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Preface

Microbial diversity plays a crucial role in soil and plant health. Studies have suggested
agricultural soils with higher diversity are generally healthier compared to soils with
less diversity. Maize is one of South Africa's most important crops, however, little is
known about the fungal and oomycete communities residing in maize rhizosphere

soils. The work presented in this dissertation aims to provide this baseline knowledge.

Chapter one provides a literature review on soilborne pathogens that are associated
with maize plants and the estimated impacts that climate change can have on these
pathogens in the future. It also summarizes information about species identification
using traditional and molecular methods. Particular attention is given to the gene
regions that are currently being used for molecular species identification in order to
follow trends in fungal taxonomy. The chapter summarizes the pros and cons of using
the ITS region for fungal species identification and compares it to secondary

identification markers that have recently gained popularity.

Chapter two explores fungal diversity in maize rhizosphere soils that were collected
from the Free State and North West provinces of South Africa. A culture-dependent
approach was used to isolate fungi from soil samples using various growth media.
Cultures that were obtained were identified to genus level based on morphology and
accessioned into the CN working collection housed at FABI prior to extracting their
DNA. Different regions were amplified and sequenced depending on the genus that a
strain belonged to. Identifications were made by comparing the obtained sequences
to reference data previously deposited in the RefSeq Target Loci and in GenBank
databases of the National Centre for Biotechnology Information (NCBI) using
“‘Nucleotide BLAST” search and to the locally curated databases available for

Fusarium, Penicillium, and Trichoderma.

Chapter three investigates the oomycete diversity on the same rhizosphere soils.
Oomycetes were baited by floating healthy Rosa alba petals and Hedera canariensis
leaves in a soil solution. Baits that developed lesions were cultured onto two different
media and the outgrowing hyphal tips were sub-cultured on carrot agar. The cultures
were accessioned into internal working collection of the Applied Mycology Group for

Oomycetes (CN-Oom) collection prior to the DNA extractions. The ITS region of the
iii|Page
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strains was amplified and sequenced. Identifications were made by comparing the
obtained sequences to reference data previously deposited in the RefSeq Target Loci
and GenBank databases of the National Centre for Biotechnology Information (NCBI)

using “Nucleotide BLAST” search.

The information in this dissertation created baseline knowledge in our quest of
understanding the fungi and oomycetes that are associated with maize soil. The
sequence data that was generated will be made available in GenBank and will serve
as reference data for future identifications. The strains were deposited into the CN

working culture collection housed at FABI and will be available for future studies.
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Chapter 1. Soil-borne Fungal and Oomycete diseases
associated with maize
Abstract

Maize is widely cultivated and a staple crop in many African countries including South
Africa. It is also a susceptible host to a wide range of phytopathogens classified as
fungi and oomycetes. Aspergillus, Fusarium and Penicillium are generally the most
important fungal genera as they are considered major producers of mycotoxins along
with other less common genera. Species from these genera can cause devastating
diseases and are producers of FUMs, DON, Aflatoxins, ZEN, Ochratoxins and other

mycotoxins. These mycotoxins are poisonous to humans and animals.

Traditional identifications were based on morphological characters. However, fungal
identification based on morphology is difficult, time-consuming and requires many
years of experience. Because of this, literature often contains misidentifications and
since a name links the user to a wealth of information about the species, this can have
serious implications from a disease diagnostic standpoint. DNA barcoding has become
the standard approach for fungal identifications as it is less time-consuming, provides
more robust precise identifications and does not require as much experience as the
morphological route. However, this is only true if DNA reference sequences are
available for comparisons. Nevertheless, DNA based methods will give an insight on
what pathogens are truly associated with crops, in this case, maize. This knowledge
will be an important baseline for communities to know what species are present and

thus set priorities for research looking at disease management.
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Introduction

Maize (Zea mays L.) is the third most important crop in the world (Mwatuni et al., 2020),
after wheat and rice. The world’s maize production was 1,148 million tonnes in 2019
(Knoema, 2020). Maize is a staple food in Sub-Saharan Africa, and is grown mostly
for consumption and animal feed (Udomkun et al., 2017). Approximately 65% of maize
produced around the world is estimated to be used in animal feed, 15% for human

consumption, and 20% is processed (Abbassian, 2006).

In South Africa, maize is one of the most produced cereal crops. There are two types
of maize grown in South Africa, white maize which is mostly grown for human
consumption and yellow maize for animal feed. In 2019/2020, South African maize
production was 15 408,180 tons covering an area of 2 610,8 hectares (GrainSA,
2020). A production of 8 666.310 tons and 6 741. 870 tons of white and yellow maize
respectively were recorded (GrainSA, 2020). Major maize-producing provinces in

South Africa include the Free State, North West, and Mpumalanga (Figure 1).
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Figure 1: Maize total area, production, and yield from 1990/1991 to 2019/2020 (GrainSA,
2020).

Sustainable Development Goal 2 (SDG 2- Zero Hunger) was set to seek ways to end
hunger and malnutrition by 2030. However, the number of hungry people around the
world is increasing. With the increase in the world’s human population, there is a need

for increased food production to achieve food security. Currently, more than 820
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million people around the world are estimated to regularly go to bed hungry and about
135 million are malnourished (Mishra & Rampal, 2020). It is estimated that the world’s
population by 2050 will reach 9 billion. To sustain the population growth, agricultural
production will need to increase by 70 - 100% (Reid & Greene, 2012).

Fungi can invade host plants in any part if there are suitable entry points. For example,
in grains, fungi can invade the stem and produce enough mycelia in the phloem and
xylem and that can reduce or inhibit the movement of water and nutrients to other parts
of the plant (Jouany, 2007). Some fungal species produce mycotoxins which are
harmful to humans and livestock (Kostic et al., 2019). These organisms thus represent
great risk to our current and future food security.

The concept of ‘disease triangle’ linked with climate change

predictions

The concept of “disease triangle” from plant pathology states that there should be an
interaction between three components, a susceptible host plant, virulent pathogen,
and conducive environment for a successful infection or for a disease to occur. The
interaction of these three components can be represented in a “disease triangle”
(Figure 2) with the sides representing each component. A change in one of the
components affects the disease severity on the pathosystem and if any of the
components is absent, there will be no disease (Francl, 2001). If the environmental
conditions are conducive to a virulent pathogen, susceptible host plants can be
infected and that can lead to severe disease development. This has enabled the
development of management strategies such as cultural, chemical, and resistant host

plant cultivars to prevent, eliminate or control diseases.

Figure 2: The disease triangle represents three components (susceptible host, virulent

pathogen, and conducive environment) required for a disease to occur (Munir, 2018).

3|Page
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Climate change is predicted to negatively impact the agricultural industry, including a
potential impact in emerging plant disease epidemics. This is also true for maize,
where the industry faces challenges regarding yield loses, with estimated global losses
ranging between 20 and 40% coming from pathogens (Deshapande et al., 2019).
Small-scale farmers in Sub-Saharan Africa mostly depend on rain for their agricultural
productivity (Rosegrant et al., 2002), with approximately 90% of cereal production from
rainfed agriculture. It has been predicted that global temperatures will increase in the
future and this will result in changes in water availability (Pachauri et al., 2014). Lack
of water induces drought stress in plants. Temperatures in Southern Africa are
increasing quicker compared to the world’s average (Collier et al.,, 2008). The
virulence of many fungal plant pathogens also increase under warm and humid
temperatures (Clarkson et al., 2014). Farmers, especially small-scale farmers might
face yield losses due to drought stress and increased species pathogenicity. For
example, in 2013, there was a reported outbreak of charcoal stalk rot in the Free State
province of South Africa (Coleman, 2013) and the disease incidence was increasing
in warmer regions such as in the Mpumalanga, Free State and North West (Jordaan
& van der Waals, 2016).

Another consequence of climate change is an increase in atmospheric carbon dioxide
(CO2) concentrations, which has already been recorded (Velasquez et al., 2018) and
is estimated to reach 550 ppm by 2050. South Africa was ranked as a 14" largest
emitter of CO, (Mcsweeney, 2018). Elevated CO: levels tend to increase
photosynthesis, leaf area, shoot, and roots of the plants. Increased levels of CO, may
favour a crop growth, however, increased leaf area and wide stomata radius of the
plant might be advantageous to a pathogen as will have more space for infections.
Long roots might also reach the buried (through tillage) pathogen’s inoculum. Fungal
pathogens like Fusarium graminearum whose strain virulence can be increased by
elevated CO:2 levels (Véry et al., 2015) could result in severe disease development

when they encounter susceptible hosts.

A small change in one of three components responsible for a disease development
can cause substantial changes in a pathosystem dynamics. An avirulent pathogen
now might be virulent in the future when environmental conditions become conducive.

If a pathogen can evolve to overcome host resistance genes, it might also evolve in

4|Page
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response to climate change. With incomplete knowledge on how climate change will
affect the performance of plant pathogens, molecular identifications of pathogenic
fungi and oomycetes in agricultural soils are crucial as they can serve as reference

data in future studies.

Diseases caused by soil-borne fungal and oomycetes pathogens on

maize

When there is a susceptible host and conditions are favorable, several fungal and
oomycete plant pathogens can cause deterioration in the quality and quantity of the
produce. Soil-borne pathogens such as Fusarium species, Pythium spp.,
Phytophthora spp., Rhizoctonia spp., Sclerotinia spp., and Verticillium spp. are
estimated to cause 50-75% of production loss in many crops (Panth et al., 2020).
Some fungal pathogens also produce mycotoxins, which are toxic secondary
metabolites produced by certain fungi and are harmful when ingested by humans or
livestock (Richard, 2007). In Sub-Saharan Africa, mycotoxin contamination was
severely at risk with all samples contaminated with at least one Fusarium mycotoxin
(Biomin, 2021). Deoxynivalenol (DON) was the most abundant mycotoxin in the South
African maize sample followed by fumonisins (FUM) and zearalenone (ZEN) (Biomin,
2021). However, there are no reports linking diseases caused by soil-borne fungi with

mycotoxin contaminations.

Diseases such as stalk rots, root, and crown rots are generally associated with a
complex of soil-borne pathogens. Root and stalk rot disease commonly occurs at the
same time. Whitney & Mortimore (1961) found maize root rots do not always coincide

with stalk rots, however, stalk rots always occur with root rots.

Oomycetes (also known as ‘water moulds’) are a group of filamentous microorganisms
with some being one the most global food security threat as the can cause devastating
diseases in various crops. They were once classified as fungi due to their filamentous
growth and feeding from decaying organic matter (Kamoun, 2003). However, it was
later observed that oomycetes are different from fungi because their cell wall is made
up of cellulose compounds and glycan (Thines, 2014). They have two flagella in their

zoospores instead of one as is the case in some basal fungi (Strange & Scott, 2005).

S5|Page
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Oomycetes are more phylogenetically related to diatoms and brown algae in the
kingdom Straminopila (Thines & Kamoun, 2010), and unrelated to filamentous fungi.
The group that currently have the largest number of oomycetes species are the plant
pathogens that fall under the white blister rusts (Albuginaceae) and the downy mildews
(Peronosporaceae p.p.) with more that 60% of species parasitic to the plants (Thines
& Kamoun, 2010).

Soil-borne pathogens of maize are listed in Table 1 with their associated diseases.
Charcoal, Diplodia, Gibberella and Fusarium rot have been reported as the most
common fungal stalk rots in South Africa (Flett & van Rensburg, 2021). Pythium
species are also linked to South African maize root rots (Lamprecht, 2013, Schoeman
& Craven, 2016). Thus, this review will focus on them. The review will also cover
Anthracnose stalk rot as it has been reported as one of the most common soilborne

diseases of maize (Ma et al., 2022).

Table 1: A list of soil-borne fungal and oomycetes pathogens associated with maize

diseases
Pathogen Disease References
Cephalosporium Black bundle disease (Veerabhadraswamy
acremonium & Garampalli, 2011)
Colletotrichum Leaf blight and seedling blight (Bergstrom &
graminicola (Ces.) G.W. Anthracnose stalk rot Nicholson, 1999)
Wils.

Exserohilum pedicellatum Root rot, seed rot, seedling (lsakeitetal., 2007)

(Henry) K.J. Leonard & blight, ear-rot (Chambers, 1987)
E.G. Suggs
Fusarium Root, crown, and stalk rot (Sangalang et al.,
chlamydosporum 1995)
(Wollenw. & Reiking)
Fusarium equiseti Minor root rots, crown, and stalk (Smit & Rijkenberg,
(Corda) Sacc rot 1997).
Fusarium graminearum Gibberella ear and stalk rot, seed (Leyva-Madrigal et
(Schwabe) rot and seedling blight al., 2017)

6|Page
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Fusarium oxysporum Minor root rots, wilts, and minor (Butt et al., 2019)
(Schlectend) stalk rots

Fusarium vercitilliodes Fusarium ear and stalk rot (Gai et al., 2018)
Macrophomina Charcoal rot, seed rot, seedling (Paletal., 2001)

phaseolina (Tassi) Goid  blight, root and stem rot

Pythium arrhenomanes Pythium root rot (Deep &  Lipps,
Drechs 1996)

Pythium graminicola Seedling blight (Kageyama et al.,
Subramanian 2005)

Pythium aphanidermatum Pythium stalk rot (Elliott, 1943)
(Edson) Fitzp.; Pythium (Sadik et al., 1982)
butleri Subramanian

Phoma Red root rot (Deb et al., 2020)
terrestris, Pythium (Mao et al., 1998)
irregulare

Rhizoctonia solani (Kiihn) Leaf and sheath spot, stalk rot, (Sumner & Bell,

seed rot (failure to germinate) 1982)

Stenocarpella maydis Diplodia (Stenocarpella) Stalk (Lamprecht et al.,
(Berk.) Sutton, Rot 2013)

Trichoderma species Trichoderma ear rot (Pfordt et al., 2020)

Fusarium stalk rot

Fusarium stalk rot of maize is caused by several Fusarium species that belong to the
Fusarium fujikuroi species complex (FFSC) including Fusarium verticillioides (Sacc.)
Nirenberg, F. proliferatum (Matsush.) Nirenberg ex Gerlach & Nirenberg, and F.
subglutinans (Wollenw. & Reinking) P.E. Nelson, Toussoun & Marasa, and F.
temperatum. Fusarium verticilliodes was earlier known as a predominant stalk rot
pathogen in Nigeria (Bankole et al., 2003), and is the most important and predominant
pathogen responsible for Fusarium stalk rot. The pathogen is also responsible for
causing Fusarium ear rot of maize and production of toxins. Fusarium stalk rot of maize

usually occurs just before crops reach physiological maturity. The plants either die
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prematurely and produce poorly filled kernels or lodge due to the rotting stalk, thereby,

making harvesting hard.

