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The overall aim of this research was to improve the understanding of the ecology and
diversity of Trichoderma species within the soil and rhizosphere of onion (Allium cepa
L.) and potato (Solanum tuberosum L.) under intensive management in New
Zealand.
The indigenous Trichoderma population was measured in a field trial at Pukekohe
over a three year period under six different crop rotation treatments. The treatments
included two continuous onion and potato rotations (intensive), two onion/potato
mixed rotation (conventional), and two green manure rotations (sustainable). Results
showed that Trichoderma populations were stable in both the rhizosphere and bulk
soil (1.5 x 102 to 8.5 x 103 CFU g-1 ODS). The planting and incorporation of an oat
(Avena sativa L.) green manure in the sustainable rotations positively increased
Trichoderma colony forming unit (CFU) numbers in the rhizosphere soil from 3.4 x
102 to 2.5 x 103 g-1 ODS. A Trichoderma species identification method was developed
based on colony morphology. Representative isolates were verified using restriction
fragment length polymorphism (RFLP) and DNA sequencing. The method allowed for
rapid and reliable identification of isolated Trichoderma species. Five species were
identified in the Pukekohe soil: T. asperellum, T. atroviride, T. hamatum, T.
harzianum and T. koningii. Results showed identical species diversity between the
rhizosphere, rhizoplane and bulk soil. The species did not strongly compete between
each other for the rhizosphere ecological niche and differences in species
proportions seemed to be caused by environmental factors rather than the rotation
treatments.
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The incorporation of oat green manure in pots did not significantly promote the
indigenous Trichoderma population size and diversity in the rhizosphere of onion
plants up to 4 months old. The identified species were the same as in the field trial.
The incorporation of onion scale residues was shown to result in low Trichoderma
and high Penicillium CFU numbers and a reduction in plant size. Additionally, the
presence of high levels (6.0 x 105 CFU g-1 ODS) of Penicillium CFU was negatively
correlated with the presence of Trichoderma CFU. The effect of oat incorporation on
Trichoderma saprophytic growth was also investigated in a soil sandwich assay and
revealed no significant differences.
A series of experiments indicated that onion extract obtained from dry onion scale
residues had no antifungal activity against either Trichoderma or Penicillium and
instead tended to promote their hyphal growth and sporulation. It also showed that
competition between Penicillium and Trichoderma isolates was limited despite the
ability of Penicillium to produce a wide range of inhibitory substances.
Four indigenous Trichoderma species (T. atroviride, T. hamatum, T. harzianum and
T. koningii) were shown to be rhizosphere competent in a split tube experiment over
a 6 week period. The results of this experiment revealed that, the Trichoderma
species clearly displayed differences in their ability to colonise the rhizosphere of
young onion seedlings. Species such as T. koningii had the greatest rhizosphere
colonising ability regardless of soil depth while T. harzianum displayed the weakest
ability. Results also indicated that when inoculated as a mixture the four species
competed with one another to colonise the rhizosphere.
Overall, this research indicated that the studied crop rotation treatments and the use
of oat as a green manure did not strongly promote indigenous Trichoderma
populations. Species diversity was constant throughout the research with T.
hamatum and T. koningii being the most frequently isolated species.

Keywords: Trichoderma, rhizosphere, ecology, indigenous, population, crop rotation,
Allium cepa L., Solanum tuberosum L., Avena sativa L., green manure, amendments,
species diversity, identification, RFLP, Penicillium, rhizosphere competence.
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CHAPTER ONE: General Introduction
1.1 RESEARCH BACKGROUND
In the past 40 years, pesticides have been widely used to improve the quantity of
food production (Gerhardson, 2002; Pittendrigh & Gaffney, 2001) and to control crop
pests (Sinha et al., 1988) ranging from weeds, insects and nematodes to fungi and
bacteria. Yet, in recent years, the intensive use of chemicals has been increasingly
criticised from a number of perspectives. As environmental awareness increases, it
has become obvious that pesticides can have deleterious impacts on the
environment and human health (Bues et al., 2004; Chen et al., 2001; Gerhardson,
2002; Punja & Utkhede, 2003). Leaching into the groundwater, persistent soil
residues and the build-up of heavy metals in food chains are some of the main
impacts of pesticides on the environment (Stoate et al., 2001). Another aspect of
concern is the build-up of pest resistance to these chemicals (Gerhardson, 2002;
Hagn et al., 2002; Hewitt, 1998; Pittendrigh & Gaffney, 2001). Pesticides have
become less effective against many crop pests, which has encouraged growers to
increase the dosage or use more powerful chemicals in order to control pests. This
has not been sustainable especially with the vegetable cropping industry and new
ways are being explored to manage crop pathogens and at the same time, protect
the environment.
The term vegetable cropping describes the cultivation of a wide variety of crops such
as root crops (e.g. carrots), tuber crops (e.g. potatoes), bulb crops (e.g. onions)
and/or leaf crops (e.g. spinach). In New Zealand, many vegetables are successfully
cultivated. Suitable areas for vegetable cropping primarily depend on the climate and
physical soil conditions (drainage, porosity, aggregate stability) (McIntosh, 1992;
McLaren & Cameron, 1990). Vegetables also generally require fertile soils to be
grown successfully (Haynes & Tregurtha, 1999) but from a grower’s point of view, soil
fertility is not considered a major constraint as it can be easily overcome through
fertiliser applications. The best soils for vegetable cropping generally provide large
rooting depth, freely drained profile, and high aggregate stability to withstand long
intensive practices (e.g. Pukekohe soils) (Molloy et al., 1998). The New Zealand
economy relies largely on land based primary industries. In 2003, export sales from
agriculture ($NZ 14 billion) and forestry ($NZ 3.5 billion) represented approx. 64% of
1

New Zealand's total annual export sales (MAF, 2003). The horticultural sector is one
of the cornerstones of New Zealand agriculture economy. Export sales for 2003
represented 6% of New Zealand's total exports and the vegetable cropping industry
income was valued at $NZ 460 million (HortResearch, 2005). The three most
important vegetables are onions, squash and potatoes representing an income of
$NZ 100.5, 67.5 and 12.5 million, respectively (MAF, 2003). Yet, this income is
threatened by increasing yield loses to crop pathogens such as Sclerotium
cepivorum Berk., (Alexander & Stewart, 1994; Kay & Stewart, 1994b; McLean &
Stewart, 2000), Rhizoctonia solani Kühn, (Steyaert et al., 2003), or Pythium
ultimatum Trow var. ultimum (Bell et al., 2000). Farmers need to increase their yield
quantities by using large quantities of pesticides. The result of such practices is the
build-up of pollutants in the soil and groundwater, which could lead to valuable land
being lost for food production. Considering that New Zealand is an island, arable land
is very precious and it is crucial to achieve sustainable disease management. The
enhancement of indigenous biological control agents is one of the possible methods.
Research in biological control for soil-borne plant pathogens was initiated in the
1930s (Weindling, 1932). Then, in 1963, the first international meeting on soil-borne
plant pathogens was held in Berkeley, California. The book Ecology of Soil-borne
Plant Pathogens-Prelude to Biological Control (Baker & Snyder, 1965) was the result
of this meeting and is considered as a benchmark in the history of plant pathology.
The use of biological control agents offers an advantageous alternative to the use of
chemicals in many ways. By using organisms instead of pesticides, environmental
risks are reduced (Hagn et al., 2002; Melero-Vara et al., 2000). The organisms are
less likely to induce resistance in the targeted pathogen, and their persistence in the
environment is short lived compared with chemical pesticides so there is no build-up
of pollutants in the soil. Antagonistic microorganisms are generally present naturally
in the environment and can be isolated by selective screening methods (often based
upon specific enzymatic activities) (Knudsen et al., 1997), therefore, exogenous
organisms do not need to be introduced and crop pest management can be achieved
through the enhancement of naturally present organisms. This is a cheap
(Gerhardson, 2002) and renewable alternative to the use of chemicals. Many soil
microorganisms have been identified as potential biological control agents (Killham,
1994) and soil fungi have shown great capacity to control crop pathogens through
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mechanisms such as antibiotic secretion, mycoparasitism, or nutrient competition
(Gams & Bissett, 1998; Klein & Eveleigh, 1998; Knudsen et al., 1997; Papavizas,
1985; Paulitz, 2000; Punja & Utkhede, 2003).
The genus Trichoderma is one of the most interesting groups of antagonistic fungi as
Trichoderma species are cosmopolitan saprophytic fungi found in most soils (Gams &
Bissett, 1998). Trichoderma species have long been known to be active antagonists
against plant pathogens such as R. solani (Weindling, 1932) and are probably the
most investigated genus of fungal antagonists.

Many researchers on the

development of biocontrol agents concentrate on species such as Trichoderma
harzianum Rifai, Trichoderma hamatum (Bon.) Bain., or Trichoderma virens (J. Miller,
Giddens & Foster) von Arx., all of which exhibit good biological control potential
(Gams & Bissett, 1998; Gracia-Garza et al., 1997; Papavizas, 1985; Punja &
Utkhede, 2003; Samuels, 1996) making the Trichoderma genus an important source
of biological control agents (Steyaert et al., 2003). Today, the use of biological control
agents is a well established procedure and every year new commercially available
products are released onto the market (Paulitz, 2000; Punja & Utkhede, 2003).The
Bio-Protection research group at Lincoln University (Canterbury, New Zealand) has
also developed two commercial products to control onion white rot (Trichoderma
atroviride Karsten, isolate C52) (Stewart & McLean, 2004) and lettuce leaf drop
(Trichoderma hamatum isolate 6SR4) (Rabeendran et al., 2004; 2006), caused by S.
cepivorum and Sclerotinia species respectively. Other biological control agent
products using Trichoderma species are being developed by this group to control
important vegetable pathogens such as Botrytis cinerea Pers. Ex Nocca & Balb, R.
solani and P. ultimum.
However, the survival, establishment and antagonistic activity of introduced
Trichoderma species in the field is still inconsistent (Papavizas, 1981) and the impact
of farming practices on indigenous Trichoderma populations is almost unknown. If
commercial products are to be successfully integrated into mainstream agriculture,
and if indigenous Trichoderma populations are to be enhanced to achieve biological
control, it is vital to understand the ecology and dynamics of Trichoderma populations
in the field in order to achieve efficient crop protection (Chet, 1990; Gerhardson,
2002; Killham, 1994; Paulitz, 2000). Yet, most of the studies tend to focus on
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highlighting the suppressive ability of Trichoderma species towards common crop
pathogens in-vitro (Gracia-Garza et al., 1997; Kay & Stewart, 1994b; Lewis &
Lumsden, 2001; Schoeman et al., 1996). Few studies investigate the impact of
farming practices on the ecology of indigenous Trichoderma species. To achieve a
high level of biological control from those populations it is important to be able to
pinpoint which practices are most likely to inhibit or enhance the antagonistic activity
of Trichoderma species.
This project was part of a large national sustainability programme funded by the New
Zealand Foundation for Research, Science and Technology (FRST) called
“Bioprotection of New Zealand’s productive ecosystems”. The aim of this programme
was to develop innovative and sustainable bioprotection strategies for control of soilborne diseases and pests of vegetable and arable crops. This was to be achieved by
detailed studies of the ecology of pathogen, pest and beneficial organisms, effects of
crop management on disease and pest expression, and effects of biotic and abiotic
soil factors on soil-borne diseases and their causative organisms. Researchers from
different discipline fields were involved in this programme to investigate the different
aspects. By investigating farming practices in the potato and onion industry of New
Zealand, this PhD project focused on the ecology of Trichoderma species within the
soil and rhizosphere environment and attempted to determine what parameters
affected the growth and diversity of indigenous Trichoderma species, which were
potential biocontrol agents for crop pathogens such as S. cepivorum, R. solani and P.
ultimum.
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1.2. LITERATURE REVIEW
1.2.1 Trichoderma
1.2.1.1 The genus Trichoderma
Trichoderma species are fast growing filamentous deuteromycetes (Samuels, 1996)
widely distributed around the world (Domsch et al., 1980; Gams & Bissett, 1998;
Klein & Eveleigh, 1998). They are found in most soils and are frequently the
dominant component of the soil microflora (Killham, 1994). Among the different
orders of the Deuteromycotina, Trichoderma species belong to the moniliales
(Domsch & Gams, 1972).
Persoon first described the genus Trichoderma in 1794 (Rifai, 1969) but its
classification remained obscure and contradictory until 1969 when Rifai made the
first real attempt to produce a workable classification system of the genus. The
system was based on species morphology and on the concept of species aggregates
(Rifai, 1969). A revised classification of the genus Trichoderma was proposed by
Bissett in 1991 based on key morphological characteristics and four sections were
identified (Trichoderma, Pachybasium, Longibrachiatum, and Hypocreanum) (Bissett,
1991a;b;c). Despite this attempt, the classification remained poorly defined. In recent
years, molecular methodologies have greatly improved our understanding of the
genus especially at species level. Today around 75 species of Trichoderma have
been identified, many of which are important biological control agents, such as T.
hamatum, T. harzianum, T. koningii Oud., T. polysporum (Link ex Pers.) Rifai, and T.
virens (Harman et al., 2004; Metcalf et al., 2004; Samuels, 1996).
The genus Trichoderma possesses key morphological characteristics that are still
used to identify Trichoderma species. Trichoderma is a septate fungus and produces
highly branched conidiophores with a conical or pyramidal outline (Rifai, 1969).
Flask-shaped structures called phialides are found at the tip of the conidiophores.
Phialospores, also known as conidia, are produced at the end of the phialides where
they accumulate to form a conidial head (Gams & Bissett, 1998). Like all
deuteromycetes, Trichoderma species can only reproduce asexually through intense
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sporulation or clonal growth from hyphae fragments (Gams & Bissett, 1998).
However, the genus Trichoderma also has a sexual (teleomorph) stage known as
Hypocrea which is in the ascomycete order Hypocreales (Samuels, 1996).
Trichoderma teleomorphs possess all the key characteristics of Trichoderma
anamorphs and can reproduce sexually to form ascospores. Trichoderma species
form floccose or tufted colonies of various colours (white, yellow, green), which in the
past were used to identify species (Rifai, 1969). Today, the use of morphological
characteristics for identifying Trichoderma species is being progressively replaced by
molecular tools, which provide a more robust and reliable form of species
identification (Lieckfeldt et al., 1998).

1.2.2 The ecology of Trichoderma species
1.2.2.1 Habitats
Trichoderma species are cosmopolitan soil fungi (Waksman, 1952). They colonise a
wide range of soil niches from cool temperate to tropical climates. These include
agricultural, orchard, forest, pasture and desert soils (Domsch et al., 1980; Hagn et
al., 2003; Roiger et al., 1991). The saprophytic nature of Trichoderma means that the
fungi are commonly present in the soil’s top horizons (F and H) where high densities
of mycelium can be recovered especially in the humid litter of deciduous and
coniferous forests (Danielson & Davey, 1973a; Widden & Abitbol, 1980). The high
versatility of this genus means that some Trichoderma species have also been
recovered in extreme environments like mangrove swamps, salt marshes and
estuarine sediments (Borut & Johnson, 1962; Domsch et al., 1980; Lee & Baker,
1972) where adverse osmotic potential conditions pose a real challenge for fungal
survival. Yet, such environments are widely colonised by T. viride Pers. ex Gray
which is probably the most wide-spread species of Trichoderma (Domsch et al.,
1980). Other species, like T. harzianum, are widely found in the rhizosphere of crops
(Parkinson et al., 1963) such as wheat, potato and tobacco and can also be isolated
from the roots of perennial plants such as willow (Gochenaur & Backus, 1967). It is
fair to say that the genus Trichoderma is not limited by habitat range; most
environmental niches are likely to be colonised by several species of Trichoderma.
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The most likely limitations for this genus are the environmental parameters required
for the dispersal and proliferation of specific species.

1.2.2.2 Environmental parameters
The composition, biomass and biological activity of microbe communities in the soil
depend on important physical and chemical factors (Garbeva et al., 2004; Killham,
1994; Lavelle & Spain, 2001). Fungi and more specifically Trichoderma species are
no exception. Environmental parameters such as soil temperature, moisture,
atmosphere, pH, organic matter (OM), nutrient content and plant types are key
factors that influence soil colonisation by Trichoderma species (Carreiro & Koske,
1992; Danielson & Davey, 1973d; Domsch et al., 1980; Eastburn & Butler, 1988b;
1991; Klein & Eveleigh, 1998; Widden & Abitbol, 1980).
Researchers have demonstrated that Trichoderma species can be influenced by soil
temperature in terms of their world distribution. Species like T. harzianum are
generally isolated from warm tropical soils whereas T. polysporum and T. viride are
mostly found in cool temperate regions (Danielson & Davey, 1973a; Klein & Eveleigh,
1998). The range of temperatures at which Trichoderma species can grow is fairly
wide, it can be as low as 0°C for T. polysporum and as high as 40°C for T. koningii
(Domsch et al., 1980; Tronsmo & Dennis, 1978). Temperature does not only affect
the growth of Trichoderma species, it also affects their metabolic activity especially
the production of volatile antibiotics (Tronsmo & Dennis, 1978) and enzymes.
Soil moisture or water potential is also an important factor which influences
establishment of Trichoderma populations as well as other microorganisms in the soil
(Lavelle & Spain, 2001). Water potential is closely dependent on the soil temperature
and becomes more negative as the temperature rises (Dix & Webster, 1995). Hyphal
growth, spore production and germination, and biological control activity of
Trichoderma species are generally negatively affected by high negative soil water
potentials (Clarkson et al., 2004; Eastburn & Butler, 1991). Most Trichoderma
species require a low soil water potential to achieve optimal growth and populations
are generally more abundant in moist soil especially in humid litter (Danielson &
Davey, 1973a). Despite this, some species like T. viride have been known to achieve
growth at soil water potentials of -240 MPa (Domsch et al., 1980).
7

Fungi from the genus Trichoderma seem to be positively affected by acidic
substrates as most species have an optimal pH range of 3.5-5.6 (Domsch et al.,
1980) for both growth and spore germination (Danielson & Davey, 1973c) and can
even grow at a pH of 2.1 (Waksman, 1952). Yet, this picture is over simplistic as soil
pH is greatly dependent on the soil carbon dioxide (CO2) atmospheric content
(Papavizas, 1985). Carbon dioxide combines with water to produce a weak acid
called carbonic acid. This acid readily dissociates to produce H+ ions and HCO3-,
which can result in great decrease in pH values (Killham, 1994). This is reflected by
the fact that some Trichoderma species will grow better on slightly basic substrates at
high atmosphere CO2 concentration (Danielson & Davey, 1973d). So when
considering pH values for the establishment of Trichoderma species, it is important to
take into consideration the soil CO2 atmospheric concentration. The concentration of
hydrogen ions also affects the solubilisation of salts in the soil solution and hence the
availability of ions (Dix & Webster, 1995) and nutrients to the Trichoderma species.
Overall, it is commonly accepted that temperature, soil moisture and soil pH are the
most

important

environmental

factors

in

determining

Trichoderma

species

aggregates as well as distribution (Danielson & Davey, 1973a). It is also relevant to
note that soil is a very complex medium and other environmental factors such as
nutrient availability (nitrogen availability), redox potential (Eh), soil structure and
texture (microsites), soil atmosphere composition and solar radiation may play a
crucial role in the activity of microorganisms and, therefore, Trichoderma species.

1.2.2.3 Substrate diversity
Saprophytic fungi like Trichoderma species are able to metabolise a wide range of
carbon sources. Most species grow well on simple carbon substrates like sucrose, Dmannose, D-xylose, D-galactose, D-fructose and raffinose (Danielson & Davey,
1973b; Domsch et al., 1980; Klein & Eveleigh, 1998; Papavizas, 1985) but most of
the carbon present in soil OM is locked up in complex molecules with high molecular
weight called polysaccharides. With the exception of lignin, polysaccharides such as
cellulose, chitin, starch, xylan, and pectin are readily degraded by most Trichoderma
species through the secretion of specific polysaccharase enzymes (Dix & Webster,
8

1995; Klein & Eveleigh, 1998). Some Trichoderma strains can also degrade
xenobiotic compounds like hydrocarbons, organochlorine pesticides and even C1
compounds such as methanol (Domsch et al., 1980; Klein & Eveleigh, 1998;
Kubicek-Pranz, 1998; Samuels, 1996). The ability of Trichoderma species to degrade
very diverse carbon sources is reflected in their capacity to colonise a wide range of
habitats. Researchers have also shown that substrate quality influences the
competitivity and, therefore, the distribution of Trichoderma species. Field studies
with coniferous and deciduous forests have revealed that T. viride and T. polysporum
are more efficient at colonising coniferous litter, while T. hamatum is more efficient at
colonising litter from deciduous trees (Widden & Hsu, 1987).
Most saprophytic fungi have simple nitrogen requirements and are able to recycle
most amino acids found in the soil (Kubicek-Pranz, 1998). Trichoderma species are
able to metabolise complex and simple nitrogen sources. When carbohydrates are
used as the carbon source,

ammonium is generally used more readily as the

nitrogen source rather than nitrate and amino acids like alanine, aspartic acid,
casamino acid and glutamic acid which provide the best organic nitrogen source for
Trichoderma (Danielson & Davey, 1973b; Domsch et al., 1980). It should be noted
that the ability of Trichoderma species to metabolise nitrogen sources like nitrate
varies greatly between different species (Danielson & Davey, 1973b; Domsch et al.,
1980).

