the
most aggressive species, resulting in the highest fungal
colonisation and DON contamination levels. This sug-
gest an infection-specific adaptation of F. graminearum
towards wheat, which was not surprising, as this species
is the FGSC species also most commonly associated
with wheat world-wide (Gale et al. 2007; Boutigny
et al. 2011, 2014; Qiu and Shi 2014). However, it must
be noted that F. graminearum is not the only FGSC
species affecting wheat.

Host-specificity and host-preference within the
FGSC have been implied (Lee et al. 2009; Boutigny
et al. 2011). Host-specificity, referring to an exclusive
FGSC species-host relationship, is not unlikely, as var-
ious FGSC species have only been found on a single
host plant (Aoki et al. 2012). The frequency of occur-
rence of FGSC species on specific host crops, and a
selective advantage to infect these, suggests host-pref-
erence. The value of TCT-Bs to act as virulence factors
in maize and wheat, but not in barley, suggests a selec-
tive advantage for F. graminearum to infect maize and
wheat rather than barley (Proctor et al. 1995; Maier et al.
2006). Differences in the development of FHB in wheat
and barley caused by F. graminearum are also known to
exist (Kazan et al. 2012). This was demonstrated by the
differential gene expression in F. graminearum ob-
served during infection of the two grain crops. Genes
expressed exclusively in wheat were enriched for genes
involved in allantoin and allantoate transport, which
could contribute to increased pathogen fitness (Lysøe
et al. 2011). In another study, 69 F. graminearum genes
were preferentially expressed in developing maize ker-
nels compared to inoculated wheat and barley spikes
(Harris et al. 2016). The genomic flexibility of
F. graminearum to adapt to a range of hosts was dem-
onstrated by these host-specific differences. Studying
transcriptional differences between FGSC species dur-
ing the infection of different host crops could contribute
to understanding host specificity and/or preference.

A strong correlation was observed in this study be-
tween disease severity and fungal colonisation in maize,
and an insignificant correlation between disease inci-
dence and fungal colonisation in wheat. This demonstrat-
ed that disease severity, rather than incidence, can be used
as an indicator of colonisation by FGSC species. Disease
severity is an informative measurement of aggressive-
ness, and can allow for improved distinction when
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nation and, (b) fungal colonisation and NIV contamination on

field grown wheat grain inoculated with 18 isolates representing
five Fusarium graminearum species complex species
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comparing species and isolates (Burlakoti et al. 2007).
Disease incidence is defined as the number of infected
plants and is, therefore, not an indicator of the degree to
which plants are infected (Hilton et al. 1999; Wegulo
et al. 2011). A strong positive correlation between disease
severity and DON accumulation in maize, while no
meaningful correlation between DON and disease inci-
dence in wheat could be established, and further demon-
strates the limitations of disease incidence to serve as an
indicator of the aggressiveness of FGSC isolates.

The strong, positive correlations between DON accu-
mulation and fungal colonisation in maize and wheat
confirmed results of previous studies on F. graminearum
infection of these crops (Burlakoti et al. 2007; Fredlund
et al. 2008; Boutigny et al. 2012; Malbrán et al. 2014).
The findings of this and other studies supported the role of
DON as a virulence factor, allowing the fungus to colo-
nise infected grain more successfully (Proctor et al. 1995,
2002). The most prolific DON-producing isolates on
maize and wheat in the current study, irrespective of
species annotation, were also the best grain colonisers.
Weaker correlations were observed between NIV and
fungal colonisation. This may be due to the higher phy-
totoxicity of DON when compared to NIV (Desjardins
2006), indicating DON’s potential as a better contributor
to virulence. The understanding that TCT-B mycotoxins
act as virulence factors in host plants could be misleading
as only DON, and not NIV, was measured in most studies
(Proctor et al. 1995, 2002; Jansen et al. 2005; Menke et al.
2012). However, Purahong et al. (2014) found no signif-
icant difference in aggressiveness among isolates
representing the 3-ADON, 15-ADON and NIV
chemotypes in a single-floret wheat inoculation study.

The absence of significant correlations between NIV
concentrations and fungal colonisation could be attrib-
uted to the lack of sensitivity of the LC-MS/MS method
to detect NIV at low concentrations, thereby reducing
the ability to determine significant differences and cor-
relations. Weaker correlations were observed between
ZEA and fungal colonisation in maize than between
DON and fungal colonisation, with no measurable
levels of ZEA in wheat. ZEA is not known as a viru-
lence factor and does not contribute to the establishment
and colonisation of host tissue by the pathogen. Rather,
high concentrations of ZEA have been shown to have a
stimulatory effect on maize embryo development
(McLean 1995).