Symptoms. Maize plants affected by Fusarium stalk rot display a pinkish-white pith
(Figure 3). Fusarium stalk rot symptoms usually manifest in warm and dry regions.
The disease symptoms become clearer during the plant’s senescence stage and more

severe during grain filling. Other symptoms include premature death and lodging.

Figure 3: Shredded pith with white-pinkish colour caused by F. verticillioides (Robertson,
2011).

Disease cycle. Fusarium verticillioides overwinters as thick mycelia or conidia on soil
and plant debris. Under favourable conditions, the mycelia infect the roots and stalk of
the crop plant. The pathogen can enter the plant naturally through wounds caused by
insects or mechanical damages and direct penetration (Yu et al., 2017). The European
corn borer and western corn rootworm have been reported to create wounds as they
feed on maize stalk, thus, creating entries for the pathogen (Gilbertson et al., Sobek
& Munkvold, 1999). Unlike F. graminearum, F. verticillioides can also be transmitted

systemically through seeds (Munkvold & Carlton, 1997).

Management strategies. Management of Fusarium spp. is difficult as a complex of
species can influence the plant at different growth stages and under different
environmental conditions. Removal of plant debris, crop rotation, and planting of
disease-free seeds reduces the disease incidence and disease severity.

8|Page
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Gibberella stalk rot

Fusarium graminearum Schwabe (teleomorph Gibberella zeae (Schwein.) Petch) is a
pathogen of crops that can cause ear and stalk rot in maize. It can lead to reduced
yield due to plant lodging and crop premature death. In South Africa, the disease is
mostly common in irrigated maize fields (Flett & van Rensburg, 2018). Plant lodging
can cause up to 80% of yield reduction, along with poor grain quality (Tams et al.,
2004). However, it is difficult to estimate yield losses caused by this disease as it

commonly co-occurs with other physiological factors such as water stress.

Symptoms. Gibberella stalk rot and Fusarium stalk rot symptoms are almost similar.
They are both associated with the premature death of maize plants as they interfere
with nutrient and water uptake from the roots to above-ground maize parts. The
pink/red discolouration of the maize pith is a major distinctive symptom of Gibberella
stalk rot (Figure 4). Similar symptoms include wilting of the leaves, and disintegration
of the internal pith, and root rots. Gibberella stalk rot usually occurs in cool, moist
regions (Shin et al., 2014).

Figure 4: Pink pith caused by F. graminearum (Robertson, 2011).

Disease cycle. Fusarium species produces spores that are dispersed by wind,
splashing water, and insects. Fungi overwinter in soil, where they can infect maize
crops directly through the roots. Plant residues and alternate host in the fields can
increase soil contamination levels. They can also invade maize crops via wounds

created by insects, direct penetration through root or stalk and wounds caused by

9|Page
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mechanical damage. The next crop becomes infected during pre-harvest by the
conidia and ascospores from the contaminated soil. Ascospores plays an important
role maize infection by F. graminearum as they are released by fungal perithecia from
the organic matter on the soil. These spores are disseminated in short distances; thus,
crop residues are important in the infection cycle of F. graminearum as they are the
source of primary inoculum (Munkvold, 2003).

Management Strategies. Removal of plant debris might reduce fusarium infections
as they are the major source primary inoculum. Crop rotation with quickly
decomposing non-host crops of members of F. graminearum species complex might
reduce the disease incidence. High yield is usually the most desirable trait on breeding
programmes. Maize crops produce high yield due to large cobs. Large cobs could
mean the crop transport large amounts of carbohydrates to the ears and less to the
lower parts, making the stalk and roots liable to rots. Therefore, a balanced breeding
for both resistance and yield could control the severity of the disease (Flett & van
Rensburg, 2018). Reduction of plant stress can also reduce the disease incidence.
Currently, there is no registered fungicides specific to Fusarium and Gibberella stalk
rot, however application of other chemicals that reduces plant stress reduces the

disease severity.
Diplodia stalk rot

Diplodia stalk rot is caused by Stenocarpella maydis (Berk.) Sutton, a fungus that is
also responsible for Diplodia ear rot of maize. Disease development occurs when St.
maydis infect maize plants through roots, crown or/and mesocotyl (White, 1999). This
pathogen can also be transmitted to seeds (Sutton & Waterston, 1966). Annual yield
losses caused by Diplodia stalk rot and lodging in South Africa range from 5% to 20%
(Flett & van Rensburg, 2021).

Symptoms. A diseased plant commonly show symptoms shortly after silking (Sutton
& Waterston, 1966). Diplodia stalk rot becomes intensive a few weeks after pollination
(The Andersons, 2015). An affected plant becomes dry and develop dark brown or
black spots (reproductive structures called pycnidia) in the rind of the lower stalk
(Figure 5) (White, 1999). Like most stalk diseases, Diplodia stalk rot can weaken the
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stalk, thus increasing its susceptibility to lodging caused by wind or other
environmental stress (Steckel, 2003).

Figure 5: Stenocarpella maydis pycnidia embedded on a maize stalk (Grau & Robertson,
2019).

Disease cycle. The fungus overwinters as mycelia in maize stubbles buried in or on
the soil. Under warm, moist conditions, spores are released by the fully developed
pycnidia. The spores are spread by wind and rain throughout the field. Crown and
roots are the main entry points and are where primary infections of maize mostly occur.
Early infections have been reported in seed embryos and may later develop into crown
and stalk rot infections (Bensch, 1995). Diplodia stem rot is likely to be more severe

during drier conditions after wet early seasons (Flett & van Rensburg, 2021).

Management Strategies. Crop rotation with suitable alternative crops such as
soybeans, groundnuts, wheat, and dry beans reduces S. maydis inoculum as maize
stubbles acquire time to break down before the next plantation (Flett & van Rensburg,
2021). There are no registered fungicides specifically for the control of Diplodia stalk
rot (Flett & van Rensburg, 2021).

Anthracnose stalk rot

Anthracnose stalk rot is a disease caused by the fungus Colletotrichum graminicola
(Ces.) G.W. Wils. The disease is favoured by hot humid conditions and long periods
of wet weather (Jirak-Peterson & Esker, 2011). A temperature range for successful
infestation is 25 to 30 °C. Monoculture, crop rotation with a different host plant and
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zero tillage would facilitate the pathogen’s infestation between growing seasons (Jirak-
Peterson & Esker, 2011).

Symptoms. Infected plants senesce prematurely. Black shiny spots or streaks appear
on the lower internodes of the stalk (Figure 6). When infestation is severe, the whole
stalk becomes black. The plant becomes loose and thus easily falls or split when
pushed or squeezed. The pith appears discoloured and rotten. Crop losses are often
a result of lodging caused by systemic stalk infections, which are most likely originated

from infected roots.

Figure 6: Black spots on maize stalk and discoloured pith caused by C. graminicola
(Bergstrom & Nicholson, 1999).

Disease cycle. Colletotrichum graminicola overwinters in crop residues left in the field.
Under warm rainy conditions, the fungus produces spores that can infect foliage or
roots of maize seedlings. Conidial spores can be disseminated through raindrops,
wind, and splashing (Jirak-Peterson & Esker, 2011). Primary infections are caused by
rain-splashed fungal spores. When infection occurs below the soil surface, the fungus
colonizes the roots and pith, and it is difficult to observe the disease at the early stages

of development.

Management Strategies. Crop rotation is the most effective control method for C.
graminicola. A study in 2009 showed that maize plants grown in fields that were used
for maize last season show severe symptoms compared to fields that were used to

grow soybeans (Jirak-Peterson & Esker, 2011). Other cultural methods such as deep
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ploughing and also use of resistant hybrids to disrupt the pathogen’s primary inoculum
may be practiced (Jirak-Peterson & Esker, 2011).

Charcoal rot

Charcoal stalk rot is caused by Macrophomina phaseolina (Tassi) Goid, a fungal plant
pathogen responsible for damping-off, charcoal rot, seedling blight, stalk rot, root rot,
etc. in several different plant species (Babu et al., 2007). Macrophomina phaseolina
has a wide host range and can infect hundreds of plant species from different families.
Its hosts include wheat, maize, chickpea, tomato, soybean, sunflower, sorghum, and

more (ur Rehman et al., 2021). The fungus is favoured by hot dry conditions.

Charcoal rot in maize usually occurs when the plant undergoes severe drought stress.
Up to 70% yield losses due to Charcoal rot in Africa have been recorded and the Free
State and North West provinces of South Africa had high incidences of this disease in
the season 2008/2009 (van Rensburg & Flett, 2012). In 2013, Free State farmers lost
30 % yield due to the disease (van Rensburg & Flett, 2012).

Symptoms. The roots of the infected maize plant develops brown, watery soaked
lesions that later turn black. The fungus spread to the lower internodes of the stalk
where it causes premature ripening and later shredded pith. The affected plant
develops black sclerotinia in the vascular tissues of the stalk (Figure 7).

Figure 7: Macrophomina phaseolina black sclerotinia in the vascular tissues of maize stalk
(Munkvold, 2021).
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Disease cycle. Macrophomina phaseolina overwinters in soil or/and maize residues
as black structures called sclerotia. Sclerotia are dormant spores that can survive
harsh environmental conditions for a long period of time. During dry hot periods, the
sclerotinia germinate and penetrate maize roots. The fungus moves into the vascular
tissues and start colonisation, thus disrupting the transportation of water and nutrients
to the upper parts of the crop.

Management Strategies. Fungicides that include carbendazim, fluquinconazole,
iprodione, metalaxyl, pyraclostrobin, tolyfluanid, penflufen + trifloxystrobin, and thiram
can be used to stop the mycelial development of M. phaseolina (Tonin et al., 2013).
Soil solarization and crop rotation manages the pathogen effectively, also soil

solarization has been proved to be as efficient as fungicides (Rehman et al., 2021).
Trichoderma ear rot

Trichoderma species are among the most frequently encountered fungi in different
plant roots and soil ecosystems. Most species are antagonists to phytopathogenic
fungi, and as a result their strains are used to make commercial products that can be
utilized as biocontrols of several fungal diseases (Vinale et al., 2008). Trichoderma
strains that are commonly used as biological control agents are those of T.
asperellum, T. atroviride, T. hamatum, and T. harzianum (Sharma et al., 2011).
Trichoderma products that are commonly used in South Africa include Bio-Tricho, Eco-
T, Eco-77, Tricho Plus, Romulus, and they mostly contain different Trichoderma
harzianum strains as active agents (Woo et al., 2014). Mechanisms deployed by
Trichoderma against phytopathogenic fungi include competition for nutrients or/and
niche, direct parasitism, antibiosis, and even induce systematic resistance in plant
hosts (Benitez et al., 2004).

A few Trichoderma species including T. aggressivum and T. viride are causal agents
of green mould on button mushrooms (Samuels et al., 2002) and dieback disease on
Pinus nigra seedlings (Li Destri Nicosia et al., 2015). Recent studies have reported a
new maize ear rot disease caused by T. afroharzianum (Pfordt et al., 2020, Sanna et

al., 2022). However, there is still a limited information about this disease.
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Maize stalk rots caused by Pythium species

Most Pythium species are soilborne pathogens that are responsible for pre- or post-
emergence damping-off, seedling blight and root rots (Parveen & Sharma, 2015).
Some plants in favourable condition can continue growing despite the root infections
(Dodd & White, 1999). However, the infections may lead to reduced and stunted plant
roots, thus resulting reduced yield quality and quantity. Pythium infestations of maize
seeds and seedling commonly occur in the early season when soil is moist and cool
(Rao et al., 1978).

Symptoms. A severely infected maize plant has discoloured root system with visible
lesions (Figure 8A) (Farr et al., 1989). Maize rind and pith develop soft, brown, and
water-soaked lesions (Figure 8B). The root cortex appears discoloured and rotten
(Farr et al., 1989, Martin & Loper, 1999). An infected maize plant with no obvious
necrotic symptoms yields low quality produce and in this case diagnosis can be done
by observing oospores present in the tissues (Martin & Loper, 1999). Infestation of a
seed or seedling prior to emergence from the soil results in seedling blight (Farr et al.,
1989) and stunted growth (Figure 8C) (Martin & Loper, 1999).

Figure 8: Pythium symptoms on maize. A- Lesions on the roots. B- Soft, brown, and water-

soaked maize pith rind and pith. C- Chlorosis and stunted growth (Grau & Robertson, 2019).
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Disease cycle. Pythium species overwinters as oospores in plant debris and in soil.
Under favourable conditions, the oospores germinate and produce mycelium or
sporangia. The mycelia and zoospores produced in sporangia infect seedling roots,
mostly after rain as they become more active in high soil moisture (Hendrix &
Campbell, 1983).