1.2.3 Metabolism
1.2.3.1 Enzyme production for carbon and nitrogen metabolism
The term metabolism can be broken down into two distinct functions called
anabolism and catabolism. The first function changes nutrients into the structural
constituents and functional components of the cell, while the second one extracts
energy and nutrient elements from complex molecules like polysaccharides to fuel
anabolic reactions (Griffin, 1994; Kubicek-Pranz, 1998).
In order to absorb nutrients, Trichoderma species like other fungi need to breakdown
large insoluble compounds such as polysaccharides and proteins exocellularly

9

(Griffin, 1994; Lavelle & Spain, 2001). Trichoderma species grow on very diverse
carbon and nitrogen substrates and molecules like cellulose, chitin, xylose or large
peptide chains represent a challenge to enzymatic hydrolysis because of the
heterogeneity of their constituents (Griffin, 1994; Koivula et al., 1998). Most
Trichoderma species overcome this challenge through massive secretion of complex
mixtures of specific exocellular enzymes (Dix & Webster, 1995; Griffin, 1994; Klein &
Eveleigh, 1998; Koivula et al., 1998; Kubicek-Pranz, 1998). The ability of some
species, such as T. viride, and T. reesei E. G. Simmons to produce large quantities of
hydrolytic enzymes such as cellulase, is applied commercially in areas as diverse as
clothes-washing detergents and the paper industry (Clarke, 1996; Griffin, 1994;
Kubicek-Pranz, 1998). Some of the other important hydrolytic enzymes produced by
Trichoderma species include hemicellulase (xylanase, mannanase, galactanase),
chitinase, glucanase, amylase (Griffin, 1994; Worasatit et al., 1994) and cell wall lytic
enzymes (Lorito et al., 1996; Steyaert et al., 2003).
In order to degrade proteins and peptide chains, Trichoderma species also produce a
wide range of exocellular proteolytic enzymes with low substrate specificity, enabling
then to absorb small amino acid units and use them as nitrogen and sulphur sources.
Among those enzymes, multiple forms of serine and aspartic proteinases are very
common in most saprophytic fungi (Dix & Webster, 1995; Griffin, 1994). Most
Trichoderma species also produce high levels of key enzymes (glutamine synthetase
and NADPH-glutamate dehydrogenase) for ammonia assimilation in the presence of
ammonium ions (Ahmad et al., 1995).
Following the extracellular digestion of nutrients, Trichoderma species will actively
transport or absorb the small carbohydrates and amino acid units within the cell for
further breakdown (Griffin, 1994). As for most fungi, Trichoderma species use the
glycolytic and the pentose phosphate pathways for energy production (Griffin, 1994;
Kubicek-Pranz, 1998). The process of glycolysis consists of the conversion of sugars
to acetyl-coenzyme A before its oxidation in the citric acid cycle (aerobic conditions)
or fermentation to ethanol or lactic acid (anaerobic conditions) (Griffin, 1994).
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1.2.3.2 Antibiotic production
The genus Trichoderma is well known to be a prolific producer of volatile and nonvolatile fungicidal metabolites (Dix & Webster, 1995). The production of antibiotics
was first discovered by Weindling and Emerson (1936) while studying what they
thought to be T. lignorum (Tode) Harz., a synonymy of T. viride and ascribed to it the
production of gliotoxin and viridin (Weindling, 1941; Weindling & Emerson, 1936).
Later work by Webster and Lomas (1964) proved that those toxins were actually
produced by T. virens. A considerable amount of research has been put into
identifying the antibiotics produced that have been associated with disease control.
Six major groups have been defined with each group providing secondary
metabolites of major importance (Howell, 1998).
Polyketides: This is the largest class of fungal secondary metabolites; their
biosynthesis is achieved by repetitive connection of small fatty acid chains. The final
metabolite is formed by oxidation, cyclisation or alkylation of the polyketide chain by
separate enzymes (Sivasithamparam

&

Ghisalberti,

1998).

Anthraquinones,

harzianopyridone and harzianolide are secondary metabolites produced by T. viride
and T. harzianum which show interesting antibiotic properties. Harzianolide has the
potential to suppress Gaeumannomyces graminis (Sacc.) von Arx & Olivier var. tritici
Walker, the causative agent of the “take-all disease” (Howell, 1998).
Pyrones: Their biosynthesis is still poorly defined but it is likely that they are derived
from some polyketide pathways, although the debate is still open (Sivasithamparam
& Ghisalberti, 1998). The antifungal compound 6-pentyl-α-pyrone (6PP) is the main
constituent of the typical “coconut aroma” of T. viride (Rifai, 1969). It is the best
known compound from this class and has been isolated from many Trichoderma
species (Ghisalberti & Sivasithamparam, 1991; Scarselletti & Faull, 1994). The
pyrones massoilactone and δ-decanolactone are also produced by several
Trichoderma species and offer

potential for the control of plant pathogens

(Sivasithamparam & Ghisalberti, 1998).
Terpenoids: Terpene compounds show a wide variety of structural types
(sesquiterpenes, sterols) and are the most abundant and most widely distributed
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secondary metabolites in nature (Sivasithamparam & Ghisalberti, 1998). Their
biosynthesis is well known. R-mevalonic acid is the molecule from which all terpenes
arise via intermediates such as isopentenyl and dimethylallyl diphosphate. Among
the sesquiterpenes two powerful antibiotics named gliocladic and heptelidic acid
have been isolated from T. virens (Ghisalberti & Sivasithamparam, 1991; Howell et
al., 1993). Steroids are derived from terpenes and the well known antibiotic
compounds viridin and viridiol belong to this class. They are secreted by both T.
virens and T. viride and are associated with the suppression of plant pathogens such
as R. solani (Lumsden et al., 1992b) and P. ultimum (Howell & Stipanovic, 1984).
Isocyano derivatives (isonitiriles): This class of metabolites is characterised by the
isocyano functional group where a carbon atom is bonded to a single nitrogen atom.
The amino acid tyrosine is the precursor in the biosynthesis of isonitriles. Important
antibiotics are found within this class of secondary metabolites. Dermadin, isonitrin A
and isonitrinic acid F are all powerful antibiotics with antibacterial and antifungal
activities (Ghisalberti & Sivasithamparam, 1991). They have been isolated from many
Trichoderma species such as T. viride, T. hamatum, T. harzianum and T. koningii.
The compound dermadin was even the subject of a U.S. patent in 1971.
Diketopiperazines: This class of compounds arises from the condensation of 2 αamino

acids

such

as

serine

and

phenylalanine

into

a

cyclic

dipeptide

(Sivasithamparam & Ghisalberti, 1998). The two best known antibiotics of this class
are both secreted by T. virens and are called gliotoxin and gliovirin. Gliotoxin was
isolated for the first time in 1936 by Weindling and Emerson while gliovirin was first
isolated in 1982 by Howell and Stipanovic. Both toxins have good suppressive ability
on phytopathogens such as R. solani and P. ultimum (Howell & Stipanovic, 1983;
Howell et al., 1993; Lumsden et al., 1992a; Weindling, 1941; Wilhite et al., 1994).
Interestingly, strains of T. virens (“Q strains”) that produce gliotoxin are not the same
as the strains that produce gliovirin (“P strains”) (Howell et al., 1993). Howell et al.
also reported that the “P strains” are better at controlling P. ultimum than the “Q
strains”.
Peptaibols: This is a particular family of peptides which is characterised by the
presence of the rare amino acid α-aminoisobutyric acid (Schirmbock et al., 1994).
12

Peptaibols are very diverse and are generally divided into three subclasses: the long
sequence peptaibols (18 to 20 amino-acids), the short sequence peptaibols (11 to 16
amino acids) and the liptopeptaibols (7 to 11 amino acids) (Sivasithamparam &
Ghisalberti, 1998). Each subclass contains interesting antibiotic compounds.
Important ones include the trichorzianines which are isolated from T. harzianum
(Schirmbock et al., 1994), and the trichopolyns which are isolated from T.
polysporum. In vitro experiments have also shown that trichorzianine A inhibits cell
wall synthesis of plant pathogenic fungi such as B. cinerea (Lorito et al., 1996).
This account of antibiotic production by Trichoderma species is far from exhaustive
and each year the list of newly identified antibiotics opens new doors for further use
of Trichoderma species as biological control agents.

1.2.3.3 Other secondary metabolite production
A great number of secondary metabolites with properties other than antibiotic activity
are secreted by Trichoderma species. Such metabolites include pigments like
melanin and carotenoids (Griffin, 1994) and plant growth regulators (Windham et al.,
1986)

such

as

cyclonerodiol

or

antimutagenic

compounds

like

mannitol

(Sivasithamparam & Ghisalberti, 1998). However, the metabolic function of many
secondary metabolites has yet to be identified and the task is enormous as every
single species of Trichoderma is likely to produce specific secondary metabolites.
The ecological importance of most secondary metabolites is also poorly understood
and additional research is still needed in this area to better understand Trichoderma
ecology.

1.2.4 Biological control capacity of Trichoderma species
1.2.4.1 Mycoparasitism
Mycoparasitism can be regarded as the direct attack of one fungus on another and
can be generally defined as direct antagonism (Dix & Webster, 1995). This term can
be divided into four sequential steps (Chet et al., 1998). The first step is called
chemotrophic growth, where the secretion of a chemical stimulus by the target
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fungus attracts an antagonist fungus (Chet et al., 1981; Steyaert et al., 2003). The
second step is called specific recognition, where the antagonist fungus identifies the
cell surface of the pathogen (Barak et al., 1985). The third step can involve two
distinct processes. One is called coiling, where the Trichoderma hyphae surround its
host (Chet et al., 1981; Papavizas, 1985). The second processus involves intimate
hyphal interaction and contact where the Trichoderma hyphae simply grows along
the host’s hyphae. This type of mycoparasitic interaction can be observed with
scanning electron microscope (SEM) (Benhamou et al., 1999), or by fluorescent
microscopy. The fourth and final step involves the secretion of specific lytic enzymes
which degrade the host cell wall (Chet et al., 1998). The main lytic enzymes involved
in the degradation of the host cell wall are β-glucanase, chitinase and proteinases.
Most Trichoderma species are able to secrete such enzymes and T. hamatum can
release β-1,3-glucanase and chitinase when grown in the presence of R. solani (Chet
& Baker, 1981). The secretion of lytic enzymes has a major impact on the biological
control potential of Trichoderma species. This was demonstrated with a mutant strain
of T. harzianum where higher chitinase, β-1,3-glucanase and

β-1,6-glucanase

activity was expressed compared with the wild type (Rey et al., 2001). Trichoderma
species have shown in vitro mycoparasitic activities towards plant pathogens such as
P. ultimum and S. rolfsii (Papavizas, 1985). Synergistic action of lytic enzymes and
antibiotics is another important factor that can enhance the ability of Trichoderma
species to inhibit plant pathogens (Kay & Stewart, 1994b; Steyaert et al., 2003).

1.2.4.2 Antibiosis
The term antibiosis refers to the production of antibiotics by fungi and is especially
relevant in the case of the Trichoderma genus. This type of interaction is generally
defined as indirect antagonism since no hyphal contact is required for it to take place
(Dix & Webster, 1995). As previously discussed, it is well established that
Trichoderma species are able to secrete a wide range of secondary metabolites with
antifungal and antibacterial properties. Antibiosis generally occurs in synergy with
mycoparasitism (Schirmbock et al., 1994), where the hydrolytic enzymes allow the
antibiotics to penetrate the host cells. In turn, antibiotics can inhibit cell wall synthesis
and, therefore, enhance the action of the hydrolytic enzymes (Lorito et al., 1996).
Antibiotics can also affect the target fungus through a number of mechanisms such
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as inhibition of growth, production of primary metabolites, uptake of nutrients and
sporulation (Howell, 1998; Wilcox et al., 1992). Like mycoparasitism, antibiosis is
species-specific and different Trichoderma species do not have the same biological
control capabilities against the same pathogen. This can even be extrapolated to the
strain level, in that, within the same species of Trichoderma different strains may
exhibit different antifungal activity (Ghisalberti et al., 1990; Howell et al., 1993).

1.2.4.3 Competition
This interaction between Trichoderma species and soil microorganisms can be
referred to as indirect antagonism. Trichoderma species can inhibit or reduce the
growth of plant pathogens through competition for space, enzyme substrates,
nutrients and/or oxygen (Dix & Webster, 1995). The fast growing nature of
Trichoderma species along with their ability to colonise a wide variety of substrates
means that they are efficient soil colonisers and have the ability to displace less
aggressive colonisers (Papavizas, 1985). Their colonising ability is greatly influenced
by environmental factors including, soil pH, temperature and water potential (Carreiro
& Koske, 1992; Danielson & Davey, 1973d; Domsch et al., 1980; Eastburn & Butler,
1988b; Klein & Eveleigh, 1998; Widden & Abitbol, 1980) and therefore competition
should be regarded as an effective means of biocontrol when field conditions are
optimal for the establishment and proliferation of Trichoderma species.

1.2.4.4 Plant growth promotion and induced resistance
The ability of Trichoderma species to promote and stimulate plant growth has been
reported with a number of crops such as cucumber, tomato, radish, pea and flowers
crops (Chang et al., 1986; Inbar et al., 1994; Kleifeld & Chet, 1992; b; Ousley et al.,
1994b). Plant growth promotion by Trichoderma species can be achieved directly by
stimulating the uptake of nutrients by the plant (Kleifeld & Chet, 1992; Ousley et al.,
1994b) or by secreting plant growth promoting metabolites such as hormones
(Windham et al., 1986). The antagonistic nature of most Trichoderma species
towards phytopathogenic fungi means that they can stimulate plant growth indirectly
by inhibiting plant pathogens and, therefore, increasing plant metabolism (Elad et al.,
1987). Yet, the significance of such results has to be regarded with caution as most
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trial results reported in the literature have been conducted in the glasshouse and
often do not reflect the field situation. In the field, the potential of Trichoderma
species to stimulate plant growth can be overshadowed by more efficient plant
growth promoting rhizobacteria (PGPR) such as Pseudomonas species (Schroth &
Hancock, 1982).
More recently, the genus Trichoderma has been shown to be avirulent plant
symbionts (Harman et al., 2004). They can induce localised or systematic resistance
to diseases through the release of metabolites. The release of those chemicals tends
to promote plant production of ethylene or terpenoid phytoalexins, which are involved
in plant resistance to pathogens (Howell et al., 2000). When applied to the root
system, T. harzianum strain T39 has been shown to induce systemic resistance in
dicotyledonous plant leaves to B. cinerea (De Meyer et al., 1998). The genus
Trichoderma seems to show the ability to induce resistance in a wide range of plant
species such as tomato, tobacco, lettuce, cotton (De Meyer et al., 1998; Howell et al.,
2000). However, the mechanisms involved in induced plant resistance are still poorly
understood and to increase the efficiency and reliability of such applications in the
field, more research is needed (Harman et al., 2004).
The different modes of action exhibited by Trichoderma species to control plant
pathogens have mainly been studied under laboratory conditions. The next challenge
is to transfer those experiments to the field and achieve constant control of plant
pathogens using Trichoderma species This requires a better understanding of the
ecology, establishment and propagation of Trichoderma species in situ.

1.2.5 Factors affecting antagonistic activity
1.2.5.1 Abiotic factors
Temperature is of great importance for Trichoderma species and cold tolerant
species like T. viride and T. polysporum are likely to provide better biocontrol at low
field temperatures than a cold intolerant species such as T. harzianum (Tronsmo &
Dennis, 1978). A study by Clarkson et al. published in 2004 showed that the
antagonistic activity of T. viride towards S. cepivorum was reduced at temperatures
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less than 10°C. The antagonistic activity of antibiotics is also affected by
temperature. The antifungal activity of gliotoxin towards plant pathogens is greater at
32°C than at 3°C (Lumsden et al., 1992a; Weindling, 1941). More importantly, the
antagonist fungus and the target fungus need to have equivalent temperature ranges
if efficient biocontrol is to be achieved (Hjeljord & Tronsmo, 1998).
The soil water potential can also influence the antagonistic activity of Trichoderma
species (Danielson & Davey, 1973a; Kredics et al., 2000). Trichoderma species grow
better under moist conditions and, therefore, their ability to suppress a plant
pathogen will be reduced under water stress conditions (Elad et al., 1993). Low water
potential has a negative impact on lytic enzymes, such as chitinase, secretion
(Kredics et al., 2000) and under these conditions, the ability of T. viride to degrade S.
cepivorum sclerotia is reduced (Clarkson et al., 2004).
Substrate quality and nutrient availability also have to be considered as key
environmental factors that influence the antagonistic ability of Trichoderma spp.
(Howell, 1998). The production of secondary metabolites by Trichoderma species is
highly dependent on the carbon to nitrogen ratio (C:N) of the substrate. Experiments
by Howell and Stipanovic (1984) highlight how the production of viridiol by T. virens is
enhanced when the fungus is grown on substrate with a high C:N ratio. This is further
demonstrated by the increase in gliotoxin production by T. virens on high C:N
substrates (Park et al., 1991). The organic content of the substrate used for the
delivery of Trichoderma species in the field is, therefore, very important. Experiments
show that the use of wheat bran in the formulation allows better proliferation and
antagonistic activity of Trichoderma species (Kay & Stewart, 1994b; Knudsen & Bin,
1990; Lewis & Lumsden, 2001; McLean & Stewart, 2000).
Other environmental factors that can influence the biocontrol efficacy of Trichoderma
species include soil pH, heavy metal ions, iron content, soil physical properties (clay
content) and fungicides (Duffy et al., 1997; Kay & Stewart, 1994a).
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1.2.5.2 Biotic factors
The soil and the rhizosphere are complex environments where microorganisms are
competing with each other for resources (Dix & Webster, 1995; Lavelle & Spain,
2001). Although most Trichoderma species are aggressive colonizers, they still have
to compete with other soil microbes. The presence of other fast growing and
opportunistic microbes in the vicinity of a Trichoderma fungus can reduce its
substrate availability. The choice of propagules for field applications can also
influence the biocontrol potential of the fungus (Hjeljord & Tronsmo, 1998). For
example, when T. harzianum is applied as germinated conidia, mycelium fragments,
chlamydospores, or ascospores, it does not exhibit the same level of suppression
towards plant pathogens and responds differently to environmental stresses (Kay &
Stewart, 1994b; McLean & Stewart, 2000).
Finally, interactions between Trichoderma species and rhizobacteria such as
Pseudomonas species can be beneficial and enhance the reliability and performance
of the biocontrol agent (Lutz et al., 2004). Combining two or more antagonists is also
an option for enhanced disease control while the use of insects as a vector to deliver
Trichoderma species at the site of infection is also of great interest and more
research is being conducted in this area (Gracia-Garza et al., 1997).

1.2.5.3 Rhizosphere competence
The ability of Trichoderma species to colonise and establish themselves in the
rhizosphere is of crucial importance to achieve efficient control of phytopathogens
around the seeds and the roots (Baker, 1991; Papavizas, 1985). Yet, studies show
that important biocontrol agents like T. harzianum are not rhizosphere competent
(Papavizas, 1981) but mutant strains can be induced to exhibit this characteristic
(Ahmad & Baker, 1987b; 1988b). Ahmad & Baker (1988a) showed that benomylresistant mutant T. harzianum strains were able to colonise the rhizosphere of tomato
plants to a greater extent than the wild-type strains. However, a study by McLean et
al., (2005) did show that some wild-type Trichoderma isolates could be rhizosphere
competent. The rhizosphere competence of Trichoderma species is also influenced
by their ability to metabolise carbon from complex carbon sources. Plant roots
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exudate complex carbon substrates that can require specific enzymes to be utilised.
Therefore a species or a strain of Trichoderma has to be able to quickly degrade
such compounds to be rhizosphere competent (Ahmad & Baker, 1988a).