The determination of fungal colonisation by qPCR
for predicting mycotoxin contamination in grains have

previously been proposed, as strong positive correla-
tions between fungal biomass and mycotoxin contami-
nation have been reported (Sarlin et al. 2006; Nicolaisen
et al. 2009; Atoui et al. 2012). However, the identity of
mycotoxigenic fungi in the target grain should be
known in order to select qPCR primers with sufficient
sensitivity to amplify these species. This was made
apparent by the weak correlat ions between
F. graminearum DNA and DON levels in wheat and
barley, due to the co-occurrence of F. culmorum, com-
pared to the better correlation between DON and TCT-
producing Fusarium DNA levels in barley (Sarlin et al.
2006). Therefore, employing primers that target genes
responsible for mycotoxin production (Sarlin et al.
2006; Atoui et al. 2012), rather than species-specific
primers (Sarlin et al. 2006; Nicolaisen et al. 2009),
should be considered when attempting to predict myco-
toxin contamination risks. Furthermore, fluctuating cli-
matic conditions, the effect of fungicide applications
and cultivar resistance could also influence mycotoxin
production, irrespective of the extent of fungal coloni-
sation (Wegulo et al. 2011; Boutigny et al. 2012;
Covarelli et al. 2015).

Plant-pathogen interactions are influenced by envi-
ronmental conditions that could influence disease devel-
opment, pathogen colonisation and mycotoxin produc-
tion (Proctor et al. 2002; Malbrán et al. 2012). A higher
aggressiveness of F. boothii isolates on maize, and
F. graminearum isolates on wheat, was observed in this
study. Climatic conditions play an intricate role in host-
pathogen interactions, which could further complicate
host specificity studies. Host preference within the
FGSC, supported by the prevalence of FGSC species
in specific host plants (Lee et al. 2009; Boutigny et al.
2011; Qiu and Shi 2014), were also strongly correlated
with the temperature range of the surveyed regions.
Fusarium graminearum has been recorded at a higher
frequency in the cooler regions of China, Japan and
Korea, both on rice and maize, while F. asiaticum inci-
dence increased in the warmer regions (Qu et al. 2008;
Suga et al. 2008; Lee et al. 2009). Differences in FGSC
species distribution, linked to variation in temperature,
could account for the differences in FGSC composition
observed by Boutigny et al. (2011) on South African
grains. Maize is grown during the hot summer months,
and wheat during the cooler winter months in South
Africa. The higher colonisation and TCT-B production
by F. boothii isolates in maize, planted in summer, and
F. graminearum in wheat, planted in winter, might
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therefore be influenced by temperatures as much as by
their preference of the host plant. However, Zhang et al.
(2012) observed differences in FGSC species composi-
tion in different regions in China, which could not be
attributed to differences in average temperatures be-
tween the regions studied. In contrast to the studies
which found F. graminearum associated with cooler
regions of (Qu et al. 2008; Suga et al. 2008; Lee et al.
2009), the study of Zhang et al. (2012) revealed no
significant difference between the average temperatures
in the areas where either F. graminearum or F. asiaticum
were mostly found. A thorough review on the biogeog-
raphy of the FGSC by van der Lee et al. (2015) further
demonstrated host preference and concluded preferen-
tial infection of rice by F. asiaticum and maize by
F. boothii and F. meridionale, while F. graminearum is
found in association with wheat, barley and maize.

Host specificity, or host preference, remains to be
elucidated within the FGSC. The degree of fungal col-
onisation, following fungal infection, and the subse-
quent accumulation of harmful mycotoxins, depend on
an interaction between the pathogen, the host and the
environment. The findings of this study supports differ-
ential aggressiveness, host preference and mycotoxin
production between FGSC species. Fusarium boothii
isolates were the best colonisers and mycotoxin pro-
ducers in maize, and F. graminearum isolates in wheat.
The selective advantage of F. boothii to cause disease on
maize was supported in this study. The high level of
variability among isolates of the FGSC seen in this and
other studies (Goswami and Kistler 2005; Moradi et al.
2010; Malbrán et al. 2012), however, highlights the
complexities associated with determining host prefer-
ence by FGSC species.
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