Management Strategies. Pythium infections are favoured by moist and cool
conditions, therefore soil drainage or planting when soil temperatures are high might
reduce disease incidence. Soil and seed treatment using metalaxyl and other systemic
fungicides controls infections, however, the treatment becomes less effective as the
plant continues to grow (Agrios, 2005). Crop rotation has been shown to be less

effective in managing Pythium spp.
Morphological identification of fungi

In the past mycologists identified fungi using morphological characters, such as colony
diameter, texture, colour of spores, mycelia, and conidiophore structures (Visagie et
al., 2014). They collected macroscopic reproductive structures visible on or used pure
cultures of the isolates obtained directly from the soil to examine soil fungal
communities (Rossman, 1998). However, collection of fruiting bodies is limited
because some species fruiting bodies are present for a short time (Straatsma et al.,
2001). Furthermore, other species that are found underground can be poorly or not
represented by fruiting bodies above-ground (Gardes & Bruns, 1996). Several books
and monographs used morphology alone to divide families, genera, and species (Hyde
et al., 2010).

Morphological identification plays a vital role in fungal identification, especially when a
new species is believed to be discovered, however, it requires a well-trained and
experienced mycologist as it can be challenging and sometimes misleading. For
example, identification of ascomata for sexual states based only on morphology can
be difficult as they are not often produced in culture (Raja et al., 2017). Identifying
fungi based on morphological characteristics might fail when working with cryptic
species (Damm et al., 2010). Molecular identification has provided an alternative way
for fungal identification, thus improving fungal diversity research (Tanabe & Toju,
2013).
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DNA barcoding

Use of molecular data for fungal identifications started in the 1990s and have become
a strong tool for mycologists as it has improved fungal identifications. DNA barcoding
was first proposed by Paul Hebert in 2003. The concept was to generate a unique
barcode for a species based on a short DNA fragment. DNA barcoding involves
identification of species using information of one or more gene regions. It involves the
process of generating PCR amplicons from a particular region and sequencing them.
The sequences are compared to reference sequences in databases that have been

curated by nomenclatural experts.

DNA regions that are can be used for fungal identifications include large subunit (28S),
small subunit (18S) and Internal transcribed spacer (ITS) region (ITS1,5.8S, ITS2) of
the ribosomal RNA cistron (Stockinger et al., 2010). However, observations showed
these regions evolve at different rates thus resulting in different degrees of genetic
variation (Slowest evolution exhibit less variation) (White et al., 1990). With this
information, one could know exactly which region to sequence depending to the study
to be conducted. Briefly, if a researcher is interested in identifying fungi at higher
taxonomic level, 18S can be amplified and sequenced as it evolves the slowest (White
et al., 1990). For fungal identification at intermediate taxonomic level, one can
sequence 28S. ITS evolves the fastest and can be used to identify fungi to a species
level. ITS region was chosen as an official barcode for fungi amongst six other gene
regions as its probability of successfully identifying a wider range of fungi is high (Bruns
et al.,, 1991). However, the ITS region sometimes fails to precisely identify fungi in
some genera such as Fusarium, Penicillium, Aspergillus, Trichoderma, and
Cladosporium as it is not consistent in distinguishing all closely related species (Rico-
Munoz et al., 2019).

The inconsistency of ITS region in identifying the isolates of the above stated genera
to species level has led to use of secondary identification markers (protein-coding
genes) instead. These secondary markers have intron regions that often evolve faster.
A selected secondary identification marker should be easy to amplify, be able to
differentiate among closely related species and have a complete reference data
(Visagie et al., 2014). Secondary identification markers such as the genes encoding
beta-tubulin (tub2/BenA), calmodulin (CaM), the largest (RPB1) and second largest
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(RPB2) subunits of RNA polymerase, and translation elongation factor 1-alpha (tefl)
have been commonly used for barcoding and phylogenetic identifications (Table 2). A
secondary barcode marker that is recommended for Penicillium species is BenA
(Visagie et al., 2014). For Aspergillus, CaM is recommended as barcode maker
(Samson et al., 2014). Tefl is a recommended barcode marker for Fusarium
(O’Donnell et al., 2015), Cladosporium (Bensch et al., 2015), and Trichoderma. RPB2
region can also be used for Trichoderma identifications using phylogenetic

approaches.
Available databases for fungal Identification

The unknown sequences that are obtained from DNA barcoding are compared against
sequence databases (Table 3) for identification. A long list of databases that can be
used for identification is provided by Robert et al. (2015) and Singh & Gupta (2017).
GenBank BLAST search on National Centre for Biotechnology Information (NCBI) is
the most popular approach that is used to identify unknown strains. The user “BLASTSs”
an unknown ITS sequence on the GenBank and identify strain based on similarity

between an unknown strain and reference strain.

However, the NCBI contains many misidentified sequences (Federhen, 2015) where
some sequences are unnamed or partially named (Robert et al., 2015). About 27% of
ITS sequences on GenBank were deposited with insufficient taxonomic identification
(Nilsson et al., 2006) and several described fungal species have not been sequenced
(Rossman & Palm-Hernandez, 2008). Other sequences deposited in GenBank are
unpublished (Rossman & Palm-Hernandez, 2008). Sequences on RefSeq Targeted
Loci (RTL) database were reannotated and verified as an attempt to resolve the
above-mentioned issues. However, RefSeq only covers the ITS region and does not
include secondary identification markers (Visagie et al., 2014).

UNITE is another popular database that identifies unknown ITS sequences based on
similarity hypotheses and has been curated (Nilsson et al., 2015). FUSARIUM-ID is a
curated database used for identification of Fusarium species using gene regions listed
on Table 4.2. ICTT International Commission on Trichoderma Taxonomy (ICTT)
TrichoKey and TrichoBLAST database can be used to identify Trichoderma species.

Fungal MLST database Q-Bank is another curated database that can be used to
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identify fungi belonging in different genera (Bonants et al., 2013). Other researchers
use local databases for fungal identifications that are sometimes private.

Conclusions

The purpose of this review has been to provide a summary on morphological and
modern fungal identification approaches, and the most common soilborne pathogens
of maize in South Africa. About 148,000 fungal species worldwide have been
described (Cheek et al., 2020) with over 8 000 species confirmed as plant pathogens
(Jermy, 2017). Approximately 171 500 fungal species are estimated to be found in
South Africa (Crous et al., 2006). Most fungal species have been identified based on
morphology. Some sequences of the described species are either misidentified or
missing their types. For genera such as Fusarium, Aspergillus, Trichoderma that
requires additional genes for identification, only ITS region sequences are available.
These misidentifications can have serious implications from a disease diagnostic and

management standpoint.

With DNA barcoding approach, fungi can be identified in less time with more precise
identifications using the available curated DNA reference sequences for comparison.
This will give an insight on what fungal community and/ or pathogens are truly
associated with maize. This knowledge will be an important baseline for communities
to know what species are present and thus set priorities for research looking at disease

management.
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Table 2: Barcode region for fungal identification (Adapted from (Visagie et al., 2014) with some modifications)

Genus Region Primer Directio  Primer Sequence (5— 3’) References
n
Unidentified genus Internal transcribed spacer ITS1 Forward TCCGTAGGTGAACCTGCGG (White et al., 1990)
region (ITS) ITS4 Reverse TCCTCCGCTTATTGATATGC (White et al., 1990)
VoG Forward TTACGTCCCTGCCCTTTGTA (De Hoog & Van den
LS266 Reverse GCATTCCCAAACAACTCGACTC Ended, 1998)
(Masclaux et al., 1995)
Aspergillus Calmodulin (CaM) CMD5 Forward CCG AGT ACA AGG ARG CCT TC (Hong et al., 2006)
CMD6 Reverse CCG ATR GAG GTC ATR ACG TGG  (Hong et al., 2006)
Alternaria Glyceraldehyde-3- gpdl Forward CAACGGCTTCGGTCGCATTG (Berbee et al., 1999)
phosphate dehydrogenase gpd2 Reverse GCCAAGCAGTTGGTTGTGC (Berbee et al., 1999)
(GAPDH)
Penicillium Beta-tubulin (tub2) Bt,a Forward GGTAACCAAATCGGTGCTGCTTTC (Glass & Donaldson,
1995)
Bt.b Reverse ACCCTCAGTGTAGTGACCCTTGGC (Glass & Donaldson,

1995)

Cladosporium

Translation elongation factor

EF1-728F Forward

CATCGAGAAGTTCGAGAAGG

(Carbone & Kohn, 1999)

Trichoderma 1-alpha (tefl) EF2 Reverse GGARGTACCAGTSATCATGTT (O’Donnell et al., 1998)

Fusarium Translation elongation factor EF1 Forward ATGGGTAAGGARGACAAGAC (O’Donnell et al., 1998)
1-alpha (tefl) EF2 Reverse GGARGTACCAGTSATCATGTT (O’Donnell et al., 1998)

Phoma RNA polymerase Il subunit 5Feur Forward GAYGAYCGKGAYCAYTTCGG (Houbraken et al., 2012)
(RPB2) 7CReur Reverse CCCATRGCYTGYTTRCCCAT (Houbraken et al., 2012)

© University of Pretoria
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Table 3: Available databases for fungal identifications (Adapted from (Yahr et al., 2016))

Database Website address Region

RefSeq Target Loci http://www.ncbi.nlm.nih.gov/refseq/ ITS, 18S, 28S
targetedloci/

UNITE, User-friendly Nordic ITS https://unite.ut.ee/ ITS

Ectomycorrhiza Database

FUSARIUM-ID

Fungal MLST database Q-Bank

International Subcommision on Hypocrea
and Trichoderma (ISHT) TrichoKey
and TrichoBLAST

Centraalbureau voor Schimmelcultures
BioloMICS Databases (CBS-KNAW)

Naiv e Bayesian Classifier

http://www.fungalbarcoding.org

https://www.fusarium.org

http://www.q-bank.eu/Fungi/

http://lwww.isth.info/tools/blast/

http://www.cbs.knaw.nl/Collections/

BioloMICSSequences.aspx

http://rdp.cme.msu.edu/classifier/classifier.

Isp

ITS, tefl, RPB1, RPB2, BenA

partial actin, BenA, RPB1, RPB2, tefl

ITS and tefl, RPB2

ITS

ITS

© University of Pretoria
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Chapter 2: Fungal diversity associated with maize
agricultural soils collected in the Free State and North West

provinces of South Africa

Abstract

Maize is a staple food in South Africa and our biggest and most important crop
produced. Studies characterising microbial communities associated with maize
rhizosphere soil are essential for understanding their contribution to producing healthy
maize. The aim of our study was therefore to complete a survey and identify and
characterize fungi from maize rhizosphere soils collected from farms in the Free State
and North-West provinces. Fungal strains were isolated from soil using various growth
media and identified to genus level using morphology. Subsequent species
identifications were done using appropriate DNA sequences of informative genes
(CaM, tefl, tub2) for each genus and ITS for fungi that could not be identified
morphologically. Isolations resulted in 460 strains that were classified into 28 genera
and 80 species. Fusarium, Neocosmospora, Penicillium and Trichoderma were found
to dominate rhizosphere communities, with F. tardicrescens, N. solani, P. raperi, and
T. afroharzianum the most common and consistently isolated species across farms.
Other genera identified include Aspergillus, Chaetomium, Cladosporium, Metarhizium,
Talaromyces, and Umbelopsis. Notably, Fusarium chlamydosporum, F. oxysporum,
F. subglutinans, F. temperatum, Neocosmospora falciformis and Setophoma terrestris
were isolated from soils and have previously been reported to cause stalk, root, and
/or crown rots of maize plants. Potentially beneficial species commonly used as
biological control agents (such as Beauveria bassiana, Clonostachys rosea,
Metarhizium pinghaense, Trichoderma hamatum, and T. gamsii) were also isolated.
The findings presented here provide the baseline knowledge needed to start
understanding fungal community compositions of maize rhizosphere soils and give us
an insight into what soilborne pathogens may be associated with maize. This is the
first survey to use modern taxonomic approaches to identify and characterise fungal

communities from maize farms in South Africa.

Keywords: Sequence based identifications, Soil fungi, Zea mays
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Introduction

Maize is one of the most important crops planted worldwide, ranking third after wheat
and rice (Adnan & Bilal, 2020). In South Africa, maize is a staple crop with 16 211 265
tons recorded in 2020/21 (GrainSA, 2021). It is consumed directly as food, used to
produce food products like maize meal, breakfast cereals, and snacks, or used for
animal feed. The Free State (45,1 %), Mpumalanga (20,9 %), and North-West (18,0
%) provinces produce the most maize in the country, followed by KwaZulu-Natal (4,8
%), Northern Cape (4,4 %) and Gauteng (4,1 %). The Limpopo (1,5 %), Eastern Cape
(1.0 %), and Western Cape (0,2 %) provinces contribute a small percentage of the

country’s total maize produced (GrainSA, 2020).

To sustain the growing human population and feed livestock, maize crop yields are
typically increased by the use of chemical fertilizers (Fixen & West, 2002). However,
fertilizers are expensive (Musokwa et al., 2019) and they also negatively interfere with
the structure of the soil ecosystem (Tripathi et al., 2020) including fungal communities
present in the soil. Microbial diversity is an essential component for maintaining
healthy agricultural soils (Jeffries et al., 2003, Izquierdo et al., 2005). For example,
mycorrhizal fungi (e.g. Glomus mosseae, G. etunicatum, and G. clarum) are known to
help maize plants grow and develop by facilitating nutrient absorption, especially
phosphorus (Bai et al., 2008, Evelin et al., 2009). On the other hand, some soil fungi
are plant pathogens and can negatively impact maize plants when they cause

diseases leading to quality and yield reduction.