1.3. TECHNIQUES REQUIRED TO STUDY TRICHODERMA
ECOLOGY IN SOIL
1.3.1 Isolation techniques
The most common approach to isolate soil saprophytic fungi is to take samples from
soil, humus or root (Hagn et al., 2002). This procedure has to be carried out as
accurately as possible to reduce possible bias (Davet & Rouxel, 2000).
Environmental parameters and cross contamination of samples must be considered
before sampling. The microorganisms are then detached from the substrate by soil
dispersion using physical (shaking, blending) or chemical (ion exchange resin)
treatments (Wellington et al., 1997). The processing of soil samples (drying,
radiation, high temperature) are important selective factors which allow unwanted
fungi or bacteria to be eliminated (Davet & Rouxel, 2000).
In the case of saprophytic fungi like Trichoderma species, the most commonly used
isolation methods are direct techniques like soil dilutions and the growth of colonies
on semi-selective or selective media (Askew & Laing, 1993; Davet & Rouxel, 2000;
Papavizas & Lumsden, 1982). Indirect techniques like baiting are also used to isolate
soil fungi (Paulitz, 2000). In such methods, cultures of living target hosts are used to
select the appropriate antagonist fungi (Isnaini et al., 1998). When culturing fungi
from soil dilutions it is possible to further select the wanted microorganism by
adjusting factors like incubation conditions (temperature, light exposure). At the
present time, soil dilution plating on selective agar medium is the most common
method. The selectivity of the media depends on factors like the pH, carbon and
nitrogen sources, C:N ratio, the presence of antibacterial compounds, and specific
inhibitors (Davet & Rouxel, 2000). All these factors can be adjusted to provide the
optimum growth requirements for the chosen fungus yet, at the same time provide
poor growth conditions for unwanted soil microorganisms. However, the intrinsic
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variability in soil dilution plate counts can be problem (Davet & Rouxel, 2000). It is,
therefore, crucial to use large numbers of replicates for any soil sample in order to
obtain an accurate measurement of CFU numbers.
The most commonly used selective medium for the isolation of Trichoderma species
is a Trichoderma Selective Medium (TSM) (Elad et al., 1981), the Trichoderma
Medium E (TME) (Papavizas & Lumsden, 1982) and customised versions like
Trichoderma Selective Medium with benomyl and captan respectively TSMB and
TSMC, respectively (Elad & Chet, 1983). Askew and Laing (1993) and McLean et al.
(2005) also developed modified TSM versions (TSM+P and TSM-LU, respectively) to
improve Trichoderma CFU detection on agar plate in the presence of large soil fungal
populations.

1.3.2 Identification techniques
1.3.2.1 Morphology based techniques
The genus Trichoderma can be identified when grown on selective media. Colonies
have key characteristics that can be used to identify them as Trichoderma including
growth pattern, growth speed, odour and colour (Gams & Bissett, 1998). Yet, this is
not a very accurate method especially if identification to species level is required. The
most common approach to determine individual species is to use the light
microscope to study morphological characters such as the branching pattern of
conidiophore, the conidiophore apex elongation and shape (coiled, straight or
undulate), the phialides shape, structure and size and the conidial shape (Bissett,
1991a; Rifai, 1969; Samuels, 1996). However, this method has serious limitations as
the boundaries of the Trichoderma genus are ill defined and the existence of both
anamorph and teleomorph stages only increase the complexity of Trichoderma
species identification (Samuels, 1996). In addition, the same species can show great
variation in its morphology that can easily lead to misidentification and most people
do not have the experience required to accurately identify Trichoderma species
(Hagn et al., 2002).
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1.3.2.2 Molecular based techniques
In the past 20 years, advances in molecular techniques have provided a new
approach to fungal systematics by studying the genotype rather than the phenotype.
Molecular techniques are based on the characterisation of proteins and/or nucleic
acids and their polymorphisms. The analysis of isozymes (protein markers) by
electrophoresis is frequently used to estimate genetic variation between Trichoderma
isolates and therefore, provides identification at the intraspecies level (Zamir & Chet,
1985). The characterisation of nucleic acids is mostly based on the Polymerase
Chain Reaction (PCR), which allows the synthesis of a large amount of highly pure
DNA (Hagn et al., 2002). The sequencing of ribosomal DNA (rDNA) and ribosomal
RNA (rRNA) by using specific primers are interesting approaches to identify fungi
(Prosser, 2002). The taxonomic level of the identification is dependent on the
sequenced genome region. Highly conserved regions like the 18S rRNA and 5.8S
rRNA can be used to separate different genera while highly variable parts of the
genome such as the internal transcribed spacer (ITS) are more suitable to
differentiate different species within the same genus (Cullen et al., 2001; Paulitz,
2000; Prosser, 2002; White et al., 1990). Other techniques available for rapid
identification of species include UP-PCR cross-blot hybridisation and reverse dotblot. The cross-blot hybridisation method has already been used to delineate species
within the T. viride/atroviride/koningii complex (Lübeck et al., 2004), while the reverse
dot-blot method is currently being adapted for the detection of Trichoderma species
at Lincoln University. The reverse dot-blot method could provide rapid identification of
Trichoderma species from soil samples (Zhou et al., 2001). The principle of this
method is based on the binding of specific poly-dT tailed oligonucleotides onto a
nylon membrane strip. The membrane is then washed with a solution of DNA
fragments from a specific variable region. The fragments that hybridise with the polydT tailed oligonucleotides are revealed with a stain and species can be identified
(Zhou et al., 2001).
Other methods such as DNA fingerprint patterns allow the identification of soil fungi
by comparing the pattern of multiple small DNA fragments. The fingerprints are
obtained from PCR-amplified DNA fragments after restriction endonuclease digestion
(Hagn et al., 2002). The most commonly used method for inter- and intraspecific
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studies is the analysis of restriction fragment length polymorphisms (RFLPs). The
comparison of the different RFLP banding patterns, is then used to identify the
different species present (Garbeva et al., 2004; Lieckfeldt et al., 1998). Trichoderma
species can also be identified by random amplified polymorphic DNA (RAPD). This
method is based on the amplification by PCR of unknown DNA fragments using GCrich primers. Primers can be specifically designed to identify a sequencecharacterised amplified region (SCAR) of a Trichoderma species or strain (Hermosa
et al., 2001).
Identification methods based on PCR have been very successful at overcoming the
limitation of culture- and morphology-based methods and can yield results in a
relatively short space of time. However, they have limitations of their own. When
extracting DNA from a cell or a fungal structure, the lysis efficiency is of key
importance (van Wintzingerode et al., 1997). If the lysis is too weak then the amount
of extracted DNA might be too small to amplify (Kirk et al., 2004). On the other hand,
if the lysis protocol is too harsh then DNA will be destroyed, while different fungal
structures (spores and mycelia) have a different sensitivity to lysis treatments
(Prosser, 2002). Another problem is the quality of the DNA. Samples have to be as
pure as possible. Yet, when dealing with soil samples, humic substances might be
co-extracted and increase background noise during amplification (Kirk et al., 2004;
van Wintzingerode et al., 1997). Additionally these methods are costly to optimise
and run.

1.3.3 Quantification techniques
1.3.3.1 Non-molecular based techniques
As for isolation, the quantification of Trichoderma species in the soil is conventionally
done by simple plating of bulk or rhizosphere soil dilutions onto media. Then, the
fungal propagules can be counted using colony forming units (CFU) (Davet & Rouxel,
2000). The weight of the diluted soil is recorded and by simple mathematic formula,
an estimation of the number of Trichoderma species propagules per gram of dry soil
can be calculated (Paulitz, 2000). Using the same procedure, Trichoderma species
can also be quantified from plant roots. This is the simplest way to quantify soil fungi
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and more specifically Trichoderma species (Bulluck III et al., 2002; Liu et al., 2008).
This method has some limitations which includes selecting soil fungi that can grow in
laboratory conditions. However, most Trichoderma species are known to grow well
on cultivation media like Trichoderma Selective Medium (TSM) (Papavizas &
Lumsden, 1982) and therefore, this should not be a major issue to recover
Trichoderma propagules. Variability between samples can be an issue with soil
dilution plating but it can be overcome by processing large numbers of samples and
by making triplicates plates for each samples (Davet & Rouxel, 2000). Additionally,
the great advantage of soil dilution plating is its cost effectiveness which allow the
processing of large numbers of samples, and the fact that it is simple and fast.
Soil microbes can also be quantified by staining methods (Hagn et al., 2002;
Hartmann et al., 1997). Fungal spores and mycelia within a sample can be stained
using fluorescent dyes such as Cellufluor or chloromethylfluorescein diacetate
(Stewart & Deacon, 1995). Direct microscopic viable count (DMVC) can then be
carried out to enumerate microorganisms within the sample. However, such methods
are limited in their interpretation by the occurrence of variably shaped and
filamentous cells and by the ability of the targeted fungi to incorporate the dye
(Hartmann et al., 1997).
Trichoderma species can also be quantified from soil samples by using
immunological detection techniques (Hagn et al., 2002; Thornton, 2004). The most
commonly used method is the enzyme-linked immunosorbant assay (ELISA) (Paulitz,
2000; Thornton, 2004). It is based on the ability of antibodies to recognise specific
three-dimensional structures such as proteins (Hartmann et al., 1997). The quality of
a selected antibody depends on four important features: cross-reactivity (unspecific
binding with non targeted microorganisms), affinity characteristics for the targeted
biological macromolecules, stability or continuous expression of the antigenic
determinant by the fungi during different growth stages and the localisation of the
antigenic determinant, if it is located inside the cell then lysis treatments might be
required (Hartmann et al., 1997). Such techniques provide efficient tools for
quantifying accurately Trichoderma species in the soil. The only drawback to
immunological techniques is the cost and time required to develop specific antibodies
(Paulitz, 2000).
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1.3.3.2 Molecular based techniques
The detection and quantification of genomic DNA of fungal structures from soil has
always been very challenging (Filion et al., 2003; Paulitz, 2000; van Wintzingerode et
al., 1997). In recent years, a new molecular technique has been developed to try to
overcome this problem. Quantitative real-time PCR is based on the use of
hybridisation probes or dyes, which produce a fluorescent signal during the PCR
amplification (Cullen et al., 2001; Filion et al., 2003). The intensity of the signal is
proportional to the amount of generated DNA and, therefore, can be measured
(Cullen et al., 2002). High intensity signal indicates that the microorganism is very
abundant in the studied substrate (Filion et al., 2003). However, the efficiency of this
method relies on the specificity of the primers. This is especially relevant when
different closely related species of a same genus are present at the same time in the
sample. If the primer’s specificity is poor then overlap will occur and the quantification
of the different species will be inaccurate (Filion et al., 2003).
Another approach to the study of soil fungi like Trichoderma is to use transformed or
genetically modified strains of fungi (Hartmann et al., 1997; Lo et al., 1998). Marker
genes or reporter genes are inserted in the genome of the fungus conferring it
distinctive physiological properties from the wild strain (Paulitz, 2000). T. harzianum
strains have been transformed by the introduction of the β-glucuronidase (GUS)
reporter gene and hygromycin B (hygB) phosphotransferase gene (Lo et al., 1998).
The T. harzianum strain 1295-22 could then be introduced in the field on plant roots
allowing growth monitoring and in-situ detection of population density. Yet, such
techniques

are

limited

to

culturable

microorganisms

with

well-established

recombination techniques (transformation with plasmids) (Hartmann et al., 1997).

1.3.4 Species diversity assessment
1.3.4.1 Biochemical based techniques
The concept of microbial diversity in the soil refers to the total number of species
present, the species evenness and richness. This can be assessed with conventional
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techniques like the identification of the sole source carbon utilisation (SSCU) pattern
(Garland & Mills, 1991). This method has been developed into a commercial product
called Biolog. Although it was first developed to study gram-negative and grampositive bacteria (GN and GP plates), new plates like the Eco-plates and the
filamentous fungi plates (FF plate) have been developed for the study of soil fungal
communities (Dobranic & Zak, 1999). The use of 96-well microtitre plates makes this
method fast, easy to set up and generates a large amount of data. However, it has
some major drawbacks, it is biased towards culturable soil fungi and it also favours
fast growing species and represents only species that are able to utilise the carbon
sources present in the different wells (Kirk et al., 2004).
Another biochemical method that does not rely on culturing soil fungi is available for
studying fungal diversity. The fatty acid methyl ester (FAME) analysis is based on the
composition of fatty acid groupings within a microbial community and, therefore,
different fatty acid profiles represents different genera or taxonomic groups (Kirk et
al., 2004). The fatty acids are extracted from the soil and then analysed by gas
chromatography. The FAME profiles from different soil samples can be compared by
multivariate analysis and changes in fungal communities can be revealed. This
method however, is sensitive to inoculation densities and when working with spores it
is a major problem. Furthermore, this method is not able to differentiate fungal
communities at the species level (Kirk et al., 2004).

1.3.4.2 Molecular based techniques
Studies of soil fungal diversity can be achieved by the denaturing gradient gel
electrophoresis (DGGE) and temperature gradient gel electrophoresis (TGGE)
methods, which can be used to analyse PCR-amplified rDNA or rRNA (Kirk et al.,
2004; Muyzer et al., 1993). The principle behind these two methods is similar. The
DGGE method uses an increasing chemical gradient of urea and formamide at 60°C,
while the TGGE method uses an increasing temperature gradient with a constant
concentration of urea and formamide to separated the double-stranded DNA
according to their melting properties (Heuer & Smalla, 1997). The banding patterns
and the intensity of the bands generated by DGGE or TGGE correspond to microbial
diversity of the soil samples with each band representing one or several closely
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related species (Heuer & Smalla, 1997; Kirk et al., 2004). DGGE and TGGE are
reliable, reproducible and rapid to apply because a large number of samples can be
processed in a fairly short amount of time (Kirk et al., 2004). Another interesting point
about these techniques is that the DNA bands can be extracted and reamplified by
PCR allowing the identification of the species present. DGGE and TGGE are very
versatile tools for analysing the soil fungal diversity but their accuracy depends on
factors such as cell lysis efficiency, the quality of the universal primers and of the
amplified product. Some of the drawbacks of DGGE and TGGE are linked with coextraction (different DNA fragments with similar melting point) and, therefore one
band can represent several species (Heuer & Smalla, 1997). Finally both methods
tend to detect only the dominant species and can overlook species representing a
small fraction of the microbial community (Kirk et al., 2004).
The previously mentioned RFLP method can be used for both identification and
diversity assessment by comparing the different DNA banding patterns. Based on the
same principles as RFLP other available methods for the assessment of soil and
rhizosphere microbial diversity include the terminal restriction fragment length
polymorphism (T-RFLP), and the ribosomal intergenic spacer analysis (RISA) (Kirk et
al., 2004; Torsvik & Ovreas, 2002). Both techniques can be automated, are highly
reproducible and allow the processing of large sample quantities.

1.3.5 Species distribution assessment
1.3.5.1 Microscopic techniques
The assessment of fungal distribution in situ has been recently greatly improved by
the use, in combination, of reporter fluorescent genes (lux, gfp, gusA) and the
development of new microscopic techniques and image analysis. The use of chargecoupled device (CCD) enhanced microscopy to study soil samples provides an
increase in sensitivity and geometric stability, which improves the signal-to-noise ratio
(Hartmann et al., 1997). By increasing the detection level, low signals of fungal
fluorescent strains can be detected and their location in the sample identified. Yet,
this technique is limited to relatively thin soil sections.
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Scanning confocal laser microscopy (SCLM) is an excellent tool for observing thick
soil samples where background fluorescence from OM or clay particles could be a
problem (Laurent et al., 1994). SCLM virtually eliminates blurs from unfocused area
and greatly enhance the detection level (Hartmann et al., 1997). Three dimensional
images can be reconstructed on a computer and provide a very accurate localisation
of fungi within the sample. SCLM is a great tool for assessing the distribution of fungi
within the rhizosphere. SCLM is one of the first non-destructive techniques that
enables scientists to study soil microbial communities and localise them in very small
and specific niches.

1.3.6 Species functionality assessment
In order to understand the ecology of Trichoderma, the study of species diversity, the
quantification of individual species and the localisation of populations within the soil
need to be linked with

functional diversity (i.e. expression of specific enzymes)

(Hagn et al., 2002; Prosser, 2002; Torsvik & Ovreas, 2002). Although, the
investigation of functionality was not the aim of this research, it is important to which
tools are available. Linking phylogeny to function especially in situ, is one of the great
challenges facing microbiology today (Torsvik & Ovreas, 2002).

1.3.6.1 Biochemical assays
The most commonly used approach to assess the functional diversity of soil
microorganisms is by measuring soil enzyme activity (Klose et al., 2004). Although
this is a relatively simple method that identifies general microbial processes such as
dehydrogenase and phosphatase, it is limited by its inability to link the activity to
specific species (Miller et al., 1998; Prosser, 1997). However, such methods can be
used to identify genera that are capable of producing specific enzymes such as β1,3-glucanase and chitinase, which are strongly correlated with fungal presence
(Rodriguez-Kabana et al., 1983). To identify specific functions of microorganisms
within the soil through the measurement of enzyme activity presents a challenge
especially with saprophytic fungi such as Trichoderma species. As previously
described, Trichoderma species are able to synthesise a large number of enzymes
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most of which are common to more than one species. Therefore functionality can
only be related to communities rather than species.

1.3.6.2 Molecular techniques
To relate the significance of microbial diversity with functionality, molecular
approaches offer powerful tools capable of identifying species activities and functions
in the soil environment. Among the available techniques, identification and
sequencing of functional genes responsible for the production of chitinase or
cellulase (Prosser, 2002; Torsvik & Ovreas, 2002). Once the functional gene is
identified, specific primers can be designed to amplify the specific genes of a specific
species (Torsvik & Ovreas, 2002). However, the selection of the functional gene is
crucial because several phylogenic groups can express the same functional
gene.The analysis of mRNA for a particular gene can be used to assess functional
gene expression. In the case of mRNA this approach is limited by its short half-life
and the problems in extracting sufficient quantities from the soil for analysis (Prosser,
2002).
Stable isotope probing (SIP) is a powerful technique for identifying microorganisms
that are actively involved in specific metabolic processes (Radajewski et al., 2000).
This method uses specific 13C-enriched carbon substrates that can be incorporated in
the soil to be metabolised by soil microorganisms (Torsvik & Ovreas, 2002). The
DNA is then extracted and
13

13

C- and

12

C-DNA are separated by centrifugation. The

C-DNA will be derived only from microorganisms capable of metabolising the

carbon substrate. Amplification of 16S rRNA or 18S rRNA genes and functional
genes can then be carried out followed by sequencing (Prosser, 2002). The great
advantage of this method is that it allows in situ identification of active organisms with
no requirement for laboratory growth.
Other methods to assess microbial functional diversity include phospholipids fatty
acid (PLFA) labelling, which is similar to SIP in principles (Torsvik & Ovreas, 2002).
Microradioautography in combination with fluorescent in-situ hybridisation (FISH) can
also link the uptake of specific substrates with the phylogenetic identity of a specific
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cell (Torsvik & Ovreas, 2002). However, this technique is mostly used for bacteria
and has not been extensively developed for fungi (Hagn et al., 2002).

1.4. SUMMARY
The saprophytic nature of the Trichoderma genus means that crop rotation and crop
management in terms of OM inputs are likely to influence the growth, the functionality
or the activity of Trichoderma species in the field. As previously stated, Trichoderma
ecology and biological control activity are greatly influenced by soil properties. In
agricultural systems the soil properties are affected by farming practices such as
ploughing, irrigation, liming and fertiliser and pesticide applications. Yet, very little
work has been done in agricultural systems to determine what factors promote the
diversity, abundance, growth and biocontrol activity of indigenous Trichoderma
species in the field (Hagn et al., 2003). Most researches found in the literature on the
potential of Trichoderma species as biocontrol agent have been carried out either in
glasshouse conditions or used application of non-indigenous Trichoderma species in
the field to control crop pathogens. In addition, most of the work on the influence of
farming management systems was carried out in relation to invertebrates, crop pests
and soil biology as a whole but not on Trichoderma species (Haynes & Tregurtha,
1999; Hulugalle et al., 1997; Wyland et al., 1996). This project will provide a better
understanding of the factors that influence indigenous Trichoderma population
diversity, number and functionalities in relation to farming practices and, therefore,
contribute to increase in crop protection.