The fungal kingdom is extremely diverse, ranging from unicellular yeast to large
multicellular macro- and micro fungi. They can be found in almost all substrates that
contain carbon and life without them would not be possible. Generally, substrates with
a high fungal diversity are thought to be healthier than substrates that lack diversity
(Bell et al., 2009), especially where the soil is concerned. The primary role of soil fungi
in the ecosystem is to decompose organic matter. Also, the hyphae of flamentous
fungi growing through the soil matrix intertwine soil particles, thus forming soil
aggregates (Lehmann et al.,, 2017) that can limit soil erosion (Hagn et al., 2003).
However, fungal diversity is typically affected by environmental factors, such as soil
type, pH, temperature, above ground vegetations and many more (Angst et al., 2021).

Land management strategies such as crop rotation or tillage also play a role in

36| Page

© University of Pretoria



(02’&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

determining fungal communities in agricultural soils (Acosta-Martinez et al., 2014,
Classen et al., 2015).

Studies of microbial communities associated with maize rhizosphere soils are
essential for understanding the potential ecological role and interrelationship between
a plant and microbes in this ecosystem. Microorganisms that have a positive impact
in agricultural soils are important for their potential use in selection of management
strategies, i.e., understanding the fungal diversity and their roles in maize agricultural
ecosystems is essential. Fungal genera that are commonly associated with maize
related soils include Aspergillus, Fusarium, Penicillium, and Trichoderma (Nesci et al.,
2006, Swer et al., 2014, Khonglah et al., 2015, Nyongesa et al., 2015, Zhao et al.,
2022). Traditionally, fungal surveys identified fungi based on only morphology which
is complicated to do and often led to misidentifications or underreporting of diversity.
Past identifications do not necessarily follow more recent taxonomies based on
phylogenetic species concepts (Eicker, 1970, Marasas et al., 1981, Roux & Van
Warmelo, 1997, Cavaglieri et al., 2009, Kiglik & Kivang, 2011, Swer et al., 2014,
Nyongesa et al., 2015, Widiati et al., 2015, Adeyemi et al., 2019). The use of DNA
sequences allows mycologists the opportunity to identify community members more
accurately and robustly as long as reliable reference data are available. Modern
surveys that identify fungi using DNA sequence markers instead of morphology are
thus needed to obtain a better baseline knowledge on the fungi that are associated

with maize rhizosphere soils in South Africa.

This study aimed to survey maize rhizosphere soils collected from commercial farms
in the Free State and North West provinces and determined their fungal community
composition. The main objectives were to isolate, preserve and identify fungal strains
to the species level using a DNA sequencing approach and advance our knowledge
of the fungal species diversity from South Africa.

Materials and methods

Soil sampling and fungal isolation

Representative soil samples were collected from 19 farms in the Free State (17

farms) and North West (2 farms) provinces in March 2020. Soil was sampled
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around roots of maize plants, 10 cm below the surface using a hand shovel. Six
soil samples were randomly collected across each farm and stored in 4 °C until

processed for isolations.

From each sample, 10 g of soil was suspended in 100 ml of sterile distilled water.
Serial dilutions were prepared down to 1x102 and 1 ml from each dilution was
spread plated in triplicate onto Difco™ potato dextrose agar (Becton, Dickinso
and Company, Sparks, USA). For Fusarium isolations, a small amount of soil
was sprinkled directly onto Fusarium selective media (Difco agar amended with
peptone powder, KH2PO4, MgS04.7H20 and pentachloronitrobenzene). All
media were amended with 2 ml of chloramphenicol (50 ppm) and streptomycin
(100 ppm) to prevent bacterial growth. Plates were incubated at +21 °C for 5—7
days. Isolations were subsequently made by transferring spores/mycelia to small
plates containing low-strength PDA (¥4 PDA). Single spore cultures were
prepared by suspending mycelia into 100 pl double sterilized distilled water in an
eppendorf tube. The mixture was mixed, spread plated onto ¥4 PDA plates, and
plates incubated face down overnight at +21 °C. Plates were observed using a
stereo microscope and single germinating spores were transferred to new ¥4 PDA
plates. Isolates were grouped and identified to genus level using morphology and
then accessioned into the CN working collection housed at FABI. Spore
suspensions of the strains were prepared in vials containing 10% glycerol and
stored at -80 °C.

DNA extractions

Fungal DNA of pigmented strains (e.g. Penicillium, Trichoderma, etc.) was
extracted from 7—-10 day old cultures as per the manufacturer’s protocol using
the ZR Quick-DNA™ Fungal/Bacterial Miniprep Kit (Zymo Research, CA, USA).
PrepMan™ Ultra (Thermo Fisher Scientific, Warrington, UK) was used for
extracting DNA from isolates with hyaline conidia. Briefly, the mycelium of each
isolate was suspended into 70 pl PrepMan™ Ultra in an eppendorf tube, vortexed
for 30 sec, and heated for 10 min. The eppendorf tubes were then centrifuged at

20800 g for 7 min. The supernatant containing DNA was transferred to a new
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eppendorf tube. All DNA extracts were accessioned into the CN-DNA collection
and stored at -20 °C.

Polymerase Chain Reaction (PCR) and Sequencing

Four identification markers were used to make species identifications. They
included beta-tubulin (tub2), translation elongation factor 1-alpha (tefl), and
calmodulin (CaM), as well as the internal transcribed spacer rDNA region (ITS).
They were amplified and sequenced, depending on the genus a strain belonged
to (Table 1). PCR amplification was done in 25 ul reaction mixtures consisting of
17.5 pl MilliQ water; 5.0 pl BioLine 5X MyTaq Reaction Buffer (Bioline, England,
UK), 0.50 pl of each primer (concentration), 0.50 pl BioLine MyTaq DNA
polymerase and 1 pl of the extracted DNA. Thermal cycles used for each gene
region are listed in Table 2. The relative concentrations and sizes of PCR
products were estimated using electrophoresis on a 1% agarose gel stained with
GelRed and 100 bp ladder (Thermo Fisher Scientific, Massachusetts, USA).

PCR products were purified using the ExoSAP-IT PCR Product Clean-up
Reagent (Thermo Fisher Scientific, Massachusetts, USA) to remove primer
dimers and unincorporated nucleotides. Briefly, a reaction of 2 pl ExoSAP-IT and
5 ul of PCR product was placed in a thermal cycle of: 37 °C for 15 min, and 85
°C for 15 min. Purified PCR amplicons were sequenced in both directions,
separately using the same primers used for PCR and the BigDye Terminator v.
3.1 Cycle Sequencing Kit (Applied Biosystems). Reactions were analysed at the
DNA Sanger Sequencing Facility, Faculty of Natural and Agricultural Sciences,

University of Pretoria.

Contigs were assembled and base calls were made where needed using
Geneious Prime v. 2019. To make identifications, sequences were compared to
reference data previously deposited in RefSeq Target Loci and in GenBank of
the National Center for Biotechnology Information (NCBI) using “Nucleotide
BLAST” search, while Aspergillus, Penicillium, and Fusarium sequences were
compared with locally curated databases. The Aspergillus and Penicillium
databases are largely based on Houbraken et al. (2020), while Fusarium and
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Trichoderma were largely based on Crous et al. (2021) and Bissett et al. (2015)
respectively.

Results
Fungal isolations and identifications

A total of 114 soil samples (102 from the Free State, 12 from North West) were
collected from 19 farms. Isolations resulted in 460 fungal strains representing 20
families (Figure 1) with Aspergillaceae (n = 156) and Nectriaceae (n = 145) dominating
communities, followed by Hypocreaceae (n = 74), Cladosporiaceae (n = 21),
Didymosphaeriaceae (n = 9), Mortierellaceae (n = 5), Bionectriaceae (n = 3),
Clavicipitaceae (n = 3), Phaeosphaeriaceae (n = 3), Chaetomiaceae (n = 2),
Aureobasidiaceae (n = 1), Cordycipitaceae (n = 1), Cunninghamellaceae (n = 1),
Myrmecridiaceae (n = 1), Ophiocordycipitaceae (n = 1), Pleosporaceae (n = 1), and

Stachybotryaceae (n = 1).

Aspergillaceae was the most commonly isolated group, represented by two genera,
Aspergillus and Penicillium. In total, 27 species were identified, five Aspergillus as A.
calidoustus (n = 1), A. dimorphicus (n = 1), A. pseudodeflectus (n = 4), A. terreus (n =
2), and A. tubingensis (n = 1), and 22 Penicillium species as P. raperi (n = 75), P.
arabicum (n = 16), P. flavigenum (n = 13), P. chalabudae (n = 5), P. bilaiae (n = 4),P.
ortum (n = 4), P. crustosum (n = 3), P. rubens (n = 3), P. citrinum (n = 2), P. cluniae (n
= 2), P. raistrickii (n = 2), and single strains recovered for P. atrovenetum, P.
brevicompactum, P. desertorum, P. frequentans, P. griseofulvum, P. murcianum, P.
olsonii, P. sacculum, P. sizovae, P. striatisporum, and P. yunnanense (Figure 3).
Penicillium raperi was the most commonly isolated species and was recovered from

all farms. Three putative new Penicillium species were also isolated.

Nectriaceae were the second most commonly isolated group. Strains represented two
genera, Fusarium and Neocosmospora (formerly the Fusarium solani species
complex). Fusarium species identified belonged to five species complexes (Figure 4),
namely, the Fusarium chlamydosporum species complex (FCSC; n = 7), Fusarium
fujikuroi species complex (FFSC; n = 8), Fusarium incarnatum-equiseti species

complex (FIESC; n = 2), Fusarium oxysporum species complex (FOSC; n = 94), and
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Fusarium sambucinum species complex (FSAMSC; n = 8). Fusarium communities
were dominated by strains (n = 94) from FOSC. A total of 15 Fusarium species were
identified. From FCSC F. atrovinosum (n = 1), F. chlamydosporum (n = 1) and F.
sporodochiale (n = 5) were identified; from FFSC F. subglutinans (n = 6) and F.
temperatum (n = 2) were identified; from FIESC F. clavus (n = 1) and F. equiseti (n =
1) were identified; from FOSC Fusarium callistephi (n = 20), F. carminascens (n = 1),
F. glycines (n =11), F. grosmichelii (n = 4), F. nirenbergiae (n =4) and F. tardicrescens
(n = 38) were identified; and from FSAMSC F. boothii (n = 1) and F. transvaalense (n
= 7) were identified. A putative new species, Fusarium sp. nov. 1, (n = 16) that belong
to FOSC (Figure 5) was also isolated. Fusarium tardicrescens was found in many soil
samples (11 out of 19 farms). The most commonly isolated Neocosmospora species

was N. solani (n = 24), but N. falciformis (n = 2) was also recovered.

Trichoderma (classified in Hypocreaceae) was also a commonly isolated genus that
represented eight species (Figure 6). Trichoderma afroharzianum (n = 23) was the
most commonly isolated species, followed by T. gamsii (n = 16), T. hamatum (n = 16),
T. rifaii (n = 8), T. arundinaceum (n = 6), T. saturnisporum, (n = 3), T. spirale (n = 1)

and T. virens (n = 1).

A total of 121 strains identified as 27 species belonged to less commonly isolated
genera that included Albifimbria, Alternaria, Aureobasidium, Beauveria, Chaetomium,
Cladosporium, Clonostachys, Didymella, Gamsiella, Gongronella, Leptosphaerulina,
Metarhizium, Mortierella, Myrmecridium, Paraconiothyrium, Paraphaeosphaeria,
Pseudopithomyces, Pseudothielavia, Purpureocillium, Sarocladium, Setophoma,

Talaromyces, and Umbelopsis (Table 3).

Discussion

This study aimed to complete a fungal survey on maize rhizosphere soils by identifying
strains based on DNA sequence data. This survey was conducted across 17 Free
State and two North West farms, and it resulted in 460 isolates identified as 80 species
from 28 genera and 20 families. Fusarium, Neocosmospora, Penicillium, and

Trichoderma were found to dominate the examined communities, with Fusarium
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tardicrescens, Neocosmospora solani, Penicillium raperi, and Trichoderma

afroharzianum being the most common species isolated across the farms.

Fungal communities mostly consisted of Penicillium (Aspergillaceae), Fusarium
(Nectriaceae), and Trichoderma (Hypocreaceae). These results partially agree with
those of Nesci et al. (2006) who reported Cladosporium, Fusarium, Penicillium, and
Trichoderma as common from maize soils that underwent conventional tillage in
Argentina. They are also similar to those of Chavez-Diaz et al. (2021) who identified
Aspergillus, Fusarium, Metarhizium, Penicillium, Talaromyces, and Trichoderma
species present in Mexican maize landraces when they surveyed for maize
rhizosphere fungi that exhibit potential biocontrol properties against Fusarium strains
from four different Fusarium species complexes. Beyers (2019) who used real-time
PCR (qPCR) to identify and quantify soilborne pathogens associated with maize roots
in the Free State, South Africa reported high abundance Phoma spp., F. oxysporum
and F. chlamydosporum. Gaddeyya et al. (2012) reported Aspergillus terreus,
Penicillium frequentans, Trichoderma viride, Fusarium oxysporum, Neocosmospora
solani (as F. solani) in cultivable fields, which are the species that were also found
from maize fields in the current study. Zhao et al. (2021) surveyed rhizosphere
microbial community in continuous mono-maize seed production using high-
throughput sequencing approaches, and reported much more diverse communities,
detecting the genera Mortierella, Chrysosporium, Pseudeurotium, Fusarium,
Podospora, Chaetomium, Exophiala, Bipolaris, Acremonium, Cladosporium,
Microascus, Cladorrhinum, Guehomyces, Scopulariopsis, Plectosphaerella,

Wardomyces, Tetracladium, Inocybe, Holtermanniella, and Bionectria.