1.5 RESEARCH AIM AND OBJECTIVES
1.5.1 Aim
The overall aim of this research was to improve understanding of the ecology and
diversity of Trichoderma species as beneficial fungi within the soil and rhizosphere of
vegetable crops. The New Zealand intensive vegetable cropping industry was the
model system used for this study. Farming practices and management of onion and
potato crops provided the framework of this research.
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1.5.2 Objectives
In order to understand the complexity of Trichoderma ecology in vegetable cropping
systems it was crucial to study key aspects of crop management and farming
practices because the physical and chemical characteristics of the soil influenced by
them. This in turn, defined microbial community structure and activity. The overall
objective of this research was to study the impact of biotic and abiotic factors on
Trichoderma species diversity and population size. This was achieved through
several specific objectives:
•

To determine the impact of crop rotation regimes on the population numbers
and diversity of indigenous Trichoderma species in rhizosphere soil and
rhizoplane soil.

•

To quantify the influence of crop management practices such as OM input
through green manure incorporation on the population numbers and diversity of
indigenous Trichoderma species and Penicillium species in rhizosphere soil.

•

To investigate in laboratory assays interactions between Trichoderma species,
Penicillium species and onion scale residues, and their effect on spore
germination, hyphal growth and competition.

•

To determine the potential rhizosphere competence of four indigenous
Trichoderma sp. in the rhizosphere of onion seedlings.

•

To determine the saprophytic growth ability of four Trichoderma sp. in soil
amended with green manure.

1.5.3. Thesis format
This thesis comprises six chapters; four of which are experimental chapters. The
chapters are presented in such a way that they can be easily adapted for submission
for publications. Each chapter includes a summary, introduction, materials and
methods, results and a discussion section. The complete list of references is
presented at the end of the thesis to keep repetitions to a minimum.
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CHAPTER TWO: Effect of crop rotation on diversity
and abundance of indigenous Trichoderma in the
rhizosphere of onion and potato
2.1. INTRODUCTION
The term crop rotation is defined by a sequence over time of different crop types
grown in one area. Crop rotations have been used by humans since ancient times
(Conway, 1996) as a means of increasing crop production and ensuring the
sustainability of a system where fertilisers and pesticides were not available to
counterbalance nutrient depletion or build-up of pathogens. The Incas in Peru had
strict rotation laws regarding potato production to prevent the build-up of golden
nematode, an important pathogen of potatoes (Schumann, 1991). During the 20th
century, the introduction of powerful machinery, fertilisers and various pesticides
meant that monoculture systems could be implemented. In most developed
countries, such systems are still widely used today despite their adverse impact on
the environment and soil health. Many researchers (Conway, 1996; Govaerts et al.,
2007a; b; Larkin, 2008; Lupwayi et al., 1998; Rahman et al., 2007; Rasmussen et al.,
1998; Zotarelli et al., 2007) have shown that crop rotations are more sustainable than
monoculture systems. Crop rotation has many beneficial impacts such as increasing
plant biomass, promoting microorganism activity and diversity, reducing soil erosion
and reducing pathogen pressure. However, little work has been done on looking
specifically at the impact of crop rotation on the population number and diversity of
soil fungi belonging to the genus Trichoderma (Hagn et al., 2003) and even less in
specific agricultural systems such as vegetable cropping. This is rather surprising
considering the vast amount of research carried out on Trichoderma species as
applied biological control agents (Brown & Bruce, 1999; Brown et al., 1999; De
Meyer et al., 1998; Harman et al., 1996; Hermosa et al., 2004; Hjeljord & Tronsmo,
1998; Rabeendran et al., 2004; 2006; Ruppel et al., 1983). Furthermore, this
research will focus on the Trichoderma population number and diversity in the soilroot interface, also known as rhizosphere. This, in itself, is a challenge as the
rhizosphere in a very complex environment. It was first defined by Hiltner in 1904 and
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despite advances in technologies, it remains to this day extremely hard to study and,
as Rovira (1991) explained, a source of great frustration. Yet, the rhizosphere is the
most important site of carbon flow and as a result also the zone of the soil where
microbial activity is the most intense (Killham & Yeomans, 2001). The genus
Trichoderma has been shown to colonise the rhizosphere (Leandro et al., 2007;
Miranda et al., 2006; Tsahouridou & Thanassoulopoulos, 2002), it is therefore
important for ecological studies of Trichoderma species, to primarily focus on this
interface in order to achieve a better understanding of what affect their numbers and
diversity. The saprophytic nature of the Trichoderma genus means that OM inputs
through crop rotations and the resulting different carbon flow in the rhizosphere are
likely to influence their growth, diversity, functionality or biological control activity in
the field.
In New Zealand, the onion and potato vegetable industries are of great economical
importance (MAF, 2003). The crops are intensively cultivated with minimum crop
rotation, especially in areas like Pukekohe, exposing the soil and crops to increasing
pressures from pathogens, soil erosion, fertility loss and yield loss. This context
provides very good ground to improve our understanding of plant-microorganism
interactions by looking at the impact of crop rotation on the population number and
diversity of indigenous Trichoderma species. The use of a long term field trial to
investigate indigenous Trichoderma species in the rhizosphere soil of onion and
potato under different crop rotations makes this research a novel piece of work. This
experiment will investigate changes in Trichoderma CFU numbers between different
crop rotation systems, species diversity and presence frequency of the isolated
species. It will provide a better understanding of the factors that influence indigenous
Trichoderma species diversity and abundance in relation to farming practices and,
therefore, contribute to increased crop protection and soil health.
The main objective will be to investigate changes in Trichoderma population in the
rhizosphere and rhizoplane soil of onion and potato plants under different rotation
systems based on New Zealand farming practices. A hypothesis was defined: Hо’ =
Indigenous Trichoderma populations in the rhizosphere soil of a crop such as onion
or potato will not be affected (positively or negatively) by different crop rotation
treatments. A second objective will be to quantify Trichoderma species diversity in
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the same soil fractions and attempt to measure possible changes in species
abundance. A second hypothesis was proposed: Hо’’ = Indigenous Trichoderma
species diversity and presence frequency in the rhizosphere soil of crop such as
onion or potato will not be affected (positively or negatively) by different rotation
treatments. Finally, for this project it was essential to optimise a robust and reliable
method to rapidly identify species due to the large number of samples. The
optimisation of a method based on a combination of a morphological identification
technique and DNA identification using RFLP (Dr Judith Candy, in prep) will be
described in this chapter.

2.2. MATERIALS AND METHODS
2.2.1. Field trial
2.2.1.1. Location
The field trial used for this experiment was located in the largest vegetable producing
region of New Zealand’s North Island at the Pukekohe Research Station (grid
reference: 2675590E, 6442200N), which is managed by Crop & Food Research Ltd.
This was a 5 year field trial, which was aimed at demonstrating the benefits of
prudent crop rotation on soil structure, beneficial microorganisms, pest and disease
occurrences, and product quality.

2.2.1.2. Soil type and crops
The soil at the Pukekohe research station is a deep (+ 1 m), moderately leached
volcanic loamy clay (Patamahoe soil) with a dry bulk density between 0.85 – 1.20 g
cm3. The clay content is high (85% in the B horizon) most of which is kaolinite (Molloy
et al., 1998). The trial was focused on potato and onion, which are the main crops
grown in the South Auckland region representing 20.2% (1448 ha) and 39.0% (2801
ha), respectively, of the total vegetable growing area (HortResearch, 2005). The
cultivars used, Allium cepa L. var. Pukekohe Longkeeper and Solanum tuberosum L.
var. Ilam Hardy, are commonly grown by local farmers for their high yield production
and storage quality.
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2.2.1.3. Rotation treatments
Six different rotation treatments were included in the trial, with the rotations following
different commercial practices referred to as “unsustainable” treatment 1 and
treatment 4, “conventional” treatment 2 and treatment 5 and “sustainable” treatment
3 and treatment 6. The application of the different treatments is summarised in Table
2.1, with only the first 3 years of the field trial included in this study. The crop growing
season and management is summarised in Table 2.2. It should be noted that in the
two sustainable treatments, oat (Avena sativa L.) was included in the rotation. During
that year, two oat crops were grown but not harvested, instead, they were ploughed
back into the soil when still green.

Table 2.1. Rotation treatments set up for the 5 year Pukekohe field trial.
Year 3*
Year 1*
Year 2*
Part A: Start and finish with onions
Treatment 1: Continuous onion
Onion
Onion
Onion
Treatment 2: Onion/potato rotation
Onion
Onion
Potato
Treatment 3: Onion mixed rotation
Onion
Potato
Oat x 2

Year 4

Year 5

Onion
Potato
Green**

Onion
Onion
Onion

Potato
Onion
Green**

Potato
Potato
Potato

Part B: Start and finish with potatoes
Treatment 4: Continuous potato
Treatment 5: Potato/onion rotation
Treatment 6: Potato mixed rotation

Potato
Potato
Potato

Potato
Potato
Onion

Potato
Onion
Oat x 2

* Work presented in this study only includes the first 3 years of the field trial.
** Green: crops such as broccoli (Brassica oleracea var Italica Plenck), lettuce (Lactuca sativa L.) and cabbage (Brassica
oleracea var. Capitata).

Agrochemical application and soil management were all applied following standard
agricultural practices for the Pukekohe region. Fertilisers were applied according to
the needs of each crop in nitrogen, potassium, phosphorus, and micronutrients.
Pesticides applications were also carried out to keep, weeds, insects and pathogen
pressure low. The active molecules included propachlor and glyphosate (herbicides),
ethylene

(bis)

dithiocarbamate

and

iprodione

(fungicides)

and

methomyl

(insecticides). All the pesticides were applied according the manufacturer’s
instructions. Each year, ploughing was carried out in the opposite direction from the
previous year to prevent large soil movement between plots. Five metre wide buffer
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zones were kept between each plot. Prior to the set up of this field trial in 2004, the
field was used to grow yakon (Polymnia sonchifolia) in 2001, pumpkins (Cucurbita
maxima var. Dutch) in 2002 and maize (Zea mays L.) in 2003.

Table 2.2. Crop growing season and management.
Month
Crop
Onion
Potato
Oats
Green

Apr

May

Liming
Ploughing
Fertilising
Rotary hoe
Bed laying

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Jan

Feb

Mar

Onion
Potato
2 crops of oats: Each crops was ploughed back in the soil when still green
Broccoli or Cabbage

Lettuce

2.2.1.4. Field trial layout
The experimental site set aside for this trial at the Pukekohe research station was 65
m wide (45 beds) and 140 m long covering an area of 0.78 ha (Appendix 2). The site
was divided into 24 plots (Figure 2.1). Each plot was 25 m long and four beds wide
(onion plots) or 8 mounds wide (potato plots) with a buffer zone of three beds (4.5 m)
between plot rows, leaving enough space for tractor access. The six treatments were
randomly assigned to each plot (complete randomised design) making a total of four
plot replicates per treatments. A buffer zone was also established within each plot to
prevent edge effects during the sampling of onion and potato plants. At each end of a
plot, 2.5 m were excluded giving the plot a sampling length of 20 m. For the onion
plots, the two outside beds were excluded and sampling was restricted to the two
centre beds only. For the potato plots, four mounds were excluded to restrict the
sampling to the four mounds in the centre of the beds.
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Figure 2.1. View of the Pukekohe field trial in November 2006 (Courtesy of Peter Wright, Crop & Food
Research Ltd).

2.2.1.5. Assessments
The sampling of the rhizosphere soil of onion and potato at the Pukekohe research
station was carried out twice a year (mid October and late January) for 3 years. Due
to differences in biological and physiological characteristics between onion and
potato, the length of their growing seasons differed (onion approximately 7 months
and potato approximately 5.5 months). Onion were planted at the end of July or early
August, and harvested at the end of February or early March (Table 2.2).

Potato were planted in mid or late September (except in 2005 where poor weather
conditions delayed the planting until mid November) and harvested in early February.
Therefore, it was important to coordinate the soil sampling so that both crops were at
a similar physiological state. For the first sampling of the season, onions were 13 to
16 weeks old while potatoes were 4 to 6 weeks old. For the second sampling, onions
were 24 to 28 weeks old while the potatoes were 14 to 18 weeks old. Management of
the field trial followed commercial practice and, as for commercial crops, this field trial
was subject to climatic variations and uncertainties. Consequently, crops could not
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be planted at the same time every year and as a result sampling times could not be
carried out exactly on the same date.

2.2.2. Soil sampling, and isolation of Trichoderma species
2.2.2.1. Rhizosphere soil sampling
Soil sampling was performed as follows. For each plot, four plants were dug out with
a spade, the roots gently lifted from the bulk soil and large soil aggregates were
dislodged from the roots. The plants were randomly sampled as follows: each 25 m
long and 5.8 m wide plot was divided lengthwise into five equal sub-plots (5 m x 5.8
m) using a tape measure. From the five sub-plots, four were randomly selected using
a random digit table and one plant was randomly dug out from each sub-plot. The
plant was also chosen using a random digit table and two numbers were picked for
the x and y coordinates of each sub-plot. In the case of onion, values on the x axis
ranged from 1 to 5 (five sub-plots) and on the y axis from 1 to 12 (6 rows of onions
per bed, two beds per plots). This gave the coordinates of the plant in a sub-plot
(e.g.: 3-8), where, 3 was the third sub-plot and 8 was the plant on the 8th onion row.
In the case of potato, the same procedure was followed except the y value ranged
from 1 to 4 as only four potato mounds could be sampled from.
For each plant, the roots were placed in a zip lock polyethylene bag and gently
shaken (five shakes). This soil was regarded as the “rhizosphere soil”. Rhizosphere
soil from each plant was bagged individually. Rhizosphere soil was defined as the
soil adhering to the roots after gentle shaking (Riley & Barber, 1971; Ruark et al.,
1991; Teng & Timmer, 1995). The collected soil was stored in a cool chamber set at
8°C and was processed within a week of sampling. In addition, 200 g soil samples
from each sub-plot were collected for soil analysis. The following chemical
parameters were measured twice a year; soil pH, Olsen P, phosphate retention,
potassium, calcium, magnesium and sodium concentration, cation exchange capacity
(CEC), base saturation, sulphate-S, organic sulphur, OM, total carbon and nitrogen
and C:N ratio (Results presented in Appendix 2). Soil physical parameters such as
soil bulk density, particle size were also analysed in the first growing season. The soil
samples were sent for analysis to Hill Laboratories Ltd (Hamilton, NZ). In addition,
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the soil gravimetric water content (GWC) was measured at each assessment to
enable Trichoderma population per gram of dry soil to be calculated. All analyses
followed well established procedures described in Methods of Soil Analysis part 1
and 2 (Klute, 1982; Page, 1982). Gravimetric water content was calculated by taking
three replicates of fresh soil. The fresh weight was recorded and then the samples
were placed in an oven at 105°C for 24 h.
The dry weight was then recorded and GWC calculated, using the following formula.
m = (mw – mod) / mod
where: m is the gravimetric water content, mw is the weight of fresh soil (g) and mod is the weight of
oven dry soil (ODS) (g). To express GWC as a%, m was multiplied by 100.

Environmental data were collected for the entire length of the trial (February 2004 to
February 2007) from a weather station (Station: C74283; agent: 2006; location:
Pukekohe EWS) located at the Pukekohe research station and managed by NIWA
(http://cliflo.niwa.co.nz/). Monthly means for air temperature (°C), soil temperature
(°C) at 10 cm, 20 cm and 100 cm, rainfall (mm), soil moisture content (%) and yield
data were recorded (Appendix 2).

2.2.2.2. Rhizosphere soil dilution
The effects of crop rotation treatments on the population number of indigenous
Trichoderma species were evaluated by soil dilution plating and colony forming unit
(CFU) counting. Such techniques are cheap, easy to set-up, allow the processing of
large numbers of samples and are regularly used by many researchers (Davet &
Rouxel, 2000; Kubicek et al., 2003; Larkin, 2007; Sariah et al., 2005; Zhang et al.,
2005). After field sampling, the rhizosphere soil was processed for soil dilution
plating. One 10 g soil sub-sample was taken from each of the sampled plants, for a
ten fold serial dilution, giving four sub-samples per plot. The 10 g sample was placed
into a 100 mL Duran Schott bottle filled with 90 mL of sterile 0.01% distilled water
agar (DWA). The Duran Schott bottle was placed on a Griffin® flask shaker and
shaken for 10 min at maximum speed. The bottle was then placed in a laminar flow
and left to stand for 10 min in order for the heavy particles to have enough time to
settle. Then, 1 mL of the soil dilution was pipetted using a sterile pipette tip into a 25
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mL glass vial filled with 9 mL of 0.01% DWA and shaken. This dilution was labelled
as 10-2. The process was repeated until a 10-4 dilution was obtained. One hundred
micro-litres of each dilution from 10-2 to 10-4 were spread onto each of three a
modified Trichoderma Selective Medium (TSM-LU) (McLean et al., 2005) (Appendix
1) plates, giving a total of nine plates per soil sub-sample. The plates were then
sealed with GLAD® Cling Wrap (Clorox Australia Pty, Ltd, AU) and incubated in the
dark at 20°C for 10 d to allow fungal growth. Colony forming units and noticeable
physiological and morphological differences such as speed of growth, mycelium
thickness, sporulation patterns and change in colour of media between Trichoderma
colonies were recorded for each plate. The soil GWC measured at each assessment
was used to transform observed Trichoderma CFU counts into CFU per gram of
ODS.

2.2.2.3. Rhizoplane soil sampling
In addition to sampling rhizosphere soil, rhizoplane soil was also investigated for
differences in Trichoderma species population numbers and diversity. Rhizoplane
soil was regarded as the soil in direct contact with the root surface that can only be
removed by washing (Tate III, 2000). The samples from which the rhizosphere soil
was sampled were also used to collect the rhizoplane soil. The root systems of the
plants were bagged in zip lock polyethylene bags and stored at 8°C until processing.

2.2.2.4. Rhizoplane soil dilution
Fresh unwashed roots were weighed on a balance then placed into a glass vial filled
with 9 mL of sterile 0.01% DWA. The glass vial was placed on a Griffin® flask shaker
and shaken for 10 min then left to stand for 10 min. A ten fold serial dilution on TSMLU plates was carried out to 10-4 as described in Section 2.2.2.2. The plates were
sealed with glad wrap and incubated in the dark for 10 d at 20°C to allow
Trichoderma colonies to develop. In addition, the washed root fragments were also
plated on 1 cm TSM-LU agar discs to detect endophytic Trichoderma assuming that
the washing removed all Trichoderma from the root’s surface. The roots were
incubated in the dark at 20°C for 10 d.
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2.2.2.5. Bulk soil
In addition to looking at the rhizosphere and rhizoplane soil, the bulk soil was also
sampled at different times during the three growing season. The bulk soil was
defined as the soil not affected physically, chemically or biologically by the root of a
plant (Killham, 1994; Lavelle & Spain, 2001). Indigenous Trichoderma population
number in the bulk soil was measured by Dr Kirstin McLean between July 2004 and
October 2006. The soil sampling was carried out on the same dates as the
rhizosphere and rhizoplane soil sampling. The data generated by Dr Kirstin McLean
was used for comparative purpose only with the rhizophere and rhizoplane data.

2.2.2.6. Trichoderma colony purification and isolation
Trichoderma colonies were sub-cultured from the TSM-LU agar plate using a sterile
loop and transferred onto a half strength Potato Dextrose Agar (Oxoid, USA) plate
(Appendix 1) amended with 2.5 mg L-1 of chloramphenicol (Sigma-Aldrich

®

Inc., MO,

-1

USA) (500 µL of 5 mg mL solution) (½ PDA+c) in order to obtain pure Trichoderma
cultures that were free of bacteria. The plates were then incubated at 20°C for 7 d in
the dark.
After 7 d, if the cultures were clean (contaminated colonies were sub-cultured again)
a 5 mm diameter plug of agar was taken (under sterile conditions) from the edge of
the growing colony using a cork borer and placed mycelium side down in the centre
of a fresh ½ PDA+c plate. The plates were then incubated at 20°C for 14 d. For the
first 7 d, the Trichoderma colonies were incubated in the dark then for the remaining
incubation time the plates were incubated under 24 h blue light to encourage
sporulation (Casas-Flores et al., 2004). With most species, sporulation was observed
after this incubation period. However, if a Trichoderma isolate had not sporulated, it
was left under blue light until sporulation was observed at which stage cultures were
ready for single spore isolation. Some isolates did not produce spores even after 21
d of incubation in which case DNA had to be extracted without single spore isolation.

2.2.2.7. Single spore isolation
To perform DNA analysis on Trichoderma species isolates, it was necessary to
obtain DNA from Trichoderma colonies that had arisen from a single spore. Firstly,
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specialised filter pipette tips were produced to enable hyphal fragment free spore
suspensions to be produced. To prepare the filter pipette tips, a large sheet (20 x 30
cm) of lens cleaning tissue (Whatman® 105, England) was cut into strips
approximately 1 x 7 cm. A long stainless steel rod was used to tightly pack five of
these strips individually into a 1mL pipette tip. The tips were then autoclaved on a dry
cycle at 121°C and 15 psi for 15 min. Sterile 0.1% Tween 80 (BDH laboratory
supplies, England) solution was poured (3-5 mL) onto a sporulating Trichoderma
culture and, using a sterile hockey stick, the surface of the colony was scraped to
detach spores from the hyphae. The spore solution was pipetted (~1 mL) through the
lens tissue packed tips to filter out any hyphal fragments present in the suspension.
Then, 200 to 500 µL of the filtrate (a high spore concentration required only 200 µL of
filtrate to be added) was added to pre-prepared sterile screw-top 1.5 mL cryo-tubes
containing 1 mL sterile water. After thoroughly mixing the diluted spore suspension in
the screw-top cryo-tubes, 20 µL were pipetted into 9 mL of sterile distilled water
(SDW) to obtain a more dilute spore suspension. Finally, 20 µL of this suspension
was plated onto a standard ½ PDA+c + 0.1% Triton X-100 (BDH Laboratory
Supplies, England) plate (Triton X-100 encourages spore separation by reducing the
surface tension of water allowing better spreading of water droplets). The plates were
incubated in the dark at 20°C for 48 h, after which individual germinating spores
could be selected and, using a sterile scalpel, transferred onto a 5 cm Petri dish
containing ½ PDA+c. Young Trichoderma colonies that had arisen from a single
spore had a very distinctive umbrella shape (Figure 2.2). This characteristic made
single spore colonies easy to distinguish from star shape colonies that had arisen
from a cluster of spores or hyphal fragments.

The single spore colonies were

incubated for 48 h at 20°C and used for DNA extraction.

41

20 µm

Figure 2.2. Microscopic appearance of a Trichoderma single spore colony after 48 h incubation at
20°C on ½ PDA+c, exhibiting a typical umbrella shape.

2.2.3. Trichoderma species identification using morphological
characteristics
The objective of this section was to group Trichoderma colonies by morphology
which should reflect species groups before molecular identification. The development
of such a method was to allow the processing of large number of samples in a small
timeframe and in a cost effective manner. This method would then be applied to
subsequent Trichoderma colony identification.

2.2.3.1. Morphology on TSM-LU plates
Trichoderma colony morphology on TSM-LU dilution plates was initially used to
group the isolates as this was expected to reflect the different species. This was a
fast identification method with the potential to greatly reduce identification processing
time for each isolate. The colonies growing on TSM-LU agar were grouped according
to the following criteria: Colony size, mycelium density and appearance, conidiation
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colour, pattern, abundance or absence and up take of the rose Bengal pink pigment
at the growing edge of colonies. The colonies were photographed, sub-cultured onto
PDA+c, and prepared for single spore isolation (Section 2.2.2.6 and 2.2.2.7,
respectively). Then, each isolate was processed for molecular identification (Section
2.2.4) in order to confirm if each morphology could be matched to one species. A
second morphology based method was also developed to verify the accuracy of the
TSM-LU based morphology.

2.2.3.2. Morphology on ½ PDA+c plates
The use of ½ PDA+c plates was considered as an alternative to TSM-LU for
morphological identification of Trichoderma isolates. Once the Trichoderma colonies
had been isolated from the soil and purified (Section 2.2.2.6), they were sub-cultured
onto fresh ½ PDA+c in 90 mm Petri dish and incubated for 14 d. During the first 7 d
Trichoderma isolates were incubated in the dark at 20°C to allow optimal colony
growth then the plates were transferred into a second incubator at 25°C under blue
light for 24 h to encourage sporulation. At the end of this incubation period,
conidiation was observed with most species. However, some Trichoderma isolates
required up to 21 d of incubation under blue light. Any isolates that failed to sporulate
within 21 d under blue light were considered non-sporulating. The Trichoderma
isolates were grouped according to their morphology on ½ PDA+c, using the
following macroscopic criteria: growth rate, mycelium density and appearance,
conidiation colour, pattern, abundance or absence, and coloration of the medium.
Microscopic characteristics such as conidiophores, conidia, phialides or mycelial
structure were not examined. Then, all isolates were identified using RFLP to analyse
their DNA fingerprint and check the robustness of the method. When this was
confirmed, for each species, morphologies observed were recorded, photographed
and used as a guide for quick identification of the different species present in
subsequent sampling. This allowed the processing of only 20% of isolates for
molecular identification (RFLP) and only 10% of those were processed for
sequencing.
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2.2.4. Trichoderma species identification using molecular tools
2.2.4.1. DNA extraction
Trichoderma DNA was extracted from single spore cultures containing pure, young
and actively growing hyphae using a modified Chelex®100 rapid extraction method
(Ding et al., 2007). A 5% CHELEX®100 Molecular Biology Grade Resin (BioRad
Laboratories, CA, USA) solution was made in sterile water (H2O) and placed on a
stirring plate to keep the resin suspended. For each sample, a small amount of
mycelia from the edge of the Trichoderma colony was collected using the tip of a
sterile 100 μL pipette tip. The mycelia was transferred into a 0.6 mL tube (Axygen
Scientific Inc., CA, USA) and 50 μL of 5% CHELEX®100 solution added. The tubes
were then placed on a heat block set at 92°C. After 20 min, the samples were
removed and transferred immediately to a freezer at -20°C for 30 min. The samples
were then rapidly thawed at room temperature and vortexed for 5 s before being
centrifuged at 7558 g for 2 min. The aqueous layer which contained the DNA was
carefully removed from the samples (~ 28 μL) and placed into 0.2 mL tubes. The
samples containing the extracted DNA were immediately stored in a freezer at -20°C.
At each assessment, at least 20% of the Trichoderma CFU isolated on TSM-LU agar
were processed for molecular identification.

2.2.4.2. DNA amplification
Trichoderma nuclear small-subunit rDNA sequence containing the Internal
Transcribed Spacer (ITS) 1 and 2 regions and the 5.8S rRNA gene were amplified by
Polymerase Chain Reaction (PCR) in an automated thermocycler (Eppendorf®
Mastercycler Gradient, Eppendorf AG, Germany) using a combination of two specific
primers

ITS4

(5’-TCCTCCGCTTATTGATATGC-3’)

and

ITS5

(5’-

GGAAGTAAAAGTCGTAACAAGG-3’) (Invitrogen™ Life Technologies, CA, USA)
(White et al., 1990). Each reaction contained 0.5 µL of PCR Nucleotide Mix (200 μM
of each nucleotide) (Roche Applied Science, IN, USA), 2.5 µL of 10X buffer (500 mM
KCl, 100 mM Tris-HCl, pH 8.3 at 25°C) with 25 mM Mg2+, 1 µL (5 μM L-1) of ITS 4, 1
µL (5 μM L-1) of ITS 5, 1.25 Units of HotMaster™ Taq DNA Polymerase (Eppendorf
AG, Germany) and 18.75 µL of sterile H2O. The following thermal cycle was used for
the PCR: 1 min initial denaturation at 94°C, followed by 35 cycles of 30 s
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denaturation at 94°C, 30 s primer annealing at 55°C, 30 s extension at 68°C, and a
final extension period of 7 min at 68°C. From each PCR reaction, 5 µL was mixed
with 1 µL of 6X bromophenol blue sucrose (0.25% and 40% w/v, respectively) dye
loaded on a 1% agarose gel with the following composition: 1 g DNA grade agarose
(Promega Corporation, WI, USA) in 100 mL of 1X Tris-Acetate EDTA buffer (TAE)
(Appendix 1) and separated by electrophoresis 10 V / cm for 1 h in 1 X TAE buffer
(Sambrook & Russell, 2001). The gel was stained at room temperature for 30 min
with SYBR® Green I Nucleic Acid Gel Stain (Molecular Probes®, OR, USA) using a
1:10 000 dilution in TAE buffer. Finally, the PCR products were visualised under UV
light using Versa Doc™ Imaging System (BioRad® Model 3000, BioRad Laboratories,
CA, USA).

2.2.4.3. Restriction Fragment Length Polymorphism (RFLP) identification
RFLP was used to identify Trichoderma species based on a method developed by Dr
Judith Candy (in prep.). The use of restriction enzymes allows DNA from PCR
products to be cut at specific sites creating DNA fragments of different bp sizes. As
the DNA fragments migrate through the acrylamide gel, large fragments migrate
through the gel at a slower speed than smaller fragments creating a unique banding
pattern for each Trichoderma species. Amplified Trichoderma DNA (around 600 bp)
was digested separately with two restriction endonucleases with 4 bp recognition
sequences: MboI (↓GATC) (Fermentas Life Science, ON, Canada) and TaqI
(T↓CGA) (Roche Applied Science, In, USA). The reaction composition was as follow:
2.0 µL of 10X buffer (the buffers used with MboI and TaqI were different, buffer R and
B, respectively, their composition is in Appendix 1), 4 Units of enzyme (MboI or TaqI),
6.0 µL of PCR product (4 μg μL-1) and 11.6 µL of sterile H2O. The digestion process
was carried out at 37°C for 1 h with MboI and at 65°C for 1 h with TaqI. The
digestions were stopped by lowering the incubation temperature to 4°C then the
samples were stored at -20°C.
Then, a 10% acrylamide gel was prepared. First, a glass plate sandwich (20 cm x 16
cm) was prepared, fitted with a 20 wells comb at the top and placed vertically on a
casting stand. Then, a 10% acrylamide gel with the following composition was
prepared: 10 mL of 40% Acrylamide Bis 37.5:1 (BioRad Laboratories, CA, USA), 8
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mL of 5X Tris-Borate EDTA buffer (TBE) (Appendix 1), 22 mL of sterile H2O, 280 µL
of 10% Ammonium Persulfate (APS; BioRad Laboratories, CA, USA) and 28 µL of
N,N,N',N'-Tetramethylethylenediamine (TEMED; BioRad Laboratories, CA, USA).
Once all the reagents were gently mixed, the solution was immediately poured
between the glass plate sandwich and left to set for 1 h. When the gel was set, the
20 wells comb was removed and the gel was placed in an electrophoresis tank filled
with 4 L of 1X TBE. When, the upper buffer chamber was also filled with 1X TBE, two
wells on each side of the gel, were loaded with 24 µL of the following solution: 4 µL
of the loading dye 6X bromophenol blue sucrose, 1 µL of 25 bp DNA ladder (1 µg µL1

) (Invitrogen™ Life Technologies, CA, USA) and 19 µL of sterile H2O. The two DNA

ladders could then be used as references to analyse the sample’s DNA fragments
length. The products of the restriction digest (20 µL) were mixed with 4 µL of 6X
bromophenol blue sucrose and loaded on the gel (one sample per well).
Finally, the gel was set to run at 270 V for 2:30 h (Sambrook & Russell, 2001). The
gel was stained as described in the “DNA amplification” Section 2.2.4.2 revealing
different RFLP DNA banding patterns for the different species of Trichoderma
present. The species were identified by simple comparison with banding patterns of
known Trichoderma species (T. asperellum, T. atroviride, T. hamatum, T. harzianum
and T. koningii) standards that had had their DNA previously sequenced were used.
The DNA bands lengths (bp) of each sample were also measured to confirm the
original PCR product was around 600 bp in length. Representatives of each banding
patterns (10%) were also sequenced to verify species identity. Isolates giving new
banding patterns were sequenced and compared to a database such as the
International Subcommission on Trichoderma and Hypocrea Taxonomy (ISTH) or
GenBank for identification.

2.2.4.4. DNA sequencing
Template DNA (50 µL) was directly prepared from PCR products by purifying using
Wizard® SV Gel and PCR Clean-Up System (Promega Corporation, WI, USA). The
purifications were carried out according to the manufacturer’s instructions. Once the
PCR product was purified, each sample was added to a sequencing reaction using
Big Dye® Terminator v 3.1 (BDT; Applied Biosystems, CA, USA) as a fluorescent
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marker. The reaction composition was as follow: 0.5 µL of BDT, 2 µL of 5X
sequencing buffer (Applied Biosystems, CA, USA), 1 µL containing 5 pmol of primer
(ITS 4 or ITS 5), 1 µL of DNA template (DNA 5 ng µL-1) and 5.5 µL of sterile H2O
according to the manufacturer’s instructions. Each reaction was amplified using the
following thermal cycles: 1 min initial denaturation at 96°C, followed by 25 cycles of
10 s denaturation at 96°C, 5 s primer annealing at 50°C, 4 min at 60°C. The
sequencing PCR was separated using the automated sequencer ABI PRISM® 3100Avant Genetic Analyzer (Applied Biosystems, CA, USA). For each DNA template,
forward and reverse sequences were obtained and aligned using the computer
program DNAMAN version 4.0a (Lynnon Biosoft®) based on a ClustalW algorithm
(Feng & Doolittle, 1990; Thompson et al., 1994) to obtain a complete sequence (~
600-620 bp) of the ITS 1 and 2 regions. The sequences were then submitted to a
blastn search (http://www.ncbi.nlm.nih.gov/BLAST/) in the GenBank EST database
and only matched to Trichoderma sequences lodged by authors prominent in the
field such as S. L. Dodd, I. Druzhinina, C. P. Kubiceck, K. Kulhs, E. Lieckfeldt or G. J.
Samuels. The sequences were also submitted to a TrichoBLAST v. 1.0 search
(http://www.isth.info/tools/blast/index.php) in the ISTH database for reliability.

2.2.5. Data analysis
2.2.5.1. Trichoderma CFU numbers
Trichoderma population counts in the rhizosphere soil were analysed using standard
(general unblocked) analysis of variance (ANOVA) with factorial treatment structure
and interactions. Unless stated otherwise this ANOVA was used in all analyses. All
the data were log10 transformed following the addition of 1 to allow for zero counts.
Log10 transformation with CFU counts helps to reduce the skewness of the data and
obtain a normal distribution (Olsen, 2003). All statistical analyses were performed on
the normal distribution of the log10 transformed CFU values. Several analyses were
carried out to measure the effect of crop rotation on the indigenous Trichoderma CFU
numbers. This included time, treatment and time x treatment interactions in the
rhizosphere, rhizoplane and bulk soil over three growing seasons, looking at
differences between rhizosphere and bulk soil in the first and third growing season.
Significance was evaluated at P < 0.05 for all analyses and mean separation was
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accomplished by Fisher’s protected least significant difference test. All data were
analysed using the statistical software GenStat ver. 9.0 (VSN International Ltd).
Unless stated otherwise, all the presented data are the geometrical means which is
the antilog of the means value for the normal distribution of log10 values. Complete
statistic tables are presented in Appendix 5.

2.2.5.2. Trichoderma species presence frequency
Several Trichoderma sp. were consistently recovered in each treatment and at each
time however, colonies of each species were not necessarily recovered in every
replicate. This created a high occurrence of zeros in the data, making it very hard to
fit into any statistical model. So, instead of analysing the abundance of each species
in relation to the CFU counts, it was decided to analyse the presence frequency of
each species (presence was scored as “1” and absence as “0”). The frequency of the
presence of each species at different sampling times and across the different
treatments was analysed with a Generalised Linear Model with a weighted factor
using statistical software GenStat ver. 9.0. Significance was evaluated at P < 0.05 for
all analyses. Mean separation was achieved using t-test pair wise comparison.
Complete statistic tables are presented in Appendix 5.
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2.3. RESULTS
2.3.1. Trichoderma CFU analysis in rhizosphere, rhizoplane and
bulk soil
Trichoderma CFU numbers in the rhizosphere soil of each crop rotation treatment
were measured twice a year for 3 years. The overall trends of the geometrical mean
of Trichoderma CFU numbers in the rhizosphere soil for each crop rotation
treatments are presented in Figure 2.3 and differences between treatments over
three growing seasons were analysed with an ANOVA. The summary of the analysis

Trichoderma CFU numbers per gram of oven dry soil

is presented in Table 2.3.
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Figure 2.3. Overall trends of the geometrical mean of Trichoderma CFU numbers in the rhizosphere
soil for six crop rotation treatments and over three growing seasons. The rotation treatments were as
follows: Continuous onion (O-O-O), onion / potato rotation (O-O-P), onion mixed rotation (O-P-Oat),
continuous potato (P-P-P), Potato / Onion rotation (P-P-O) and potato mixed rotation (P-O-Oat).
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Table 2.3. Statistical summary of the geometrical mean (antilog of the mean value for the normal distribution of the log10 values) of Trichoderma CFU numbers
(g-1 of ODS) in the Pukekohe rhizosphere soil of different crop rotation treatments† at different sampling times over three growing seasons. Comparison of the
effect of time, crop rotation treatments and their interaction on Trichoderma CFU numbers. Log10 transformed means are given in parentheses. Significant
differences (P < 0.05) between time, crop rotation treatment and interactions between each factor were tested using a (general unblocked) ANOVA on the
log10 transformed data.
Trichoderma CFU geometric means (log10 transformed means)

Analysis

Treatment
effect only
Time effect
only

Trt 1

Trt 2

3

Trt 3
5.13 x 10 (3.71)

5.51 x 10 (3.74)

5.10 x 10 (3.71)

6.53 x 103 (3.82)

Feb 2005

1.40 x 102 (2.15)

4.51 x 102 (2.65)

1.02 x 102 (2.01)

2.79 x 103 (3.45)

2.42 x 103 (3.38)

1.43 x 103 (3.16)

1.09 x 10 (3.04)
3

1.88 x 10 (2.27)

1.23 x 10 (3.09)

9.12 x 10 (2.96)

7.03 x 10 (2.85)

3

2.56 x 10 (2.40)

2

1.97 x 10 (3.29)

7.69 x 10 (2.89)

1.59 x 10 (3.20)

1.45 x 10 (3.16)

1.40 x 103 (3.14)

Oct 2006

8.73 x 102 (2.94)

4.11 x 102 (2.61)

1.03 x 102 (2.01)

5.32 x 102 (2.73)

6.65 x 102 (2.82)

1.10 x 103 (3.04)

Feb 2007

3.40 x 102 (2.95)

3.33 x 102 (2.52)

1.63 x 103 (3.21)

6.07 x 102 (2.78)

5.15 x 102 (2.71)

2.47 x 103 (3.39)

3

1.06 x 10 (3.03)ab

6.90 x 10 (2.84)a

6.61 x 10 (2.82)a

Oct 2004

Feb 2005

Dec 2005

3

5.46 x 10 (3.74)c

2

Trt 3

2

6.29 x 10 (2.80)a

2

2

5.89 x 10 (2.77)a

3

2

2.03 x 10 (3.31)

Trt 2

2

2

3

Feb 2006

Trt 1

3

3

3

0.004 **

(0.69)
d.f. = 25

0.026 *

(0.28)
d.f. = 5

< 0.001
***

(0.28)
d.f. = 5

Trt 6

4.72 x 10 (3.67)
2

3

Trt 5

5.97 x 10 (3.78)
3

3

Trt 4

Oct 2004

Dec 2005

LSD

Crop rotation treatments (n= 7 replicates per treatments at each time)

Assessment
time

Time x
treatment
interaction

P value

Trt 4
3

Trt 5

Trt 6

1.39 x 10 (3.14)b

3

1.08 x 10 (3.03)ab

1.71 x 10 (3.23)b

Jan 2006

Nov 2006

Feb 2007

3

1.46 x 10 (3.17)b

2

4.93 x 10 (2.69)a

3

2

8.49 x 10 (2.92)ab

Values within one row followed by the same lowercase letters are not significantly different according to ANOVA (P < 0.05).
†Treatment rotation: Trt1 = O-O-O, Trt2 = O-O-P, Trt3 = O-P-Oat, Trt4 = P-P-P, Trt5 = P-P-O, Trt6 = P-O-Oat.
Where O = onion, P = potato, Oat = two crops of oat ploughed back in the soil while still green.
ns = non significant, * significant at P < 0.05, ** significant at P< 0.01, *** significant at P< 0.001, Trt = treatment, d.f. = degrees of freedom, LSD = least significant differences of means.
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The results showed that the main effect of time and treatment were both significant
(P <0.001 and P = 0.026, respectively). Therefore, the numbers of Trichoderma CFU
at the start of the first growing season were significantly higher across all treatments
than at the end of the third growing season. A significant interaction (P = 0.004) was
also detected between time and treatment which indicated that the effects of time
and treatments during this field trial were non-additive. The overall decrease in
Trichoderma CFU numbers could not be correlated with any of the environmental

data, such as, soil temperature (°C), rainfall (mm), soil moisture content (%) and soil
properties, pH, OM content, C/N ratio (Appendix 2). Trichoderma CFU numbers in
the rhizosphere soil at the final assessment (February 2007) for each crop rotation is
shown in Figure 2.4. Significantly higher (P < 0.001) Trichoderma CFU populations
were recovered from the two mixed rotation treatments with treatment 6 (potato
mixed rotation) significantly different from all but treatment 3 which was significantly