Penicillium was the most commonly isolated genus, with strains that represented 22
species. Penicillium raperi was the most prevalent species. Penicillium raperi belongs
to section Lanata-Divaricata which is a very common section in soil, and this might
explain the high abundance P. raperi. The results from this study are different (except
for P. brevicompactum and P. sacculum) from those of Khonglah et al. (2015) who
reported P. canescens, P. daleae, P. fellutanum, P. janthinellum, P. jensenii, P.
lanosum, P. restrictum, P. simplicissimum, and P. spinulosum on the rhizospheric
soils of maize plants. Penicillium species are generally considered saprophytes that

break down complex organic substrates and make these compounds available for
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plants to use. Others are known to fulfill important ecosystem functions where they
can solubilize phosphates and promote plant growth. Penicillium bilaiae, P. citrinum,
and P. griseofulvum which have also been isolated from this survey were shown to
have phosphate solubilization (Yadav et al., 2011, Gémez-Mufioz et al., 2018) and
plant growth promotion activities (Khan et al., 2008). Wakelin et al. (2004) reported
efficient phosphate solubilization by P. bilaiae and P. griseofulvum when investigating
the occurrence and levels of phosphate solubilization activity of Penicillium species
associated with the wheat rhizosphere in Australia. To this end, P. bilaiae is currently
registered as a plant growth-promoting microorganism (PGPM) in Canada. Leggett et
al. (2015) also reported a yield increase in maize plants inoculated with P. bilaiae. With
the high abundance of P. raperi (75 strains) from all fields, we suggest studies
investigating the ecological roles of P. raperi on maize agricultural fields and the
relationship between this species and maize plants need to be conducted. For
example, it would be interesting to explore if P. raperi can solubilize phosphate from

the soil and make it available for plant intake.

Fusarium was the second most abundant genus represented by 16 species, most of
which belonged to the FOSC, followed by FSAMSC, FFSC, and FCSC. FOSC species
can be found almost in every soil around the world and the species that were identified
in the current study included F. callistephi, F. carminascens, F. glycines, F.
grosmichelii, F. nirenbergiae, and F. tardicrescens. Although most of the Fusarium
species isolated from this study were from FOSC, none of them belonged to the
Fusarium oxysporum sensu stricto (Lombard et al., 2019). All the identified species
belonged to the Fusarium oxysporum sensu lato with F. tardicrescens which has been
recently described by Maryani et al. (2018) being most common. Cobo-Diaz et al.
(2019) who investigated Fusarium composition in maize soils and residues using
MiSeq metabarcoding sequencing reported a high abundance of F. oxysporum in soill
samples. However, Ge et al. (2018) reported high abundance of F. verticillioides, F.
equiseti, and F. graminearum in maize rhizosphere soil in China. Other Fusarium
species that were isolated included F. atrovinosum, F. boothii, F. chlamydosporum, F.
clavus, F. equiseti, F. subglutinans, F. sporodochiale, F. temperatum, and F.
transvaalense. These results partially agree with those of Chehri (2011) who reported
F. chlamydosporum, F. equiseti, F. subglutinans along with other species on maize

rhizosphere soil when surveying Fusarium associated with economically important
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agricultural crops in Iran. Rheeder &  Marasas (1998) also reported F.
chlamydosporum, F. equiseti, F. oxysporum, F. subglutinans, N. solani (F. solani) and
other 11 species from plant debris in soil samples collected from cultivated maize fields
in the Eastern Cape, South Africa. There is also a putative new species, Fusarium sp.

nov.1 isolated, but that needs a further study for confirmation.

Several species that were isolated from this survey have been reported to cause
diseases in maize. Species from FOSC are reported to infect more than a wide range
of host plants (Michielse & Rep, 2009), however, not all of them are pathogens.
Fusarium oxysporum typically causes wilt and stalk rot in many crops and was
included in the top ten fungal pathogens known (Dean et al., 2012). Several species
from FSAMSC and FFSC have been reported as plant pathogens and are producers
of important mycotoxins (Aoki et al., 2014, Niehaus et al., 2016, Laraba et al., 2021,
Yilmaz et al., 2021). Fusarium boothii, F. subglutinans, and F. temperatum were
among the species that were isolated in this study, and they are known to cause maize
ear rots (Sampietro et al., 2011, Czembor et al., 2014). Fusarium chlamydosporum
from FCSC has been isolated with other Fusarium species in diseased maize kernels
(Morales-Rodriguez et al., 2007, Fu et al., 2015). These pathogens can overwinter in
the soil and on maize residues, and later their spores are disseminated by air to infect
the above-ground maize plant tissues including maize ears. Fusarium subglutinans
and F. temperatum are also known to cause stalk, root, and crown rots in maize.
Fusarium equiseti from FIESC was recently reported as a causal agent of maize stalk
rot in India (Swamy et al., 2020). Two other species, Neocosmospora falciformis and
Setophoma terrestris were present in the soil and they have been reported to cause
maize stalk rot and red root rot, respectively (Mao et al., 1998, Koenning et al., 2007,
Douriet-Angulo et al., 2019). The presence of potential pathogens may be of concern,
but it is worth noting that their presence does not necessarily mean that they will cause
diseases. It is our opinion that many of the species detected in our survey are common
and widely occurring soil-borne species and that future studies should look into the

biotic and abiotic factors that will make these strains/species pathogenic.

Trichoderma was the third most commonly found genus with a total of eight species
identified. Trichoderma species are generally considered avirulent plant symbionts in

soil (Harman et al., 2004) and several species have been applied as biocontrol agents
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against numerous plant pathogens (Samuels, 1996). Trichoderma afroharzianum was
the most commonly isolated species. This species is able to promote plant growth
(Juan et al.,, 2021) by upregulating functional genes related to plant growth.
Trichoderma afroharzianum is also one of the more commonly used biocontrol agents
against several plant pathogens (Zhang et al., 2015, Mokhtari et al., 2017, Stummer
et al., 2020). However, recent studies reported that T. afroharzianum may cause maize
ear rot (Pfordt et al., 2020, Sanna et al., 2022). Therefore, it is vital not to overrule the
pathogenetic effect of T. afroharzianum when applying it as biological control agent.
Trichoderma gamsii and T. hamatum were also commonly isolated, followed by T.
rifaii, T. arundinaceum, T. saturnisporum, T. spirale and T. virens. All these species
except for T. rifaii and T. saturnisporum have been previously tested as biological
control agents with promising results against a wide range of pathogens of many crops
(Chetetal., 1981, Howell et al., 2000, Malmierca et al., 2013, Chen et al., 2016, Baiyee
et al., 2019). Other potentially beneficially fungi that were identified included Beauveria
bassiana, Clonostachys rosea, Metarhizium anisopliae, and M. pinghaense.
Beauveria bassiana and M. anisopliae are entomopathogens and have been explored
for their potential control of agricultural destructive insects (Cherry et al., 2004,
Ravindran et al., 2015). Clonostachys rosea is a mycoparasite of other fungi and
nematodes. Its properties were tested and proved to be effective in the management
of fungal and nematodes pathogens (Cota et al., 2008, Zhang et al., 2008, Rodriguez
et al., 2011, Igbal et al., 2018).

This is the first survey to use modern taxonomic approaches to identify and
characterise fungal communities from maize farms in South Africa. Due to a lack of
modern tools for fungal identifications, previous studies surveying maize rhizosphere
fungal diversity identified strains solely based on morphology, while more recent
surveys identified fungi based on ITS sequencing. However, morphological
identifications are notoriously difficult for even experienced taxonomists, while ITS
cannot differentiate between closely related species of common genera like Fusarium,
Penicillium, and Trichoderma (Raja et al., 2017). As a result, we felt it necessary to
complete a survey based on modern taxonomic approaches in order to obtain a better
understanding of the fungi present in maize rhizosphere soils. In the process, this
survey expanded biological resources with strains preserved in cultures collections

that will serve as important reference material for future studies, while the 460 new
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DNA sequences generated help capture infraspecies variation that will make future
identifications easier. We also discovered several putative new Penicillium and

Fusarium species, that will be described elsewhere.

Conclusion

Fungal diversity was found to be relatively high for agricultural soils. Fungal
communities were dominated by Fusarium, Penicillium, and Trichoderma. Among
isolated Fusarium species, F. subglutinans, and F. temperatum can cause stalk rot,
and root and crown rot in maize. However, there are no reports of Penicillium species
causing soilborne diseases in maize and we speculate that they may, in fact, be
beneficial to plants in soils (e.g. what role does P. raperi play). Other potential plant
pathogenic species of maize identified, included Neocosmospora falciformis and
Setophoma terrestris. Beauveria bassiana, Clonostachys rosea, Metarhizium
anisopliae, Trichoderma hamatum, and T. gamsii have been previously reported as
potential biological control agents. These findings provide the baseline knowledge
needed to start understanding fungal community compositions of maize rhizosphere
soils and give us the chance to speculate into the potential impact that these
communities may have. Future studies that use both culture-dependent and
independent approaches should be conducted in order to survey farms more broadly

and determine how and why communities may change between growing seasons.
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Umbelopsidaceae (11) Didymellaceae (10) Others (13)

Trichocomaceae (11)

Cladosporiaceae (21)

Aspergillaceae (149)
Hypocreaceae (74)

Nectriaceae (145)

Figure 1. The proportion of fungal strains in maize soils identified to family-level. “Others”
include families with less than ten fungal strains (Aureobasidiaceae, Bionectriaceae,
Chaetomiaceae, Clavicipitaceae, Cordycipitaceae, Cunninghamellaceae,
Didymosphaeriaceae, Mortierellaceae, Myrmecridiaceae, Ophiocordycipitaceae,
Phaeosphaeriaceae, Pleosporaceae, Stachybotryaceae). Numbers between brackets

represent the number of strains obtained for each family.
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Trichoderma ( Umbelopsis (1) Albifimbria (1) Alternaria (1)

Talaromyces (4) Aspergillus (5)

Aureobasidium (1)
Setophoma (1)

/ Beauveria (1)
Sarocladium (1) : Chaetomium (1)

o Cladosporium (2)
Purpureocillium (1) Clonostachys (2)

Pseudothielavia (1) Didymella (5)

Pseudopithomyces (1

Fusarium (15)

Penicillium (22

Gamsiella (1)

Gongronella (1)

Paraphaeosphaeria (1) Leptosphaerulina (2)

Paraconiothyrium (1) Metarhizium (2)

Neocosmospora (2 Myrmecridium (1) Mortierella (1)

Figure 2: Genera that were found in maize agricultural soils. Numbers between brackets

represent the number of species obtained for each genus.

P. arabicum (16)

P. flavigenum (13)

P. chalabudae (5)
P. bilaiae (4)

P. ortum (4)

P. crustosum (3)

P. rubens (3)
Penicillium sp. nov. 2 (3)

P. raperi (76)

P. citrinum (2)
P. cluniae (2)
P. raistrickii (2)

Others (12) Penicillium sp. nov. 1 (2)

Figure 3: Penicillium species isolated from maize agricultural soils. Others = Species that had
only one strain isolated (Penicillium sp. nov. 3, P. atrovenetum, P. brevicompactum, P.
desertorum, P. frequentans, P. griseofulvum, P. murcianum, P. olsonii, P. sacculum, P.
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sizovae, P. striatisporum, P. yunnanense). Numbers between brackets represent the number
of strains obtained for each species.

Fusarium chlamydosporum

! Fusarium incarnatum-
species complex (7)

equiseti species complex (2)

Fusarium sambucinum
species complex (8)

Fusarium fujikuroi
species complex (8)

Fusarium oxysporum
species complex (94)

Figure 4: Species complexes isolated in maize agricultural soils. Numbers represent the
number of strains obtained for each species complex.

F. temperatum (2)

Others (6)
F. nirenbergiae (4)

F. grosmichelii (4

F. sporodochiale (5) F. tardicrescens

F. subglutinans (6 (38)

F. transvaalense (7)

F.glycines(11) ___—

Fusarium sp. nov. 1 (16) F. callistephi (20)

Figure 5: Fusarium species isolated in maize agricultural soils. “Other” include species that
had only one strain isolated (F. atrovinosum, F. boothii, F.chlamydosporum, F. clavus, F.
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equiseti, and F. carminascens). Numbers between brackets represent the number of strains
obtained for each species.