Trichoderma CFU numbers per gram of oven dry soil

different from all but treatment 1 (continuous onion rotation).
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Figure 2.4. Effect of different crop rotation treatments on the geometric means (antilog of the mean
value for the normal distribution of log10 values) of Trichoderma CFU numbers in the rhizosphere soil
at the end of three growing seasons (February 2007). Error bars represent the upper and lower 95%
confidence intervals. O = onion, P = potato, Oat = two crops of oat ploughed back in the soil while still
green. Treatments with identical letters are not significantly different.
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Results from the rhizoplane soil showed large variations in Trichoderma CFU
numbers between sampling time and crop rotation treatments. The large variation
was created by the large number of samples where no Trichoderma colonies were
present while other samples contained high numbers of CFUs. The samples with no
CFU had to be scored as “zeros” and this created very large standard deviation
values even on the log10 transformed data. Therefore, the results of any statistical
analysis should be looked at with caution. Trichoderma CFU numbers were always
lower in the rhizoplane soil than in the rhizosphere soil across all treatments and all
assessments. Differences in Trichoderma CFU numbers were analysed with an
ANOVA and revealed no significant interaction between treatment and time (P =
0.131). Over time, a significant decrease in Trichoderma CFU numbers was
observed in the rhizoplane soil indicating a similar trend to the rhizosphere soil.
Trichoderma CFU numbers were also significantly higher in the rhizoplane soil of the

three potato rotation treatments than the three onion rotation treatments. Rhizoplane
soil was sampled only for the four assessments in the first two growing seasons after
which it was decided, due to the large variability of the data, to stop this assessment
in subsequent sampling. At the start of the first growing season, mean CFU numbers
in the rhizoplane of the three onion and three potato rotation treatments were lower
(8.25 x 101 and 2.12 x 103, respectively) than in the rhizosphere soil of the same
treatments (5.25 x 103 and 5.68 x 103, respectively).
Trichoderma CFU numbers in the bulk soil for July 2004, October 2004 and February

2007 were compared for differences using ANOVA. The summary of the results is
displayed in Table 2.4. This analysis showed that Trichoderma CFU numbers in the
bulk soil across all plots significantly decreased (P < 0.001) over time with the
sharpest decrease occurring between July and October 2004. Trichoderma CFU
numbers in the bulk soil for October 2004 and February 2007 were very similar but
not significantly different. No treatment effect was detected (P = 0.056) and the
interaction between time and treatment was not significant (P = 0.256) indicating that
there was no evidence that the factors time and treatment were not additive in the
bulk soil. Differences in Trichoderma CFU numbers between the bulk and
rhizosphere soil at the beginning of the first growing season (October 2004) and at
the end of the third growing season (February 2007) were analysed separately with
an ANOVA (Table 2.5). The analysis revealed for both October 2004 and February
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2007 significantly higher (P < 0.001 and P = 0.035, respectively) numbers of
Trichoderma CFU in the rhizosphere soil than in the bulk soil. For the February

analysis in particular, the difference was caused by the increased number of CFU
found in the two sustainable treatments (Treatment 3: onion mixed rotation and
Treatment 6: potato mixed rotation) compared with the other four treatments.
However, in both analyses, no significant interactions (P = 0.116 and P = 0.629 for
October 2004 and February 2007, respectively were detected between the soil type
and the crop rotation treatments.
No conclusions could be drawn from the root fragments plated onto 1 cm TSM-LU
agar discs since the different endophytic fungal colonies that grew out from the root
onto the agar were extremely difficult to distinguish from Trichoderma colonies. The
results were considered too unreliable to be analysed. Due to the large workload
associated with this experiment and the difficulty experienced in processing the
results, it was not repeated.
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Table 2.4. Statistical summary of the geometrical mean (antilog of the mean value for the normal distribution of the log10 values) of Trichoderma CFU numbers
(g-1 of ODS) measured in the Pukekohe bulk soil (n = 8 replicates per treatment per time). Comparison of the effect of time, crop rotation treatments and their
interaction on Trichoderma CFU numbers. Log10 transformed means are given in parentheses. Significant differences (P < 0.05) between time, crop rotation
treatment and interactions between each factor were tested using a (general unblocked) ANOVA on the log10 transformed data.
Trichoderma CFU geometric means (log10 transformed means)

Analysis

P value

LSD

0.256 ns

(na)
d.f. = 10

Crop rotation treatments

Time x
treatment
interaction

Assessment time

Trt 1

Trt 2

Bulk soil July 2004

2.26 x 103
(3.35)

1.61 x 10
(3.21)
7.03 x 10
(2.85)

2.49 x 102
(2.40)

Bulk soil October 2004

1.67 x 10
(3.22)

3

7.10 x 10
(2.85)

2

Bulk soil February 2007

Trt 3

Trt 4

Trt 5

Trt 6

3

1.69 x 103
(3.23)

1.22 x 103
(3.09)

1.52 x 103
(3.18)

1.17 x 10
(3.07)

3

2

2

2

2

8.13 x 10
(2.91)

2

6.41 x 10
(2.81)

6.90 x 102
(2.84)

4.55 x 10
(2.66)

7.64 x 102
(2.88)

5.79 x 10
(2.76)

2.55 x 102
(2.41)

7.92 x 102
(2.90)

Values within one row followed by the same lowercase letters are not significantly different according to t-test (P < 0.05).
Treatment rotation: Trt1 = O-O-O, Trt2 = O-O-P, Trt3 = O-P-Oat, Trt4 = P-P-P, Trt5 = P-P-O, Trt6 = P-O-Oat.
Where O = onion, P = potato, Oat = two crops of oat ploughed back in the soil while still green.
na = not applicable, ns = non significant, * significant at P < 0.05,** significant at P < 0.01, *** significant at P< 0.001, Trt = treatment, d.f. = degrees of freedom, LSD = least significant differences of
means.

54

54

Table 2.5. Statistical summary of the geometrical mean (antilog of the mean value for the normal distribution of the log10 values) of Trichoderma CFU numbers
(g-1 of ODS) between the Pukekohe bulk and rhizosphere soil of different crop rotation treatments†. The sampling times (October 2004 and February 2007)
were analysed separately. Comparison of the effect of soil type, crop rotation treatments and their interaction on Trichoderma CFU numbers. Log10
transformed means are given in parentheses. Significant differences (P < 0.05) between soil type, crop rotation treatment and interactions between each
factor were tested using a (general unblocked) ANOVA on the log10 transformed data.
Trichoderma CFU geometric means (log10 transformed means)

Analysis

Crop rotation treatments (n = 8 replicates per treatment)

Soil type

October
2004

Bulk

A

Rhizosphere B

Trt1 c

Trt2 ab

Trt3 ab

Trt4 a

Trt5 ab

Trt6 cb

1.43 x 103 (3.15)

6.81 x 102 (2.83)

6.48 x 102 (2.81)

4.77 x 102 (2.68)

5.78 x 102 (2.76)

8.13 x 102 (2.91)

3

5.97 x 10 (3.78)

3

4.72 x 10 (3.67)

3

5.13 x 10 (3.71)

P value

5.51 x 10 (3.74)

3

5.10 x 10 (3.71)

3

6.53 x 10 (3.81)

0.011 *

LSD

Crop rotation treatments (n = 7 replicates per treatment)
Trt1 bc

Trt2 a

Trt3 c

Trt4 bc

Trt5 ab

Trt6 c

A

6.68 x 102 (2.82)

2.21 x 102 (2.34)

6.93 x 102 (2.84)

8.00 x 102 (2.90)

2.28 x 102 (2.36)

7.23 x 102 (2.86)

Rhizosphere B

2
8.97 x 10 (2.95)

3.33 x 102 (2.52)

1.63 x 103 (3.21)

6.07 x 102 (2.78)

5.15 x 102 (2.71)

2.47 x 103 (3.39)

Bulk

P value
LSD

0.003 **
(0.39) d.f. = 5

LSD

<0.001
***

(0.087)
d.f. = 1

0.116 ns

(0.15) d.f. = 5

Soil type
February
2007

3

P value

§

(na)
d.f. = 5

P value

LSD

0.035 *

(0.22)
d.f. = 1

0.629 ns§

(na)
d.f. = 5

Crop rotation treatments for each column (within one analysis) followed by the same lowercase letters and soil types for each row followed by the same uppercase letters are not significantly different
according to ANOVA (P < 0.05).
†Treatment rotation: Trt1 = O-O-O, Trt2 = O-O-P, Trt3 = O-P-Oat, Trt4 = P-P-P, Trt5 = P-P-O, Trt6 = P-O-Oat.
Where O = onion, P = potato, Oat = two crops of oat ploughed back in the soil while still green.
Na = not applicable, ns = non significant, * significant at P < 0.05, *** significant at P< 0.001, Trt = treatment, d.f. = degrees of freedom, LSD = least significant differences of means.
§
The values in the bottom right corner for each analysis are the P and LSD values for the interaction between soil type and crop rotation treatments.
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2.3.2. Trichoderma species identification
2.3.2.1. Trichoderma species morphology groups on TSM-LU agar
Six distinct morphologies were identified on TSM-LU agar plates (Figure 2.5).
Trichoderma isolates were grouped according to those morphologies which were

described as follows.

M1

M2

M3

M4

M5

M6

Figure 2.5. Representative isolates of Trichoderma species illustrating the six different morphologies
(M1-M6) obtained on TSM-LU agar after 10 d of incubation at 20°C. Arrows point to key morphological
characteristics.

Morphology 1 (M1): The colony displayed a very distinct bright single pink ring with a
clear centre. The hyphae produced some aerial growth. No sporulation was observed
after 10 d of incubation at 20°C.
Morphology 2 (M2): The colony produced diffused and faint white hyphal growth.
Hyphae grew closely to the agar. No sporulation was observed after 10 d of
incubation at 20°C.
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Morphology 3 (M3): The colony produced a feathery growth with small pink rings in
the centre. The colony was large and rarely showed sporulation after 10 d of
incubation at 20°C.
Morphology 4 (M4): The colony was small with little hyphal growth tightly bound to
the agar. Dispersed dark green sporulation was observed after 10 d of incubation at
20°C.
Morphology 5 (M5): The colony was extensive and fluffy in appearance with a lot of
aerial hyphae being produced. The colony was generally yellowish in the centre and
sporulated lightly after 10 d of incubation at 20°C.
Morphology 6 (M6): The colony produced extensive hyphal growth with a pink ring in
the centre. Abundant, green sporulation was observed after 10 d incubation at 20°C.
In total, 240 isolates (40 per morphology group) were processed for molecular
identification using RFLP to assess the robustness of the TSM-LU morphology group
identification method. Species proportions within each morphology group were
calculated (Figure 2.6). The results clearly show how the morphology grouping
assigned from TSM-LU agar plate did not match the RFLP banding patterns.
Morphology 4 (M4) had the lowest number of species with only two species T.
hamatum and T. harzianum contributing to this morphology. The highest accuracy

score was obtained for T. harzianum in the morphology group 5 (M5) where 70% of
the isolates were T. harzianum. The overall accuracy of this method of identification
was 38%. When acrylamide gels were run to display the RFLP banding pattern of
several isolates belonging to one TSM-LU morphology group, the result revealed
several different banding patterns proving that the group was made up of several
species (Figure 2.7). Therefore, this TSM-LU method proved to be unreliable and
another method had to be developed.
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TSM-LU morphology groups
Figure 2.6. Trichoderma species proportion and composition of six TSM-LU morphology groups (M1M6), illustrating the unreliability of the method to identify Trichoderma species.

Figure 2.7. Example of an MboI 10% acrylamide gel displaying the different RFLP banding pattern of
five
Trichoderma
species
from
the
TSM-LU
morphology
group
1
(M1).
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2.3.2.2. Trichoderma species morphology on ½ PDA+c
Isolates grown on ½ PDA+c displayed 5 distinct morphologies and each isolate was
grouped according to one of 5 morphologies (Ma1-Ma5). The isolates within each
group were then identified by analysing their RFLP banding patterns. The accuracy
of the method was then measured by recording the number of isolates belonging to
the same group and with the same RFLP banding pattern. The morphologies still
exhibited some variability between the different isolates of a same species but this
was overcome by carefully following the growth characteristics of each isolates as
these were different between species.
A total of 452 isolates were processed. This method yielded an identification
accuracy of 98% for T. hamatum and 99% for T. koningii. T. atroviride had the lowest
identification accuracy (93%) with most common misidentification occuring with T.
asperellum (3%) and T. harzianum (3%). This was mainly caused by the production

of dark green conidiation by some isolates of T. asperellum and T. harzianum similar
to T. atroviride. Nonetheless, this represented only a small percentage of the total
isolates and the RFLP banding patterns of these three species were different from
one another. T. asperellum and T. hamatum had the same RFLP banding pattern
when digested with the restriction enzymes MboI or TaqI. However, they displayed
different morphological characteristics when grown on ½ PDA+c.
This method of identification proved to be a reliable tool with an overall accuracy of
96.7% (Figure 2.8) allowing for a pre-identification of the species present. When
isolates were grouped according to their morphologies on ½ PDA+c and run onto a
10% acrylamide gel, the same RFLP banding patterns were found within each group
but were different between different morphological groups with both MboI and TaqI
restriction enzymes (Figure 2.9 and 2.10, respectively).
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Figure 2.8. Trichoderma species proportion and composition of five ½ PDA+c morphology groups
(Ma1 - Ma5). One different species was dominant in each of the different morphological group.

Ma1
T. asperellum

Ma2
T. atroviride

Ma3
T. hamatum

Ma4
T. harzianum

Ma5
T. koningii

Figure 2.9. Example of an MboI 10% acrylamide gel displaying the different RFLP banding pattern of
five Trichoderma species from five different ½ PDA+c morphology groups (Ma1- Ma5). Note the same
banding pattern of T. asperellum and T. hamatum. However they were easily separated by their
different morphologies on ½ PDA+c.
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Ma3
T. hamatum

Ma5
T. koningii

Ma4
T. harzianum

Figure 2.10. Example of an TaqI 10% acrylamide gel displaying the different RFLP banding pattern of
three Trichoderma species from three different ½ PDA+c morphology groups (Ma3, Ma4, and Ma5).

The DNA fragment bp sizes for each species are summarised in Table 2.6 along with
the uncut DNA fragments size that was obtained at sequencing.
Table 2.6. DNA fragments length (bp) of six different Trichoderma sp. analysed using RFLP.

Trichoderma species

DNA fragment size (bp) generated by
different restriction enzymes
MboI

TaqI

Uncut DNA
fragment
length (bp)

T. asperellum

13 41 44 147 165 205

59 72 194 260

617

T. atroviride

37 38 128 201 207

59 72 194 260

611

T. hamatum

37 40 146 165 205

59 72 204 257

607

T. harzianum

41 44 64 147 160 178

50 59 72 219 242

642

T. koningii

21 37 38 128 178 206

59 72 214 263

614

T. tomentosum

9 36 145 178 223

59 72 222 241

641

When MboI was used as a restriction enzyme, only DNA fragments highlighted in red were visible on a 10% acrylamide gel
(resolving power of 20 – 80 KDa). Therefore, DNA fragments smaller than approximately 50 bp could not be observed on the
gel. Instead a loading front at 50 bp was observed with all isolates (Figure 2.10).

It is important to note that the length of the uncut DNA fragment is often shorter than
the cumulative size of the small DNA fragment. This is due mainly to the trimming of
the DNA section at both ends of the sequence in order to perform a BLAST search
on the NCBI database. To increase the robustness of the method, sequencing of the
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internal transcribed spacer (ITS) region of representative isolates for each species
was then carried out to further confirm that the species were identified correctly.
The morphological characteristics of the main five Trichoderma species on ½ PDA+c
were as follows:

Ma1 - T. asperellum (Figure 2.1):
Description: Colonies grew moderately rapidly, reaching up to 5 cm in diameter after
3 d incubation at 20°C. Mycelium was sparse and grew close to the agar, with the
colonies appearing translucent or watery white in colour. Aerial mycelium was rarely
produced. Signs of sporulation were generally observed in less than a week under
blue light. Conidiation was dispersed throughout the colony in the form of small grass
green to dark green cushion shaped tufts, which often appeared in little clusters. The
isolates did not cause discoloration of the medium.

Figure 2.11. Representative isolates of Trichoderma asperellum illustrating the range of morphologies
obtained after 14 d of incubation on ½ PDA+c.
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Ma2 - T. atroviride (Figure 2.12):
Description: Colonies were fast growing, reaching up to 8 cm in diameter after 4 d
incubation at 20°C. The mycelium was often embedded in the agar and was
moderately dense. Colonies appeared translucent or watery white in colour and
occasionally formed fluffy aerial mycelium. Spores were visible within a week of
incubation under blue light. Conidial areas were evenly distributed sometimes effuse
with numerous compact pustules. The centre of the colony often supported a large
compact mass of pustules. As its name suggests (“atro” means black in Greek)
conidial areas usually appeared very dark green almost black in older colonies.
Isolates did not cause discoloration of the medium.

Figure 2.12. Representative isolates of Trichoderma atroviride illustrating the range of morphologies
obtained after 14 d of incubation on ½ PDA+c.
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Ma3 - T. hamatum (Figure 2.13):
Description: The colonies grew moderately rapidly, reaching up to 5 cm in diameter
after 3 d incubation at 20°C. The mycelium grew mostly close to the agar but
produced some aerial mycelium which was floccose in nature. The mycelium was
very white in colour and often grew densely. Colonies produce dispersed cushion
shaped, compact tufts of conidiophores with large colour variations, ranging from
pale yellow and greenish yellow to greyish green. Signs of sporulation were generally
observed after 7 d under blue light. The isolates did not cause discoloration of the
agar.

Figure 2.13. Representative isolates of Trichoderma hamatum illustrating the range of morphologies
obtained after 14 d of incubation on ½ PDA+c.
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Ma4 - T. harzianum (Figure 2.14):
Description: Colonies grew slowly compared to the other species, reaching up to 6
cm after 4 d incubation at 20°C. The mycelium was at first smooth, watery white in
colour and sparse, until floccose aerial mycelium was produced. Conidiation was
predominantly effuse, pustules merged into large irregular masses with a granular or
powdery surface appearance. Conidial areas were dark green in mature colonies. On
this medium T. harzianum isolates were the only ones to cause intense coloration of
the agar from yellow to dark orange. Profuse sporulation was observed within 5 d.

Figure 2.14. Representative isolates of Trichoderma harzianum illustrating the range of morphologies
obtained after 14 d of incubation on ½ PDA+c.
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Ma5 - T. koningii (Figure 2.15):
Description: Colonies grew very rapidly, reaching 8 cm in diameter after 3 d
incubation at 20°C. Trichoderma koningii was one of the fastest growing Trichoderma
species. The mycelium was opaque white in colour and velvety in texture. Aerial
mycelium was generally present and was often abundant. Conidiation was often
limited to the edge of the colony and generally took more than a week under blue
light to appear. Conidial areas appeared velvety, floccose and of dull yellow to dull
green colour. The isolates did not discolour the agar.

Figure 2.15. Representative isolates of Trichoderma koningii illustrating the range of morphologies
obtained after 14 d of incubation on ½ PDA
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2.3.2.3. Trichoderma species diversity
The diversity of Trichoderma species in the rhizosphere soil of onion and potato was
assessed using the combined morphotyping and molecular technique previously
described. The following Trichoderma species were consistently recovered at each
assessment, T. asperellum, T. atroviride, T. hamatum, T. harzianum and T. koningii.
During the first assessment, one isolate of T. tomentosum was also recovered in the
rhizosphere of onion but was not isolated from potato or any of the later
assessments. The same Trichoderma species, except for T. tomentosum, were
identified in the rhizoplane of onion and potato.
Of the 452 isolates that were processed using RFLP in Section 2.3.2.2, 60 isolates
(13%) were sequenced. During the course of the three growing seasons, the most
abundant species were: T. hamatum (accounting for 30% of recovered isolates), T.
harzianum (26%), T. koningii (21%), T. atroviride (13%) and T. asperellum (9%).

These proportions were derived from the morphotyping of approximately 3240
isolates of which 694 representative isolates (21%) were identified using DNA RFLP
banding pattern analysis. Overall, Trichoderma species proportions in each
treatments over the three growing seasons were relatively similar (Figure 2.16).
Trichoderma species proportions at each assessment are presented in Appendix 2

however, they fluctuated greatly between each assessment and trends were not
detected. For each species, several isolates were sequenced (complete sequences
given in Appendix 4). A summary of the sequence results is presented in Table 2.7
and includes the ITS sequence GeneBank accession number that best matched
each sample.
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Figure 2.16. Overall proportion analysis of five Trichoderma species isolated from the rhizosphere soil
of six different rotation treatments and across all assessments.
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Table 2.7. Sequencing results for Trichoderma strains isolated in the field experiment.
Isolate no.
12
8023A

Trichoderma
species
T. asperellum

13C
14V

Isolation
date

ITS Gene bank
accession no.

Max.
identity

Reference

2004

AY857217.1

100%

Druzhinina et al. 2005

2007

DQ093705.1

100%

Finlay et al. 2006

2006

AF456920.1

100%

Dodd et al. 2004

2005

AF456920.1

100%

Dodd et al. 2004

126

2007

AF456920.1

100%

Dodd et al. 2004

T. atroviride

416

2004

AF456920.1

100%

Dodd et al. 2004

2131

2005

AF456920.1

100%

Dodd et al. 2004

84

2006

DQ151583.1

100%

Samuels 2005

264

2005

DQ109530.1

100%

Samuels et al. 2006

T2-5

2006

DQ151583.1

100%

Samuels 2005

T3-12

2004

DQ151583.1

100%

Samuels 2005

4162

2006

DQ151583.1

100%

Samuels 2005

24

2007

AF443912.1

100%

Chaverri et al 2003

2007

AY605745.1

100%

Druzhinina et al. 2006
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112B

T. hamatum

T. harzianum

2005

AY605731.1

100%

Druzhinina et al. 2006

532

2004

AF194011.1

100%

Lieckfeldt et al. 2000

653

2004

AY605731.1

100%

Druzhinina et al. 2006

6V

2006

AF456923.1

100%

Dodd et al. 2004

46

2007

AF456923.1

100%

Dodd et al. 2004

2004

AF456923.1

100%

Dodd et al. 2004

4194

2005

AF456923.1

100%

Dodd et al. 2004

T3-25B

2006

AF456923.1

100%

Dodd et al. 2004

2004

AY605737.1

100%

Druzhinina et al. 2006

313

521

T. koningii

T. tomentosum

2.3.2.4. Trichoderma species presence frequency
The data were also used to measure changes in species presence frequency (the
likelihood of isolating a particular species in one treatment or at a specific time,
where 1 = a 100% chance of recovery and 0 = the absence of a species) between
each treatment, at each sampling time. After three growing seasons, the statistical
analysis revealed that none of the five species isolated were significantly affected by
the crop rotation treatments (Table 2.8). However, the presence frequency of three
species, T. asperellum, T. hamatum and T. koningii in particular were all significantly
affected by the factor time (Figure 2.17a, c and e, respectively). All three species
showed a sharp decrease in presence frequency at the end of the first growing
season in the rhizosphere soil. For both T. asperellum and T. hamatum, similar
presence frequencies were seen at the beginning of the first growing season and at
the end of the third. T. koningii displayed a significant drop in presence frequency
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between February 2005 and February 2006 when compared with the start (October
2004) and the end (February 2007) of the field trial. In the case of T. harzianum
(Figure 2.17d), a different trend was observed in presence frequency. During the first
two growing seasons, presence frequency was relatively constant before a significant
decrease occurred in the final growing season. T. atroviride (Figure 2.17b) displayed
a similar trend to T. asperellum and T. hamatum however differences in presence
frequency were not significant.
Table 2.8. Statistical analysis of the presence frequency in rhizosphere soil of five Trichoderma
species in six rotation treatments over three growing seasons. Significant differences are evaluated at
P < 0.05.
Species

General Linear regression F pr.

Time effect F pr.

Treatment effect F pr.

0.048 *
0.142 ns
0.001 **
0.069 ns
< 0.001 ***

0.018 *
0.110 ns
< 0.001 ***
0.023 *
< 0.001***

0.374 ns
0.285 ns
0.112 ns
0.471 ns
0.410 ns

T. asperellum
T. atroviride
T. hamatum
T. harzianum
T. koningii

ns = non significant, * significant at P > 0.01, ** significant at P < 0.01, *** significant at P < 0.001) (Trt = Treatment)
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Figure 2.17a. Change in the presence frequency of T. asperellum in the rhizosphere soil, across all
treatments over three growing seasons. LSD = Least significant differences of means. Sample times
with the same letter are not significantly different at P < 0.05.
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Figure 2.17b. Change in the presence frequency of T. atroviride in the rhizosphere soil, across all
treatments over three growing seasons. The error bars represent the standard errors of the means. No
significant difference at P < 0.05 at different sampling time.
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Figure 2.17c. Change in the presence frequency of T. hamatum in the rhizosphere soil, across all
treatments over three growing seasons. LSD = Least significant differences of means. Sample times
with the same letter are not significantly different at P < 0.05.
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Figure 2.17d. Change in the presence frequency of T. harzianum in the rhizosphere soil, across all
treatments over three growing seasons. LSD = Least significant differences of means. Sample times
with the same letter are not significantly different at P < 0.05.
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Figure 2.17e. Change in the presence frequency of T. koningii in the rhizosphere soil, across all
treatments over three growing seasons. LSD = Least significant differences of means. Sample times
with the same letter are not significantly different at P < 0.05.
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2.4. DISCUSSION
2.4.1. Trichoderma CFU numbers in the rhizosphere, rhizoplane and
bulk soil
The analysis of the first 3 years of this field trial indicates that there was a strong
effect of time on indigenous Trichoderma population number. Therefore, the first Hо’
hypothesis, from a statistical perspective, has to be rejected as crop rotation
treatments and in particular the two mixed rotation treatments had a positive effect on
the indigenous Trichoderma population in the rhizosphere over the length of time
monitored. A significant decrease in CFU numbers between the first sampling time
(Oct 2004) and the last sampling time (Feb 2007) was observed. Although the
dominant effect in this field trial was the time effect, an interaction between treatment
and time was also identified indicating that after 3 years the rotation treatments were
starting to have an impact on the Trichoderma CFU numbers especially in the two
sustainable treatments where oat crops were introduced in the third growing season.
One of the possible explanation for the overall decrease in Trichoderma CFU
numbers in the rhizosphere soil can be attributed to the history of the site prior to
setting up the trial rather than odd environmental events prior to or during the trial
such as drought, high rainfall and extreme temperature or soil parameters (Appendix
2). The field, where the trial was set-up had been previously planted with maize for
one year, this crop is known to develop a dense root system with a single plant
capable of exploring 6 m3 of soil (Weaver, 1926). In addition, over one growing
season, maize can release large quantities of organic substances into the
rhizosphere soil with over 50% of its carbon transferred to roots being lost through
rhizodeposition mechanisms such as diffusates (sugars, organic acids, water),
secretions (mucilage, siderophores, enzymes) or root-cap cells sloughing-off (up to
5000 cells a day in an actively growing maize root) (Lynch & Whipps, 1990; Moore &
McClelen, 1983; Uren, 2001; Whipps, 1985). Therefore, over one growing season,
this plant, in addition to creating a large volume of rhizosphere soil, has also a very
significant impact on the release of readily available carbon sources in the soil. This
could allow rhizosphere colonising strains of the five identified species (T.
asperellum, T. atroviride, T. hamatum, T. harzianum and T. koningii) to utilise this
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carbon source and become established. Unfortunately, Trichoderma CFU levels were
not measured under this maize crop.
In April / May 2004, the maize was removed and the field was ploughed in
preparation for the trial. During this preparation, as maize roots decomposed, the
rhizosphere soil was effectively destroyed and the soil was left fallow and exposed to
the elements. The soil ploughing, potato mound and onion bed preparation for this
trial would have homogenised the distribution of Trichoderma spores and hyphae
throughout the top soil. In such conditions, indigenous Trichoderma CFU numbers,
significantly decreased in the bulk soil between July and October 2004 from 1.83 x
103 to 9.10 x 102 CFU g-1 of ODS in onion rotation treatments and from 2.13 x 103 to
5.98 x 102 in potato rotation treatments. However, in the newly created rhizosphere
soil Trichoderma CFU numbers increased significantly in both onion and potato
rotation treatments to 5.25 x 103 and 5.68 x 103 CFU g-1 of ODS, respectively,
compared to the bulk soil.
This increase in CFU numbers could have been stimulated by a release of root
exudates such as monosaccharides (glucose) and disaccharides (fructose and
maltose) by the young potato and onion roots. The influence of plant age on the root
exudation rate of onion and potato has not been specifically investigated. However,
several conflicting reports exist on the impact of plant age on root secretion. Some
studies on cabbage (Brassica oleraceae L. var. capitata cv. Farao F1) (Dechassa &
Schenk, 2004) and alfafa (Medicago sativa L.) (Gherardi & Rengel, 2004) reported a
significant increase in carboxylates (citrate, malanate, and succinate) with older
plants. Other studies however, reported a decrease in root exudates secretion in
particular for carbohydrates such as arabinose, xylose, fructose, ribose, mannose
and glucose. This was observed for several plants species such as wheat (Triticum
aestivum L.), alfalfa (Medicago sativa L.), tomato (Lycopersicon esculentum Mill.) and

pea (Pisum sativum L.) (Hamlen et al., 1972; Rovira, 1959; Rovira, 1969; Wasaki et
al., 2005). The decrease observed in the second assessment (February 2005) and

overall in the subsequent assessments could be explained by the chemical
composition of the root exudates from potato and onion which overtime could have
been unsuitable to sustain a large population of Trichoderma. Several studies have
reported how different plant species secreted root exudates with different chemical
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composition and that these exudates promoted different microorganisms community
structure (Gransee & Wittenmayer, 2000; Grayston et al., 1998; 2004; Marschner et
al., 2002; Rovira, 1969). Another possible explanation for this lies in the fact that

older onion or potato plants could also release root exudates that could restrict
Trichoderma development in their rhizosphere. A report by Celar (2002), mentioned

the antifungal activity of onion root exudates on three Trichoderma species (T.
harzianum, T. viride and Trichoderma longibrachiatum Rifai.).

At the end of the third growing season, Trichoderma CFU levels in the rhizosphere of
oat were significantly higher than in the rhizosphere of onion and potato. Oat belongs
to the Poaceae family and like most members of this family has a root system more
developed than the one of onion and potato (Weaver, 1926). It is likely that oat roots
release exudates of a different chemical composition than onion and potato and also
larger quantities which are more suited to support a larger Trichoderma population.
The oat was planted as a green manure and two crops were grown during the 20062007 growing season with both crops rotary hoed into the soil when still green. The
aim of this was to provide the saprophytic Trichoderma population with additional OM
therefore the crop effect could be confounded by differences in OM. This is
investigated in the next chapters. Overall, it is difficult to assign the decrease in
Trichoderma CFU numbers to a single factor. Rotation treatments, crop type (maize,

onion, potato and oat) and the quality and quantity of root exudates released in the
rhizosphere are likely to have all contributed to the observed outcome. Their
individual impact on Trichoderma CFU numbers in the rhizosphere and their
interactions should be further investigated. This is discussed in Chapter Six.
In the case of the rhizoplane soil, the highly variable results obtained can be
explained by the very small quantities of soil (0.01 to 0.001 g) being sampled per
gram of fresh root and also the heterogeneity of this environment. The exudation
rate, the type of organic molecule secreted and the spatial distribution of bacteria
along the root of a plant are very heterogeneous (Brimecombe et al., 2001;
Dandurand et al., 1997) with microorganism colonies generally concentrated around
areas of high exudation (Foster, 1986). The distribution of Trichoderma colonies
along plant roots is also greatly influenced by the above mentioned factors (Kurakov
& Kostina, 2001). However, Kurakov and Kostina (2001) found that the colonisation
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of the root surface by indigenous Trichoderma was species-specific with T.
harzianum most abundant in the rhizoplane of cucumber and T. hamatum most

abundant in the rhizoplane of tomato. Such findings were not obtained in this
research with all five Trichoderma species present in similar abundance in the
rhizoplane of onion and potato. The Kurakov and Kostina (2001) study, however, was
done under laboratory conditions with variables such as temperature, light, nutrients
and soil moisture all carefully controlled unlike this study which was performed in situ.
This could explain the different results observed between the two studies. However, it
is also possible that as sampling methods of the rhizoplane soil become more
sophisticated differences might become apparent between the five species. The use
of new technologies where plants are grown in rhizotron containers could allow
rhizoplane soil to be sampled in situ by inserting small probes capable of sampling
soil on the root surface of a plant in a non destructive way.
Since this is a long term field experiment, it will be interesting to follow the changes in
population numbers and diversity in future years. Although statistically significant
differences between treatments were obtained in this study, their biological
significance is difficult to evaluate. Overall, the Trichoderma CFU numbers in the
rhizosphere soil and bulk soil of all the crops varied between 3.8 x 102 and 7.7 x 103.
The biological significance of these differences is unknown since these numbers are
still low but, nonetheless, in accordance with other studies. Larkin (2003), measured
in a field trial planted with potato for 3 consecutive years 6.0 x 103 Trichoderma CFU
g-1 of soil while Sariah et al. (2005), measured Trichoderma CFU numbers under oil
palm tree (Elaeis guineensis J. Gaertn.) plantations to range between 1.1 x 103 and
1.0 x 104. A study by Roiger et al. (1991), measured indigenous Trichoderma CFU
numbers in apple orchard and observed levels between 8.59 x 102 and 1.84 x 104.
However, a study by Leandro et al. (2007) observed that indigenous Trichoderma
CFU numbers in the rhizosphere of strawberry plants grown in fumigated soil
reached 8.0 x 105.
It is interesting to note that despite the very different crops, Trichoderma CFU
numbers were similar in all these studies except when competition from other
microorganisms was removed through soil sterilisation. Natural fluctuation in
population numbers could account for the differences in CFU but research carried out
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both in Europe and the US has indicated that fungal populations in agricultural soil
and Trichoderma, in particular were generally very stable, not easily influenced by
change in farming management systems and only showed limited response to
seasonal change (Hagn et al., 2003; Ruppel et al., 1988). However, Larkin (2003)
study revealed that a 3 year crop rotation of soybean followed by maize and then by
potato significantly increased Trichoderma CFU numbers when compared to the
continuous potato rotation (3.17 x 104 and 6.0 x 103, respectively). Larkin (2003)
study also revealed that if the crops used for the rotations were too similar in their
physiology (e.g. a rotation of two legumes such as soybean followed by clover), no
difference in Trichoderma CFU numbers were observed. Interestingly, in this study,
no differences were observed in Trichoderma CFU numbers between the different
onion/potato rotations except for the rotations where oat was introduced in the third
year.
It is, therefore, possible that the absence of significant difference in Trichoderma
CFU numbers between onion and potato is due to similar rhizosphere conditions
provided by the two crops. In contrast, when oat was planted, Trichoderma CFU
numbers were increased, therefore, frequent introduction of cereals in vegetable
rotations could help increase indigenous Trichoderma populations. Additionally, this
present research showed that over a 3 year growing period, the five species
(excluding T. tomentosum) of Trichoderma isolated did not compete with each other
in the rhizosphere ecological niche. To the best of the author’s knowledge this is new
information as previous studies on the influence of crop rotation on Trichoderma
populations did not go to the species level and only looked at the genus level. This
ability of different species to be able to share the same ecological niche needs further
exploration to better understand the ecology of different Trichoderma species and
ultimately their function in the rhizosphere soil.
Future studies will benefit from technological advances in rhizosphere soil sampling
and isolation techniques. The sampling methods and isolation (direct isolation on the
selective growing medium TSM-LU) techniques used in this experiment have been
reliably used in past research (McLean et al., 2005). However it is important to
consider some of their limitations. The rhizosphere also defined as ectorhizosphere
(Killham, 1994; Pinton et al., 2001) is an extremely complex environment to study,
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where physical boundaries are very hard to define (Pinton et al., 2001; Rovira, 1991).
The distance from which it extends from the root is dynamic, constantly changing and
influenced by numerous factors such as the plant species, the age of the plant, to
name a few (Pinton et al., 2001). Accurate sampling of rhizosphere soil in situ is,
therefore, a very delicate task. A possible solution is to grow the plant in a pot where
the entire root system is contained, but arguably, pot experiments have limitations of
their own. The use of soil dilution and plating techniques could also have limitations
when working with non-culturable organisms (Davet & Rouxel, 2000; Hagn et al.,
2003) however this was not the case in this study. Recently developed methods
using molecular techniques such as quantitative PCR have potential to provide a
more reliable quantitative measure of Trichoderma populations in the soil (Cordier et
al., 2007; Filion et al., 2003; Hagn et al., 2007), however their application to the soil

environments requires optimisation associated with extraction of the targeted
organisms from the soil and development of specific primers for the targeted species
or genus of microorganisms. Furthermore, differentiation between viable and
nonviable propagules is required. Nonetheless, such methods or their use in
conjunction with CFU counting methods are the way forward to improve the reliability
of soil microbial community research.

2.5.2. Trichoderma species identification
The identification of Trichoderma species has been greatly improved in the last
decade by the analysis of the ITS-1, the 5.8S rDNA and ITS-2 regions using
restriction enzymes for RFLP (Lieckfeldt et al., 1998; 2001; 1999) or sequencing
(Dodd et al., 2000; Hermosa et al., 2004; Kubicek et al., 2003; Kullnig-Gradinger et
al., 2002; Kullnig et al., 2000; Wuczkowski et al., 2003; Zhang et al., 2005). However,

it was impractical and too expensive to process every sample by molecular
identification and, therefore, it was critical to find a way to only analyse a small
percentage (15% to 20%) of samples with RFLP. The need for a fast and reliable
method to identify the large number of Trichoderma samples meant a method had to
be developed and optimised to identify Trichoderma isolated from the rhizosphere
soil by combining morphological characteristics with RFLP. The need for such a
method was not recognised at the start of the project as it was assumed that the
species would be identifiable on the TSM-LU agar. However, as presented in the
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results, it became obvious that this method was not reliable (38% accuracy). It also
confirmed reports in the literature on the plasticity, variability and inconsistency of
Trichoderma species morphological characteristics on isolation medium (Kindermann
et al., 1998; Kubicek et al., 2003; Kuhls et al., 1996; Kullnig et al., 2000; Lieckfeldt et
al., 2001). Furthermore, great expertise and time are required when using only
Trichoderma morphological keys (Bissett, 1984; 1991a; b; c; Hagn et al., 2002). A

method using ½ PDA+c and RFLP was developed but it had some disadvantages as
its accuracy depended greatly on the person carrying it out. A person unfamiliar with
the genus Trichoderma and more specifically the five species identified, will take
some time to adapt and quickly recognise the species. Nonetheless, overall the
combination of morphology with molecular technique provided a valuable tool. By
using ½ PDA+c and RFLP over 1000 isolates were identified and although this
method could not achieve 100% accuracy in identification it was still high enough
(96.7%) to assume that this method was giving a correct picture of the overall
proportion of the different species of Trichoderma present in the rhizosphere soil. The
method was also applied with success to the other experiments carried out during
this study.