T. saturnisporum (2) T. spirale (1) _T. virens (1)

T. arundinaceum (

T. afroharzianum (23)

T.rifaii(9) —  —— —

T. hamatum (16

T. gamsii (16)

Figure 6: Trichoderma species isolated from maize agricultural soils. Numbers between

brackets represent the number of strains obtained for each species.
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Table 1: Primers used for PCR for different genera

Genus and marker Primer Primer (5’ to 3’) Reference

(s)

Aspergillus CMD5 CCG AGT ACA AGG ARG CCT TC (Hong et al., 2006)

(CaMm) CMD6 CCG ATR GAG GTC ATR ACG TGG (Hong et al., 2006)
Cladosporium EF1-728F CATCGAGAAGTTCGAGAAGG (Carbone & Kohn, 1999)
Trichoderma EF2 GGARGTACCAGTSATCATGTT (O’Donnell et al., 1998)
(tefl)

Fusarium fusEF1 ATGGGTAAGGARGACAAGAC (O’Donnell et al., 1998)
(tefl) fuseF2 GGARGTACCAGTSATCATGTT (O’Donnell et al., 1998)
Penicillium Bt2a GGTAACCAAATCGGTGCTGCTTTC (Glass & Donaldson, 1995)
(tub2/BenA) Bt2b ACCCTCAGTGTAGTGACCCTTGGC (Glass & Donaldson, 1995)
Other genera VoG TTACGTCCCTGCCCTTTGTA (De Hoog & Van den Ended, 1998)
(ITS) LS266 GCATTCCCAAACAACTCGACTC (Masclaux et al., 1995)
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Table 2: Thermocycler protocols followed for the amplification of identification markers

DNA region Primer pairs PCR thermocycle protocol

CaM CMD5; CMD6 94 °C 5 min; 35 cycles of 95 °C 45 sec, 55 °C 45 sec, 72 °C 60 s;
72 °C 7 min

tub2/BenA Bt2a; Bt2b 94 °C 5 min; 35 cycles of 95 °C 45 sec, 55 °C 45 sec, 72 °C 60

sec; 72 °C 7 min

tefl (for Fusarium)

fusEF1; fusEF2

94 °C 5 min; 35 cycles of 94 °C 45 s, 52 °C 45 sec, 72 °C 90 sec;
72 °C 8 min

tefl  (for Cladosporium and
Trichoderma)

EF1-728F; EF2

94 °C 5 min; 35 cycles of 94 °C 45 sec, 52 °C 45 sec, 72°C 90 s;
72 °C 8 min

ITS

VOG; LS266

94 °C 5 min; 35 cycles of 95 °C 45 sec, 55 °C 45 sec, 72 °C 60

sec; 72 °C 7 min
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Table 3: Genera and fungal species that were identified in 19 maize agricultural farms and CN collection numbers allocated to strains

that were preserved.

Species name Number of strains Isolation ~ CN number
frequency

Albifimbria 1

Albifimbria verrucaria 1 1/19 CNO30B3

Alternaria 1

Alternaria alternata 1 1/19 CNO42F7

Aspergillus 9

Aspergillus calidoustus 1 1/19 CNO029G4

Aspergillus dimorphicus 1 1/19 CNO33A5

Aspergillus pseudodeflectus 4 4/19 CNO051D8, CN069G5, CN079D9, CN094H1

Aspergillus terreus 2 1/19 CNO79E1, CN069C1

Aspergillus tubingensis 1 1/19 CNO069B8

Aureobasidium 1

Aureobasidium melanogenum 1 1/19 CNO029C9

Beauveria 1

Beauveria bassiana 1 1/19 CNO32F8

Chaetomium 1
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Chaetomium madrasense 1 1/19 CN042G2

Cladosporium 21

Cladosporium cladosporioides 7 5/19 CNO029D7, CNO33A7, CN0O33A8, CN0O33A9, CN041H9, CN0O70B7,
CNO094B4

Cladosporium pseudocladosporioides 14 8/19 CNO029D6, CN033A6, CN0O33B1, CN033B4, CN033B6, CN0O42F6,
CNO069D1, CNO69E8, CN0O70B5, CNO70B8, CN078G7, CNO78GS8,
CNO78H1, CNO79D2

Clonostachys 3

Clonostachys rhizophaga 1 1/19 CNO082A8

Clonostachys rosea 2 1/19 CNO70C3, CNO70D3

Didymella 7

Didymella dimorpha 1 1/19 CNO42H3

Didymella glomerata 1 1/19 CNO79C9

Didymella pedeiae 1 1/19 CNO029I9

Didymella prosopidis 3 3/19 CNO029D4, CN029G5, CN029G6

Didymella subherbarum 1 1/19 CNO029C6

Fusarium 119

Fusarium atrovinosum (FCSC) 1 1/19 CNO038I2

Fusarium boothii (FSAMSC) 1 1/19 CNO39E2

Fusarium chlamydosporum (FCSC) 1 1/19 CNO038I4
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Fusarium callispethi (FOSC)

Fusarium carminascens (FOSC)

Fusarium clavus (FIESC)
Fusarium equiseti (FIESC)

Fusarium glycines (FOSC)

Fusarium grosmichelii (FOSC)
Fusarium nirenbergiae (FOSC)

Fusarium sp. nov. 1 (FOSC)

Fusarium sporodochiale (FCSC)
Fusarium subglutinans (FFSC)

Fusarium tardicrescens (FOSC)

20

1

11

4

16

5

38

8/19

1/19

1/19
1/19
5/19

3/19
2/19
6/19

2/19
4/19

11/19

CNO38H8, CN03813, CNO39A3, CNO39A4, CN0O39A9, CN039B6,
CNO039C3, CN039C7, CN0O39D8, CN051B5, CN051B6, CN051C2,
CNO51F7, CN081G1, CN081G6, CNO81H9, CNO81I1, CNO081l7,
CNO082A2, CN082C4

CNO81H8

CNO082B3
CNO081G9

CNO039B1, CNO81H7, CNO038I8, CN038I9, CN039A1, CNO39A2,
CNO39A5, CN0O39A6, CNO39B4, CNO51E8, CN081I3

CNO038I6, CN039B5, CN081G3, CNO08116
CNO038H7, CNO51F2, CNO51F6, CN082B2

CNO03817, CNO39A7, CNO39B3, CN039B9, CN039C4, CN039C6,
CNO039D4, CN039D6, CN0O39D9, CNO39E1, CNO51E5, CN081G4,
CNO081G5, CN081G8, CN081I8, CN082B7

CNO039B7, CNO39B8, CN051B9, CNO51E4, CNO51F3
CNO39E6, CN051C9, CN051D4, CN051D6, CNO51F4, CN082B6,

CNO38H6, CNO38H9, CNO038I11, CNO39A8, CN039B2, CN0O39C1,
CNO039C2, CNO39E3, CNO39E4, CN051B7, CN051C1, CN0O51C3,
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CNO51C4, CN051C5, CN051C6, CN051C7, CN0O51C8, CN051D1,
CNO51D3, CN051D5, CN051D7, CNO51E2, CNO51E6, CNO51E7,
CNO51E9, CNO81F9, CN081G2, CN081H3, CN081H5, CNO081I2
CNO81I5, CNO82A1, CNO82A3, CN082A4, CNO82A6, CN082B5,
CNO082B8, CN082B9

Fusarium temperatum (FFSC) 2 1/19 CNO81H4, CN081H6

Fusarium transvaalense (FSAMSC) 7 6/19 CNO039C8, CN039C9, CN039D3, CN051B8, CN082A5, CN082B4,
CNO082C1

Gamsiella 4

Gamsiella stylospora 4 2/19 CNO33ES8, CN0O33F8, CN094F3, CN094G7

Gongronella 1

Gongronella butleri 1 1/19 CNO094F8

Leptosphaerulina 3

Leptosphaerulina briosiana 2 2/19 CNO042H2, CNO79A6

Leptosphaerulina chartarum 1 1/19 CNO069C3

Metarhizium 3

Metarhizium anisopliae 2 2/19 CNO094G8, CN094H3

Metarhizium pinghaense 1 1/19 CN032G9

Mortierella 1
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Mortierella alpina 1 1/19 CNO029I6

Myrmecridium 1

Myrmecridium schulzeri 1 1/19 CNO029G7

Neocosmospora 26

Neocosmospora falciformis 2 2/19 CNO038I5, CN08114

Neocosmospora solani 24 15/19 CNO038H5, CN039C5, CN039D1, CN039D2, CN039D5, CN039D7
CNO39ES5, CNO39E7, CN051B2, CN051B3, CN051B4, CN051D2,
CNO51D9, CNO51E1, CNO51E3, CNO51F5, CN081G7, CNO81H1,
CNO081H2, CN0O82A7, CN082B1, CN082C2, CN082C3, CN082C5

Paraconiothyrium 6

Paraconiothyrium thysanolaenae 6 3/19 CNO69F1, CNO69F8, CNO70C6, CNO70C7, CNO70D2, CNO78H3

Paraphaeosphaeria 1

Paraphaeosphaeria sporulosa 1 1/19 CNO78H5

Penicillium 147

Penicillium arabicum 16 8/19 CNO029C4, CN0O29F5, CN032G6, CN0O32H6, CN032H7, CNO32H8,
CNO03218, CNO33A3, CN0O33A4, CN042B1, CN0O42E1, CNO69G9,
CNO094C9, CN0O94E2, CN094E4, CNO94E5

Penicillium atrovenetum 1 1/19 CNO69H6

Penicillium bilaiae 4 3/19 CNO29F7, CN03213, CN042C6, CN094D9
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Penicillium brevicompactum

Penicillium chalabudae
Penicillium citrinum
Penicillium cluniae
Penicillium crustosum
Penicillium desertorum

Penicillium flavigenum

Penicillium frequentans
Penicillium griseofulvum
Penicillium murcianum
Penicillium olsonii
Penicillium ortum
Penicillium raistrickii

Penicillium raperi

w NN O

13

76

(02:0

1/19
3/19
2/19
2/19
2/19
1/19
6/19

1/19
1/19
1/19
1/19
2/19
1/19

19/19

CNO33A2

CNO029C5, CNO78F6, CNO78G4, CNO7815, CNO7816
CN094D2, CNO94E3

CNO70C5, CNO78H8

CNO32F7, CN032H1, CN042B2

CNO69B6

CNO29F6, CNO29F8, CN029G2, CN029G3, CN042B3, CN042D1,
CNO042D4, CN042D8, CNO42E6, CN0O42F2, CNO6915, CNO70AS5,

CNO78G3

CNO79F3
CNOG9H7
CN069B4
CNO029G1
CNO70A6, CNO79E2, CNO79E3, CNO79E4

CNO042B4, CN042B7

CNO029C2, CN029C3, CN029C8, CNO29H9, CNO02911, CNO30A1,
CNO30A2, CNO30A3, CNO30A4, CNO30AS5, CNO30A9, CN030B1,
CNO030B2, CN032F9, CN032G1, CN032G3, CN032G5, CN032G?7,
CNO032G8, CN032H2, CN0O32H3, CN032H4, CN032H5, CN0O32H9,
CNO03211, CN03212, CN03214, CNO33A1, CNO33E5, CNO33F5,
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CNO033G3, CN042C2, CNO42F3, CN042G1, CN042G4, CN042GS5,
CNO042G7, CNO69A6, CN069B1, CNO69F7, CNO69F9, CN069G4,
CNO69H2, CNO69H9, CNO70D4, CNO70D5, CNO70D8, CNO78G1,
CNO7811, CNO78I13, CNO79A2, CNO79A3, CNO79A5, CNO79B1,
CNO79B5, CNO79B6, CNO79B7, CNO79F6, CN094C4, CN0O94C5,
CN094C6, CN094C7, CN094C8, CN094D1, CN094D3, CN094D5,
CNO094D7, CN094D8, CN094E1, CNO94E7, CNO94E9, CN0O94F1,

CNO94F5, CN094F6, CN094H4

Penicillium rubens 3 3/19 CNO032G2, CN0O42F4, CNO70A2
Penicillium sacculum 1 1/19 CNO70D9

Penicillium sizovae 1 1/19 CNO29F9

Penicillium striatisporum 1 1/19 CNO78H2

Penicillium yunnanense 1 1/19 CNO79F2

Penicillium sp. nov. 1 2 1/19 CNO06918, CNO78F7

Penicillium sp. nov. 2 3 1/19 CNO070B2, CNO79E8, CNO79E9
Penicillium sp. nov. 3 1 1/19 CNO69A9

Pseudopithomyces 2

Pseudopithomyces karoo 2 2/19 CNOG69F2, CNQO79A8
Pseudothielavia 1

Pseudothielavia arxii 1 1/19 CNO042C9
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Purpureocillium 1

Purpureocillium lilacinum 1 1/19 CNO70D7

Sarocladium 1

Sarocladium zeae 1 1/19 CNO30A7

Setophoma 3

Setophoma terrestris 3 2/19 CNO70E1, CNO70E2, CNO79A9

Talaromyces 11

Talaromyces pinophilus 1 1/19 CNO079B9

Talaromyces purpureogenus 6 5/19 CNO032G4, CN03215, CN03216, CNO79B2, CN094C1, CN094H2

Talaromyces stollii 3 2/19 CNO032I7, CN03219, CN042B5

Talaromyces veerkampii 1 1/19 CNO94E6

Trichoderma 73

Trichoderma afroharzianum 23 13/19 CNO029B5, CN029B7, CNO29E5, CN0O29E6, CNO29F2, CNO33C1,
CNO033C9, CNO41H1, CN04113, CN069D9, CNO69E6, CNO78I8,
CNO079C6, CN0O93H5, CN093H6, CN0O93H8, CN093I5, CN093I6,
CNO09317, CN09318, CN094A4, CN094A6, CN094B1

Trichoderma arundinaceum 6 4/19 CNO078G5, CN0O79C2, CN09319, CN094A1, CN094A2, CN0O94A3
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Trichoderma gamsii 16 8/19 CNO029B8, CN029C1, CNO029E1, CN0O29E9, CN033C5, CN033C6,
CNO033D5, CN033D8, CN041G8, CN04119, CNO70B6, CN0O79C4,
CNO093G8, CN094A8, CN094A9, CN094B2

Trichoderma hamatum 16 6/19 CNO29A9, CN029B2, CN029E4, CN041G1, CN041G2, CNO41HS3,
CNO041H5, CN093G5, CN093G6, CN093G7, CN093H1, CN093H2,
CNO093H3, CN09312, CN093I3, CN09314

Trichoderma rifaii 8 5/19 CNO041G9, CN04111, CN069C8, CN0O70B9, CN0O78G6, CN0O79CS8
CNO093H7, CN094A7

Trichoderma saturnisporum 2 1/19 CNO93H9, CN093I1

Trichoderma spirale 1 1/19 CNO029B3

Trichoderma virens 1 1/19 CNO094A5

Umbelopsis 11

Umbelopsis vinacea 11 5/19 CNO029D2, CN029D3, CN02914, CN029I5, CNO33E6, CNO33E7

CNO33E9, CN033G4
CNO042G6, CNO70D6, CNO79E7

*. Abbreviations: FCSC = Fusarium chlamydosporum species complex; FFSC = Fusarium fujikuroi species complex; FIESC =

Fusarium incarnatum-equiseti species complex; FOSC = Fusarium oxysporum species complex; FSAMSC = Fusarium sambucinum

species complex.
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Chapter 3: Oomycete species in soils from the maize fields

in the Free State and North West provinces of South Africa

Abstract

Maize is one of South Africa's most produced and economically important grain crops.
The Free State and North West provinces are the major maize producing regions.
Oomycetes can cause various diseases in maize, including seed rot, root rot, damping
off, seedling blight and downy mildews. Many oomycetes are soilborne pathogens that
may affect maize plants from pre-emergence to the seedling stage, However,
knowledge on which species occurs in South African maize soils are lacking. The aim
of this study was thus to survey oomycetes from soils collected across 19 maize farms
in the Free State and North West provinces. Isolations were made using a baiting
method, and subsequent pure cultures were preserved in a working CN collection.
Isolates were identified based on sequences generated for the internal transcribed
spacer rDNA (ITS) region of the ribosomal RNA operon. A total of 65 strains were
isolated and identified as Globisporangium irregulare, Globisporangium ultimum and
Pythium torulosum. Globisporangium irregulare was the most frequently isolated (n =
45; isolated from 19/19 farms), followed by Gl. ultimum (n = 15; isolated from 7/19
farms) and Pythium torulosum (n = 5; isolated from 4/19 farms). All three species have
previously been reported to cause root rot or pre- and postemergence damping-off of

maize in South Africa.

Keywords: Species identifications, DNA sequencing, Plant pathogens
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Introduction

Oomycetes were originally classified as Phycomycetes within kingdom Fungi due to
their filamentous growth patterns (Rossman & Palm, 2006). However, with modern
molecular classifications, taxonomic revisions revealed that oomycetes are more
closely related to the heterokont golden-brown algae classified in the Stramenopiles
(Margulis & Schwartz, 1998, Baldauf et al., 2000) and that they belong within kingdom
Chromista. Numerous oomycetes are pathogens of a wide range of plants (Martin &
Loper, 1999). Oomycetes that are often associated with maize plants include Pythium
species, Phytophthora species, Sclerophthora zeae and Peronosclerospora
philippinensis. Six Phytophthora species and Pythium ultimum (now known as
Globisporangium ultimum) were considered to form part of the top ten oomycete plant
pathogens (Kamoun et al., 2015). However, Pythium species are mostly reported to
be pathogenic to maize plants and there is limited information about Phytophthora

diseases of maize.

Pythium contains many important soilborne pathogens that are a major cause for seed
and seedling rot worldwide (Cacciola & Gullino, 2019) and can be found almost in all
agricultural soils (Schroeder et al., 2013). Pythium species overwinters as primary
survival structures called oospores in plant and soil debris (Martin & Loper, 1999).
When conditions are favourable, mycelium or sporangia is produced by the
germinated oospores to infect seedling roots. Pythium species are active at elevated
soil moisture levels, however, they are poor competitors compared to other soil-borne
fungi under drier conditions (van Agtmaal et al., 2015). Sporangia produce zoospores
that can swim towards the host (Walker & van West, 2007). In maize, pathogenic
Pythium species can cause seed rot, pre- and post-emergence damping off, stalk and
root rot, and seedling blight (Chen, 1999, Chen et al., 2005). Symptoms may also
include necrosis on the root tips during early infection, or water-soaked lesions on the
stalk and roots (Beckerman, 2010). Root rot caused by Pythium result in lowered
maize yields, especially in poorly drained clay soils continuously planted to maize
and/or that use conservation tillage systems (Broders et al., 2009). Several studies
have focused on the diversity of Pythium in maize seedlings and pathogenicity
screening of these on maize plants (Rao et al., 1978, Zhang & Yang, 2000,
Soonthornpoct et al., 2001, Schmidt et al., 2020). This is also true for South Africa,
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where surveys documenting Pythium and Phytophthora diversity have been
conducted in various plants (Linde et al., 1994, Gull et al., 2004, Belbahri et al., 2008,
Binagwa et al., 2016, Bose et al., 2018, Hulbert et al., 2019, Bose et al., 2021).
However, little is known about the diversity of these groups associated with maize

rhizosphere solls.

Traditionally, oomycetes were classified and identified based on morphological
characters such as the shape and type of sporangia (filamentous, inflated, globose),
hyphal swelling and the way in which antheridia attach to oogonia (Schroeder et al.,
2013). However, overlapping of characters makes interpretation of such morphological
data complicated, even for taxonomic experts (Levesque & De Cock, 2004).

Molecular identifications have become one of the most powerful tools for diversity
studies. Since DNA sequencing became mainstream during the early 2000's,
oomycete taxonomists have also adopted it in their species concepts. A
comprehensive molecular phylogeny of the genus Pythium based on sequences of the
internal transcribed spacer (ITS) region (ITS1_0.5S ITS2) was first provided by
Levesque and De Cock (2004). Uzuhashi et al. (2010) later revised the genus largely
based on phylogenies of the large ribosomal DNA D1/D2 (LSU) and cytochrome
oxidase Il gene (Cox1), showing that Pythium strains resolved into five monophyletic
clades and subsequently introducing the four genera: Ovatisporangium,

Globisporangium, Elongisporangium and Pilasporangium.

The aim of this study was to complete a survey of oomycetes occurring in maize
agricultural soils collected across the Free State and North West provinces by making
use of molecular identifications. The objectives were to isolate, preserve and identify
Phytophthora and Pythium species based on ITS DNA barcode sequences. The
results of this study will broaden our foundational knowledge on oomycetes associated

with maize agricultural soils in South African commercial farms.

Materials and methods

Soil collections

Surveys were conducted at 19 maize farms in the Free State (17 farms) and North

West (two farms) provinces in March 2020. Farms were located in regions around
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Bothaville, Henneman, Hertzogville, Reitz, Vrede, Wesselbron (in the Free State); and
Ottosdal and Schwiezer-Reneke (in North West). At each farm, six soil samples were
randomly collected. Soil was sampled around roots of maize plants, 10 cm below the

surface using a hand shovel.
Oomycete Isolations

Oomycetes were isolated using the protocol of the Centre for the Phytophthora
Science and Management (CPSM) as described by Burgess et al. (2021). For each
farm, soil samples were homogenized in sterile distilled water (1:1 soil sample: distilled
water) in plastic containers. These were left overnight for the soil to settle, after which
a paper towel was used to removed particles and debris floating on top of the water.
Rosa alba petals and Hedera canariensis leaves were used as baits and these were
monitored regularly for lesions. Lesions were cut out with a sterile scalpel and plated
onto Phytophthora selective medium (NARPH: cornmeal agar amended with nystatin,
ampicillin, rifampicin, pentachloronitrobenzene and hymexazol) (Huberli et al., 2000)
and a general growth media for oomycetes (NAR: cornmeal agar amended with
nystatin, ampicillin, and rifampicin). The plates were incubated at +21 °C and
monitored daily for hyphal growth. Hyphal tips of the outgrowing mycelia were cut and
sub-cultured onto carrot agar (Coffey & Coffey, 2015). Isolates from carrot agar were
accessioned into internal working collection of Applied Mycology Group for Oomycetes
(CN-Oom) collection and preserved in double sterilized distilled water in cryotubes and

stored at room temperature (£21 °C).
DNA extractions

DNA extractions were made from 7—10 day old colonies grown on carrot agar, using
the PrepMan™ Ultra (Thermo Fisher Scientific, Warrington, UK). For this, mycelia of
each strain were suspended into 70 pl PrepMan™ Ultra in an eppendorf tube, vortexed
for 30 sec and heated for 10 min at 100 °C. The eppendorf tubes were then centrifuged
at 20800 g for 7 min. The supernatant containing DNA was transferred to a new
eppendorf tube, and accessioned into a CN-DNA collection housed at the Forestry

and Agricultural Biotechnology Institute (FABI) and stored at -20 °C.
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PCR, DNA sequencing and identifications

For each isolate, ITS region was amplified in 25 ul reaction mixtures consisting of 17.5
pl MilliQ water, 5.0 pl BioLine 5X MyTaq Reaction Buffer (Bioline, England, UK), 0.50
pl of each primer (10 uM) and 0.50 ul BioLine MyTaq DNA polymerase and 1 pl of the
extracted DNA. The primer pair ITS6 (5-GAAGGTGAAGTCGTAACAAGG-3') and
ITS4 (5-TCCTCCGCTTATTGATATGC-3') (White et al.,, 1990) were used for all
amplifications. The thermocycle profile were as follows: Initial denaturation 94 °C for
3 min; 35 cycles of denaturation at 94 °C for 60 sec, annealing at 55 °C for 60 sec;
extension at 72 °C for 60 sec; final extension at 72 °C for 10 min. The band intensity
and size of PCR products was checked using electrophoresis on 1% agarose gel
stained with GelRed and 100 bp ladder (Thermo Fisher Scientific, Massachusetts,
USA).

PCR products were purified using the ExoSAP-IT PCR Product Clean-up Reagent
(Thermo Fisher Scientific, Massachusetts, USA). Briefly, a reaction of 2 ul EXoSAP-IT
and 5 ul of PCR product was placed in a thermal cycle of: 37 °C for 15 min and 85 °C
for 15 min. Purified PCR products were sequenced using the same primers used for
PCR as follows: 7.4 pl sabax water, 2.1 pl sequencing buffer, 0.5 pl BigDye Terminator
v. 3.1 Cycle Sequencing Kit (Applied Biosystems) and 1.0 pl primer. Thermocycle
conditions consisted of initial denaturation at 94 °C for 5 min; 40 cycles of 96 °C for 30
sec; 50 °C for 10 sec; and 60 °C for 4 min. DNA was precipitated using Sodium Acetate
(NaAc). Briefly, a 60 pl reaction of 8 pl sabax water, 2 pul NaAc and 50 pl absolute
ethanol were added to each reaction. This was centrifuged at 3220 g for 30 min, and
the supernatant was discarded. Subsequently, 150 ul of 70 % ethanol was added, then
centrifuged at 3220 g for 10 min and the supernatant was discarded. This step was
repeated twice. The plate was airdried in a laminar floor for 15 min, sealed and sent
to the DNA Sanger Sequencing Facility at FABI for sequencing.

Contigs were assembled and base calls made in Geneious Prime v. 2019. To make
identifications, sequences were compared to reference data previously deposited in
RefSeq Target Loci and in GenBank databases of the National Center for

Biotechnology Information (NCBI) using “Nucleotide BLAST” search.
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Results

Oomyecete isolations and identifications

A total of 65 oomycete strains were isolated, preserved, and identified using DNA
sequence data. They represented Globisporangium and Pythium, as no Phytophthora
were recovered from samples. The species identified were Globisporangium irregulare
(n = 45), Gl. ultimum (n = 15) and Pythium torulosum (n = 5) (Figure 1; Table 1).
Globisporangium irregulare was present at all farms, while Gl. ultimum was present at
seven farms and P. torulosum at four farms (Table 2). Five strains of Globisporangium
ultimum were isolated in farm JB Bothaville. Pythium torulosum was isolated in very

low frequency, two strains were isolated at most in farm JF Bothaville.
Discussion

This study surveyed for oomycetes in maize rhizosphere soils from 19 farms in the
Free State and North West provinces, using a culture dependent approach and
identified strains based on ITS sequences. Globisporangium and Pythium were found
and 65 strains that were obtained belonged to three species, Globisporangium

irregulare, Gl. ultimum, and Pythium torulosum.

One of the most surprising findings was that Phytophthora was not detected in the
soils tested. Rojas et al. (2019) previously reported Phytophthora species in maize
soils and roots from Michigan using next-generation sequencing and culture
dependent approach. For culture dependent approach, they cultured roots onto a
semi-selective medium (CMA- PARPB: Cornmeal agar amended with
pentachloronitrobenzene, ampicillin, rifampicin, pimaricin and benomyl). Phytophthora
was not detected in the current survey even though the selective medium NARPH was
used. Several Globisporangium and Pythium isolates were isolated in this medium,
and if Phytophthora were present, it might have been missed due to its slower growth
compared to Pythium (Ho, 2018). Future surveys may employ additional Phytophthora
selective media like P10VP and P5ARPH for isolations or/and use culture independent

approaches like metabarcoding.

The three species detected in this study partially agrees with those detected by

Broders et al. (2009) who found Pythium irregulare (now known as Globisporangium
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irregulare), P. inflatum, and P. torulosum as the dominant oomycetes (together with
21 other species) in maize and soybean rhizospheres in Ohio, USA. Using high
throughput sequencing to study oomycete diversity in maize soils in Michigan, Rojas
et al. (2019) identified all the three Pythium species and a few others. Jiang et al.
(2012) recovered Gl. irregulare and P. ultimum (now known as Globisporangium
ultimum) in maize-soybean rotation fields in six lIllinois counties which we also
recovered; however, they reported high abundance of P. oopapillum and P. diclinum.
Zhang et al. (1998) who surveyed Pythium species in long-term maize and soybean
cropping systems recovered three species (Gl. ultimum, P. paroecandrum and P.
torulosum) in maize rhizosphere soils from three fields and P. torulosum was the most
prevalent species. Slightly different results were obtained by Abdelzaher et al. (2004)
who reported P. delicense and P. oligandrum as the most dominant species from
maize rhizosphere in El-Minia, but recorded P. irregulare in very low numbers.
Broders et al. (2009) speculated that Pythium diversity can be affected by the physical
and chemical properties of soil such as soil type and pH. Blakney et al. (2022) also
reported that soil chemistry and soil history play a role in structuring the oomycete

communities in the rhizosphere.

All three species recovered during this survey are known plant pathogens.
Globisporangium irregulare is one of the most widespread oomycete pathogens in
temperate zones (Domsch et al., 1980). In maize it commonly causes root rot (Harvey
et al., 2008). Mao et al. (1998) reported increased progression and severity of maize
red root rot, basal stalk rot, and wilt caused by an interaction of Gl. Irregulare (as P.
irregulare) and Phoma terrestris (a primary fungal pathogen for red root rot of maize),
suggesting Gl. irregulare can significantly enhance crop damages as part of a disease
complex. Globisporangium ultimum is mostly reported to cause damping off and root
rot in different vegetables (Tojo et al., 2001, Kubota et al., 2006, Kida et al., 2007,
Alcala et al., 2016). Mathre et al. (1999) reported pre-emergence damping off and
stunted growth of sweet corn when they treated maize seeds with Gl. ultimum before
planting. Robertson et al. (2013) who surveyed for Pythium that causes damping off
of maize seedlings in Southeastern lowa, reported nine species including P. torulosum
and Gl. irregulare with the former reported as the most abundant and most aggressive
pathogen towards maize seedlings. Tang et al. (2021) reported P. tolurosum as a

causal agent of maize root rot in China.
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Many South African maize farmers and especially small-scale farmers practice
monoculture. Those who practice crop rotation usually crop rotate with soybean or
sunflower in the same field. Lamprecht et al. (2020) mentioned crop rotating maize
with sunflower and soybeans in the same field results to less or no effective
management of Pythium as all the crops are susceptible. Several pathogenicity
screenings of Pythium on both maize and soybeans have been conducted and
different Pythium species exhibited a range of virulence potential on both crops
(Broders et al., 2007, Wei et al., 2010, Zitnick-Anderson & Nelson Jr, 2015, Radmer
etal., 2017). A study conducted by Schmidt et al. (2020) revealed that maize plant can
be infected by Pythium species but have less to no visible symptoms (e.g., reduced
shoots). According to their findings, the level of virulence of Pythium species is
influenced by the substrate it originated from. Based on literature, we can generally
conclude that Pythium are more virulent to soybean than maize. For example, Gl.
irregulare was highly virulent in soybean and moderately virulent in maize in a study
conducted by Pitre (2004). Although maize plants are more resistant to Pythium, they

might serve as a source of inoculum for soybean or other crop rotations.
Conclusion

The current study reported Globisporangium and Pythium species from agricultural
soils. To obtain a better understanding of their distribution and role related to maize
farms, future surveys should continue to focus on a wider geographic range and
characterise communities by using both culture dependent and culture independent
approaches. Pythium species that are found rhizosphere soils are not always
pathogenic, therefore, future studies that will test the pathogenicity of the species

obtained from this study need to be conducted.
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P. torulosum (5)

Gl. ultimum (15)

Gl. irregulare (45)

Figure 1: Pythium strains isolated from maize agricultural soils in Free State and North West.

Numbers in brackets represent the number of strains isolated for each species.
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Table 1: The NCBI GenBank ‘BLAST Hit’ of the oomycete species that were recovered from the maize commercial farms

CN number Species Name Farm region Max Query Percentage Accession Accession
score coverage identity (%) length number
(%)
CN-Oom00Al Gl. Irregulare Bothaville 1753 99 99.28% 1034 MT377917.1
CN-Oom00A2 Gl. Irregulare Bothaville 1724 99 99.07 979 HQ643583.1
CN-Oom001A3  Gl. irregulare Bothaville 1725 99 99.47 996 MK794854.1
CN-Oom001A4  Gl. irregulare Bothaville 1552 100 98.00 4212 AY598702.2
CN-Oom001A5  GI. irregulare Bothaville 1688 99 99.05 944 KU210485.1
CN-OomO001A6  P. torulosum Bothaville 1553 100 99.65 874 MK794874.1
CN-OomO001A7  Gl. ultimum Schwiezer-Reneke 1677 100 100 919 MK794642.1
CN-Oom001A8  Gl. irregulare Bothaville 1772 99 99.09 1035 KU211360.1
CN-OomO001A9  Gl. irregulare Bothaville 1711 100 99.16 1026 KU210458.1
CN-Oom001B1 Gl irregulare Bothaville 1712 99 99.16 1026 KU210458.1
CN-Oom001B2  Gl. ultimum Schwiezer-Reneke 1677 100 100 915 MK794790.1
CN-Oom001B3  GI. irregulare Bothaville 1310 99 96.20 4212 AY598702.2
CN-Oom001B4  Gl. irregulare Bothaville 1720 99 99.47 973 MK794815.1
CN-Oom001B5  Gl. irregulare Bothaville 1718 97 99.37 1026 KU210458.1
CN-Oom001B6  Gl. irregulare Bothaville 1760 99 99.38 1026 KU210458.1
CN-Oom001B7  P. torulosum Bothaville 1463 100 99.05 874 MK794874.1
CN-Oom001B8  Gl. irregulare Bothaville 1722 198 100 937 GQ410431.1
CN-Oom001B9  Gl. irregulare Bothaville 1722 99 99.47 947 KU210458.1
CN-Oom00C1 Gl. irregulare Bothaville 1757 100 99.79 4212 AY598702.2
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CN-Oom00C2
CN-Oom00C3
CN-Oom00C4
CN-Oom00C5
CN-Oom00C6
CN-Oom00C7
CN-Oom00C8
CN-Oom00C9
CN-Oom00D1
CN-OomO00D2
CN-Oom00D3
CN-Oom00D4
CN-OomO00D5
CN-OomO00D6
CN-Oom00D7
CN-Oom00D8
CN-Oom00D9
CN-OomO0OE1
CN-OomO00OE2
CN-OomO0OE3
CN-OomOOE4
CN-OomO0OE5
CN-OomOOE6

Gl. irregulare
Gl. ultimum

Gl. irregulare
P. torulosum
Gl. irregulare
Gl. irregulare
Gl. irregulare
Gl. irregulare
Gl. irregulare
Gl. irregulare
Gl. ultimum

Gl. ultimum

Gl. irregulare
Gl. irregulare
Gl. irregulare
Gl. irregulare
Gl. irregulare
Gl. irregulare
Gl. ultimum

Gl. ultimum

Gl. irregulare
Gl. irregulare

Gl. irregulare

Bothaville
Bothaville
Bothaville
Bothaville
Vrede
Bothaville
Bothaville
Reitz
Reitz

Bothaville

Schwiezer-Reneke

Bothaville
Wesselbron
Wesselbron
Wesselbron
Hertzogville
Hertzogville
Hertzogville
Bothaville
Bothaville
Bothaville
Bothaville

Bothaville

1727
1594
1736
1556
1653
2255
2322
2268
1491
1670
1594
2028
1430
1572
1613
1334
1027
1261
1738
1482
2239
656
634

97
100
100
100
100

99
100

99
100
100
100
100

99

99

99
100
100

87

99
100

99
100
100
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99.07
99.66
99.58
99.48
98.52
97.31
97.90
97.39
95.84
98.83
99.66
97.89
96.28
98.03
97.57
95.73
96.51
96.36
92.93
94.20
96.94
98.51
98.51

982
4212
958
874
984
4212
4201
4212
4212
983
915
4113
1171
4212
1171
4212
4212
1031
4113
4113
4212
4212
4212

MK794854.1
AY598702.2

MWO025225.1
MK794874.1
KU210950.1
AY598644.2

HQ643515.2
AY598702.2

AY598702.2

HQ643622.1
MK794790.1
AY598657.2

KX869911.1
AY598702.2
KX869911.1
AY598702.2
AY598702.2
KU211361.1
AY598657.2
AY598657.2
AY598702.2
AY598702.2
AY598702.2
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CN-OomOO0E7 Gl. ultimum Bothaville 1735 99 92.93 4113 AY598657.2
CN-OomOOE8 Gl. irregulare Bothaville 651 99 98.64 4212 AY598702.2
CN-OomOO0E9 Gl. ultimum Bothaville 1728 99 92.93 4113 AY598657.2
CN-OomOO0F1 Gl. ultimum Bothaville 1441 100 100 840 MT177229.1
CN-OomOO0F2 Gl. irregulare Bothaville 1458 99 99.02 866 MT819402.1
CN-OomOO0F3 Gl. irregulare Bothaville 1074 100 97.03 4212 AY598702.2
CN-OomO00F4 Gl. irregulare Schwiezer-Reneke 2194 100 97.33 4212 AY598702.2
CN-OomO00F5 Gl. irregulare Bothaville 1724 99 99.37 1026 KU210458.1
CN-OomO0O0F6 Gl. irregulare Henneman 660 92 96.95 1171 KX869911.1
CN-OomOO0F7 Gl. irregulare Henneman 1736 99 99.07 983 HQ643622.1
CN-OomOO0F8 Gl. irregulare Bothaville 1676 97 98.84 958 MW025225.1
CN-OomO00F9 Gl. irregulare Schwiezer-Reneke 1483 99 99.04 938 KU209362.1
CN-Oom00G1 Gl. ultimum Bothaville 1676 100 100 840 MT177229.1
CN-Oom00G2 Gl. irregulare Bothaville 1703 99 99.06 1037 KU211361.1
CN-Oom00G3 Gl. irregulare Ottosdal 1727 99 99.68 1035 KU211360.1
CN-Oom00G4 Gl. irregulare Schwiezer-Reneke 1733 100 99.48 1035 KU211360.1
CN-Oom00G5 Gl. irregulare Bothaville 1655 100 98.51 942 MK326412.1
CN-Oom00G6 Gl. ultimum Bothaville 1348 100 100 840 MT177229.1
CN-Oom00G7 Gl. ultimum Bothaville 1441 100 100 840 MT177229.1
CN-Oom00G8 Gl. ultimum Bothaville 1222 100 100 840 MT177229.1
CN-Oom00G9 Gl. ultimum Bothaville 1441 100 100 840 MT177229.1
CN-OomO0H1 P. torulosum Bothaville 1456 99 99.25 1009 MN901168.1
CN-OomO0O0H2 P. torulosum Henneman 1275 99 99.75 1009 MN901168.1
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Table 2: Isolation frequencies of Pythium species from 19 agricultural farms in Free
State and North West, South Africa

Province Farms Sample Globisporangium Pythium Globisporangium

regions number irregulare torulosum ultimum
45 strains 5 strains 15 strains

Bothaville CS 3 - 2

Free Bothaville CwW 2 - -

State
Bothaville DM 2 1 -
Bothaville DV 3 - -
Bothaville JB 2 - 5
Bothaville JBL1 2 - 1
Bothaville JBL2 3 1 1
Bothaville JBL3 6 - -
Bothaville JF 2 2 1
Bothaville JM 4 - 2
Bothaville LW 1 - -
Bothaville PVZ 1 - -
Henneman WM 2 1 -
Hertzogville MG 3 - -
Reitz NC 2 - -
Vrede Pz 1 - -
Wesselbron M 3 - -

North Ottosdal NR 1 - -

West
Schwiezer- Jd P 2 - 3
Reneke
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Summary

Microbial communities present in agricultural soils play important roles in determining
plant health and the total produce yield that a farmer will harvest. Soil that has a lower
microbial diversity and which are dominated by pathogenic species, might lead to a
loss of productivity due to the development of devastating diseases. With high
diversity, the pathogen will have to compete for nutrients thus reducing the chances
of infecting the plant. Therefore, it is important to understand the microbial
communities that are present in agricultural ecosystems. This study used a culture-
dependent approach to characterise fungal and oomycete communities and diversity

present in maize rhizosphere soils in South Africa.

The first research chapter (chapter two) seeks to understand the fungal communities
that are associated with maize rhizosphere and identify potential soilborne pathogens
based on literature. There was a relatively diverse fungal community in rhizosphere
soils. A total of 460 fungal strains were isolated that was found to belong to 28 genera
and identified as 80 species. The most dominant fungi from collected soils were
Fusarium, Neocosmospora, Penicillium, and Trichoderma. Species that dominated the
rhizosphere soils included Fusarium tardicrescens, Neocosmospora solani,
Penicillium raperi, and Trichoderma afroharzianum. Several species that were isolated
(Fusarium chlamydosporum, F. oxysporum, F. subglutinans, F. temperatum,
Neocosmospora falciformis, and Setophoma terrestris) have previously been reported
to cause diseases of maize. Therefore, future studies are needed to explore the
pathogenicity of obtained strains against maize. Several putative new Penicillium
(three) and Fusarium (one) species were isolated and further studies of confirmation

will be conducted.

The second research chapter (chapter three) identified oomycetes in maize
rhizosphere soils that were collected from 19 farms in the Free State and North West
provinces of South Africa. A total of 65 strains were identified as Globisporangium
irregulare, GI. ultimum and Pythium torulosum. Globisporangium irregulare which
previously described as Pythium irregulare was the most abundant species detected
across all farms. All three species have been reported as pathogens of maize.
However, the presence of these species on the farm does not necessarily mean they

are pathogenic to maize. Therefore, pathogenicity screening of obtained strains needs
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to be conducted. This is the first survey to use modern taxonomic approaches using
different identification markers to identify and characterise fungal and oomycete

communities from maize soils in South Africa.
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