2.4.3. Trichoderma species diversity and proportion
This research investigated the diversity of Trichoderma species in the rhizosphere
and rhizoplane soil of onion and potato crops. The same species; T. asperellum, T.
atroviride, T. hamatum, T. harzianum and T. koningii were consistently present in the

bulk soil in addition to the rhizosphere and rhizoplane soil of onion, potato and oat
crops. Therefore, the second Ho’’ hypothesis has to be rejected as the findings
indicate that all the Trichoderma species isolated were to some extent both
rhizosphere and rhizoplane competent and at the same time capable of surviving in
the bulk soil. This is in accordance with the literature which reports the ability of
Trichoderma species to colonise the rhizosphere of other plants (Chao et al., 1986;

Kurakov & Kostina, 2001; McLean et al., 2005; Papavizas, 1981; Rabeendran et al.,
2006; Trillas et al., 2006; Yedidia et al., 2003). However, previous studies have
reported that although wild-type Trichoderma species can be present in the
rhizosphere, their rhizosphere competence, when inoculated onto seeds, can be
limited (Ahmad & Baker, 1987b; Chao et al., 1986; Melo et al., 1997; Papavizas,
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1981; Sivan & Chet, 1989). The identification of five indigenous Trichoderma species
in the rhizosphere of potato and onion is a new observation. In addition, the isolation
on a single occasion of T. tomentosum is to the author’s knowledge, the first record
of this species in New Zealand. This research was focused on identifying
Trichoderma species present, in the future, the use of molecular methods could be

used to identifiy the functionality of species in addition to their diversity (Torsvik &
Ovreas, 2002). Microradiography based methods combined with fluorescent in situ
hybridisation (FISH) have already been used to study the functionality and species
diversity of bacterial communities (Gray et al., 2000). Other tools including stable
isotope probing (SIP) (Radajewski et al., 2000) have also provided good link between
phylogenic diversity and functionality in soil microbial communities. More recent
technologies include the use of phylochips (Kristensen et al., 2007). They are DNA
microarrays consisting of rRNA-targeted oligonucleotide probes that are designed
according to the ”multiple probe concept” where multiple oligonucleotide probes are
used to detect target organisms at different phylogenetic level or detect target
organisms with different functions. These techniques do require optimisation before
they could be successfully applied.
In this study, the overall species proportion showed that three species, T. hamatum
(30%), T. harzianum (25%) and T. koningii (21%) accounted for 76% of the total
proportion. Recent reliable studies based on molecular identifications described T.
harzianum as the most abundant and common species world wide (Kubicek et al.,

2003; Kullnig et al., 2000; Zhang et al., 2005), in this experiment, T. hamatum was
the most abundant species. Nonetheless, in this experiment, T. harzianum was the
second most common species. It has been reported to favour warm climatic
environments (Papavizas, 1985) which would be in accordance with the climate
found at the top of New Zealand’s North Island. Trichoderma koningii although not
necessarily abundant tends to have a large distribution and occupy many different
ecosystems (Rifai, 1969). The change in species proportions between the different
treatments and over time did not follow any trend and appeared to change randomly
(Appendix 2, Figure A2.7a-f). This observation is interesting as to the best of the
author’s knowledge, Trichoderma species diversity and proportion under vegetable
crop rotation systems has not been investigated before. However, a study carried out
in 2003 by Hagn et al. focusing on the effect of different farming management
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systems (precision farming and conventional farming) observed that changes in soil
fungal population densities (including Trichoderma species) were apparently
independent of the treatments and more likely due to environmental factors such as
soil types and seasonal variations. It is possible that seasonal variations were also
responsible for the changes in Trichoderma species proportions. The complexity of
the interactions that occur in the rhizosphere soil along with fluctuations in
environmental parameters provides a multitude of factors that could be responsible
for these changes in species proportions. Due to the fast growing nature and ability
to utilise a wide range of carbon sources, species in the Trichoderma genus may
undergo fast life cycles where population numbers increase and decrease rapidly in
response to environmental conditions.
This work also clearly showed the ability of five Trichoderma species to be
consistently present in the rhizosphere of onion, potato and oat over time. The ability
of a microorganism to be rhizosphere competent is defined by its ability to proliferate
in the rhizosphere (Ahmad & Baker, 1987b; Baker, 1991; Papavizas, 1981). This was
not demonstrated in this experiment, however the Trichoderma species recovered in
this study can clearly be defined as rhizosphere colonisers. In intensive agriculture
systems where rhizosphere soil is destroyed every year and where no artificial
inoculation of Trichoderma occurs, the ability of these species to recolonise the
rhizosphere soil of the new crop cannot be ignored. Agricultural systems such as
vegetable cropping tend to promote bacterial populations rather than fungal
populations by encouraging mineralisation and unlike the bulk soil the soil solution in
the rhizosphere is rich in polysaccharides, nutrients and organic molecules making it
an energy rich environment (Patkowska, 2001; Uren, 2001) where five Trichoderma
species were consistently found. In a later chapter, several of these species will be
investigated to compare their rhizosphere competency and identify their spatial
distribution along the roots of young onion plants.
Regarding the diversity of Trichoderma species in the rhizosphere soil at the
Pukekohe field station, it is important to note that these results may not be definite
and that it is possible that the soil contains other Trichoderma species that were not
isolated during this research because of very low population densities. Molecular
tools such as UP-PCR cross-blot hybridisation and reverse dot-blot can provide
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alternative tools for the rapid identification of microbial species from soil samples
(Lübeck et al., 2004; Zhou et al., 2001). A reverse dot-blot method is currently being
optimised by the research group (H. J., Ridgway personal communication, 6
February 2006).

2.4.4. Species presence frequency
The statistical analysis of the presence frequency of the different Trichoderma
species revealed that the crop rotation treatments did not significantly affect the
likelihood of recovering one particular species. This result is very interesting because
it is often reported that different crop rotation regimes increase the abundance and
diversity of soil microbial communities. (Altieri, 1999; Govaerts et al., 2007b; Larkin,
2003; 2007; Lupwayi et al., 1998; Rahman et al., 2007). Govaerts et al. (2007b),
investigated influence of tillage, residue management and crop rotation on the overall
soil micro-flora biomass and diversity. The results showed that crop rotation
treatments significantly increased the soil microbial diversity and abundance.
Similarly, a study by Lupwayi et al. (1998) demonstrated that the structure and
evenness of the soil microbial diversity was defined by crop rotation treatments.
Finally, Larkin (2003) reported that crop rotation treatments involving millet (Panicum
miliaceum L.) and barley (Hordeum vulgare L.) had the highest ratio of fungi to

bacteria when compared to a potato monoculture system.
It was also observed that fungal group diversity (including Trichoderma species) was
lower in the monoculture system that in the crop rotation treatment. A study by Larkin
(2003) indicated that soil fungal genera responded differently to crop rotations
(soybean, maize and potato compared to continuous potato). The genus Penicillium
was more abundant than the Trichoderma and Pythium genera in the continuous
potato rotation however, this difference was not observed in the mixed rotation
treatment. However, all the studies mentioned above, examined general soil
microbial groups and did not study microorganisms at species level. This was
performed for the Trichoderma species isolated in this field trial and no significant
differences between the crop rotation and monoculture treatments were observed. It
is possible that 3 years is too short a time to observe significant changes in
Trichoderma species abundance and presence frequency.
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The factor time had an effect on T. asperellum, T. hamatum, T. harzianum and T.
koningii. Three of these species (T. asperellum, T. hamatum and T. koningii)

displayed a sharp decrease in frequency between the first and second sampling
during the first growing season. This result illustrates that at least these three species
were affected by changes in their environment but, many confounding factors could
be responsible for this change and conclusions are therefore difficult to draw.
However, it should be noted that the GWC of the rhizosphere soil in the field trial at
the time of each assessment (Appendix 2) followed to some extent a similar trend to
these three species presence frequency.
Generally, it is reported that soil fungi including Trichoderma species need moist soil
conditions to develop well in the soil (Lavelle & Spain, 2001). Extreme soil water
potentials (high or low) have a detrimental effect on the hyphal growth, spore
production and germination of Trichoderma (Danielson & Davey, 1973a; Eastburn &
Butler, 1991). More specifically, Wakelin et al. (1999) reported that the saprophytic
growth of a T. koningii strain was negatively affected by low soil moisture content.
Similary, Danielson and Davey (1973a; b) reported that both T. hamatum and T.
koningii grew best on pine needle substrates with high GWC. Interestingly in this

study, T. asperellum, T. hamatum and T. koningii had their lowest presence
frequency during the second assessment which corresponded to the lowest
rhizosphere soil GWC. This observation suggests that in this field trial, soil moisture
content was the main factor influencing the presence frequency of these three
species but not for the other two Trichoderma species. These differences could be
explained by previous reports which show that different Trichoderma species have
different tolerance level to negative soil water potential (Danielson & Davey, 1973d;
Domsch et al., 1980).
In the case of T. harzianum, a different trend was observed with a decrease in
presence frequency towards the end of the trial across all treatments. This trend
unlike the previous species did not match any environmental trends. However,
except for the first assessment where presence frequency was high for the four
Trichoderma species due to a higher number of CFU recovered, in the remaining five

assessments the presence frequency trend of T. harzianum was almost the reverse
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of the T. koningii trend. This could be a sign of competition between the two species
however more research would be needed to confirm this observation.

2.5. SUMMARY
The results obtained in this experiment indicated that the effect of crop rotation on
indigenous Trichoderma species after three years was only limited and that
indigenous Trichoderma populations were very stable in the soil. There was some
evidence that planting and incorporating oat in the soil influenced the Trichoderma
population numbers, this is investigated further in Chapter Three. This raised the
hypothesis that the crop rotation studied were maybe not distinct enough. To answer
this hypothesis, it will be valuable to repeat this experiment by introducing in the
rotation a crop that releases large quantities of root exudates such as maize.
This study, allowed for the optimisation of a species identification tool which was
used in the other experiments. It highlighted that Trichoderma species diversity and
proportion did not change, indicating either that the species did not compete with one
another within the rhizosphere or that the crop rotation treatments were again too
similar. Species diversity between the rhizosphere, rhizoplane and bulk soil was
identical. The use of systems such as rhizotron containers that allow very precise
and in situ sampling will help to further investigate these two hypotheses.
The frequency results of individual species indicated that environmental factors such
as soil moisture content could influence the likely hood of isolating a particular
species from a soil sample. This needs further work by measuring Trichoderma
species frequency in soil at different moisture content (dry, humid and wet).
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CHAPTER THREE: Effect of green manure and
organic matter amendments on the abundance,
diversity and saprophytic growth of indigenous
Trichoderma
SECTION 1: EFFECT OF GREEN MANURE AMENDMENTS,
IN TWO POT EXPERIMENTS, ON THE ABUNDANCE AND
DIVERSITY OF INDIGENOUS TRICHODERMA IN THE
RHIZOSPHERE OF ONION PLANTS.
3.1. INTRODUCTION
Green manure is a term used in agriculture to describe a type of cover crop grown
primarily to add nutrients and OM to the soil (Cherr et al., 2006; Randhawa et al.,
2005). Green manures have long been known for their positive impact on soil.
Historically, the practice of green manuring can be traced back to at least the
fourteenth century where legumes such as red clover (Trifolium pratense L.) or alfafa
(Medicago sativa L.) were used as green manure (Schumann, 1991). Typically, a
green manure crop is grown for a specific period, and then ploughed back and
incorporated into the soil. Legumes and their nitrogen fixing abilities are the most
commonly used green manures to naturally increase nitrogen levels in the soil
without the use of inorganic fertilisers (Stopes et al., 1996). However, green manures
usually perform multiple functions that include improvement of soil structure, water
retention and aeration, enhancement of biomass, microbial activity and diversity
(Elfstrand et al., 2007a; b; Lundquist et al., 1999; Manici et al., 2004; Randhawa et
al., 2005; Stark et al., 2007; Tejada et al., 2007). Other common functions also

include weed suppression and prevention of soil erosion and compaction.
Vegetable crops like onion and potato require intensive soil management at planting
and after harvest as soil structure is important to achieve good productivity (Corgan
et al., 2000; PAA, 2007). The extensive soil preparation required involves many steps
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such as ploughing, levelling, rotary cultivating and shaping of the beds. Such
intensive soil management practices can have a detrimental effect on soil physical
properties by increasing soil compaction, soil erosion and loss of aggregate stability
(Horn et al., 1995; Soane & van Ouwerkerk, 1994; Stoate et al., 2001). They can also
negatively affect soil chemical biological properties including the loss of OM,
decrease in nutrient cycling efficiency, decrease in soil biological activity and decline
in soil fauna and flora abundance (Dick, 1997; Kladivko, 2001; Röhrig et al., 1998). In
addition to these detrimental effects, onion and potato crops remove a large quantity
of nutrients from the soil including nitrogen, potassium, phosphorus, magnesium, and
sulphur which, in the long term, can reduce soil fertility (Coolong et al., 2004; Haase
et al., 2007; Kumar et al., 2007; Srikumar & Öckerman, 1990). The saprophytic

nature of the Trichoderma genus and the importance of environmental factors such
as soil temperature (Carreiro & Koske, 1992), pH (Danielson & Davey, 1973c),
moisture (Danielson & Davey, 1973d) and structure on its ecology (Danielson &
Davey, 1973a; Klein & Eveleigh, 1998; Widden & Abitbol, 1980) indicate that the
abundance and diversity of Trichoderma species is likely to be influenced by green
manure inputs. In this context, the implementation and usage of green manure crops
in intensive vegetable cropping systems must, therefore, be considered as an
important component for sustainable crop production. The effect of green manure
application (using oat) could not be investigated in the field trial until the third growing
season. Therefore, preliminary data was obtained with a series of pot experiments.
Only onion was investigated for practical and time constraint reasons.
The objective of this chapter was to quantify the influence of OM inputs through
green manure residue incorporation using oat, on the population numbers and
diversity of indigenous Trichoderma species in the rhizosphere soil of onion. A first
hypothesis was defined: Ho’ = Indigenous Trichoderma

populations in the

rhizosphere of onion were not affected (positively or negatively) by different green
manure amendments. This objective consisted of two main experiments looking at
green oat shoots amendment (experiment 1) and oat crop (shoots and roots
combined)

amendment

(experiment

2).

Additionally,

the

effect

of

organic

amendments through crop residue (onion scales) incorporation on indigenous
Trichoderma population and diversity in onion rhizosphere soil was investigated. In

the Pukekohe field experiment (Chapter Two), Penicillium colonies were observed in
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large numbers on TSM-LU plates obtained from soil dilutions of samples collected in
plots planted with onion. Therefore, in both experiments, Penicillium CFU numbers
were also measured to assess the effect of different crop residues amendment on
Penicillium populations. A second hypothesis was defined: Ho’’ = Indigenous
Penicillium populations in the rhizosphere of onion were not affected (positively or

negatively) by different green manure amendments. A third hypothesis was defined
Ho’’’ = Trichoderma and Penicillium populations were not negatively correlated in the
rhizosphere of onion. Finally a fourth hypothesis was defined: Ho’’’’ = Presence
frequency of indigenous species was not affected by the different green manure
treatments.

3.2. MATERIALS AND METHODS
3.2.1. Experiment one: Green oat shoots amendment
3.2.1.1. Rationale
In this experiment, oat residues were used as a green manure with the main purpose
of adding OM to the soil and providing readily available carbon sources for
indigenous saprophytic Trichoderma species present in Pukekohe soil. A hypothesis
was defined: Ho’ = Indigenous Trichoderma populations in the rhizosphere soil of
onion are not affected (positively or negatively) by the incorporation of oat shoots or
onion scale residues. Oat, in this case, was applied as a mobile green manure where
the green manure is grown in a different soil from the one where the cash crop is
grown (Elfstrand et al., 2007a). Furthermore, oat is frequently used by farmers in the
Pukekohe region and provides a large biomass in a short space of time. Oat was
added at two different rates to quantify the influence of OM input through green crop
residue incorporation on the population number and diversity of indigenous
Trichoderma species in rhizosphere soil. Only shoots of fresh oat were incorporated

in the soil and compared against dry onion scale residue application and an
untreated control. The onion residues were used to replicate what happens in the
field under monoculture systems where onions are grown in consecutive years. In
such a system, the only input of OM comes from the dry onion scales that are left in
the field after harvest. This input of OM is very limited and averages between 1 t ha-1
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y-1 for most onion varieties and up to 2 t ha-1 y-1 for large bulbing varieties (CTIFL,
1989).

3.2.1.2. Preparation of plant material
Ten, 5 L pots were set up in a glasshouse and filled with Templeton silt loam soil
collected from a paddock located next to the Lincoln University Field Service Centre.
The pots were densely planted in the first week of May 2005 with untreated white oat
var. Hokonui seeds (Lincoln University Field Centre). The seeds were lightly covered
with soil and watered every 2 d. No pesticides or fertilisers were applied to the oats.
The oat was harvested at the end of July 2005, whereby the plants were cut 5 mm
above ground and collected into a zip-lock plastic bag and kept at 8°C and used
within 7 d. In total, 1600 g of fresh oat was harvested. The water content of the oat
was measured by taking three samples of fresh oat and placing them in an oven set
at 80°C for 24 h. The oat leaf water content was 87%, therefore, 1600 g of fresh oat
corresponded to 208 g of dry oat. The fresh oat was cut using sharp scissors until the
fragment size was homogeneous (10 to 15 mm). In addition to oat, dried onion scales
were also used to simulate onion crop residues. The scales were collected from
onion stands at a local supermarket and shredded in a blender until fragment size
was homogeneous (5 to 10 mm). In total 50 g of dried onion scales were collected.
The onion scales were placed in an Erlenmeyer flask and autoclaved on a dry cycle
at 121°C 15 psi for 15 min.

3.2.1.3. Pukekohe soil mix
The soil used for this pot trial was the Patamahoe clay loam soil from Pukekohe as
described in Chapter 2. Its dry bulk density (γd) was measured at 1.00 g cm3 by
Analytical Research Laboratories Ltd (Napier, NZ). To ensure that aggregate stability
and soil porosity were retained throughout the experiment, it was necessary to
amend the soil with both fine pumice (Ø: 1 to 3 mm; γd = 0.64 g cm3) and coarse
perlite (Ø: 3 to 8 mm; γd = 0.15 g cm3). However, it was crucial to also keep a high
percentage of soil to match field conditions. After a small pilot assessment, where
different mixes were tested, the following mix was chosen: soil, 92%; fine pumice,
6%; coarse perlite, 2%. This represents 30.5 g of fine pumice and 2.4 g of coarse
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perlite added to 1000 g of Pukekohe soil with a GWC of 40% which correspond to
70% of the soil water holding capacity (WHC).

3.2.1.4. Treatments and green manure amendments
Four treatments were established for this pot experiment. The control treatment was
unamended (no crop residue) Pukekohe soil mix (92% soil, 6% fine pumice and 2%
coarse perlite). The onion residue treatment consisted of the Pukekohe soil mix
amended with 1 t ha-1 (plant dry weight basis) of onion scales as crop residue. Two
oat treatments were established, whereby the Pukekohe soil mix was amended
(plant dry weight basis) with either 4 t ha-1 (low oat treatment) or 8 t ha-1 (high oat
treatment) of dry oat fragments.
The GWC of the Pukekohe soil mix prior to incorporating the organic residues was
37%. The amount of green manure or onion residue to be added to 1000 g of fresh
Pukekohe soil was calculated on the basis of a 7.5 cm soil incorporation depth to
match standard farming practices. In the onion treatment, 1 g of oven dry onion
scales per 1000 g of soil was required. In the low and high oat treatment, 4 g and 8 g
per 1000 g of soil, respectively, of oven dry oat was needed (or 490 g and 980 g of
fresh oat, respectively, at 87% water content). Prior to setting up the experiment, the
different plant residues were added to the Pukekohe soil mix. This was done in large
plastic bins. Four bins were set up, one for each treatment. In each bin, 16 kg of
fresh Pukekohe soil mix at 37% GWC was mixed with 488 g of fine pumice and 38.4
g of coarse perlite. Once the mix was homogenised, the different plant residues were
added to each treatment. The onion residue treatment received 16 g of sterile dry
onion scales, the low oat treatment received 64 g of dry oat fragments and the high
oat treatment twice that amount. The four bins containing each treatment were then
sealed to prevent moisture loss and left in the glasshouse for 2 weeks. This allowed
the pre-decomposition of the plant residues as in the early stage of decomposition
chemicals including organic acids and nitrogen species (NO3- and NO2-) are released
and may reduce the rate of plant growth for a short time or have a toxic effect on
young seedlings such as onion.
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3.2.1.5. Experimental design
The experiment was set up in a complete randomised design. Black polyethylene
plant bags (30 cm tall and 8 cm in diameter) with drainage holes at the bottom were
used as pots. Each bag was filled with 1030 g (± 0.1 g) of one of the Pukekohe soil
mix treatments. Bags were placed in square plastic containers with large drainage
holes at the bottom to provide support (4 bags per container)`. A total of 16
numbered containers were set up, each containing one randomly allocated replicate
of the four treatments, making a total of 16 replicates per treatment.
The experiment was set up on benches in the middle section of a glasshouse at the
Lincoln University Nursery (Figure 3.1), after which the plant bags were sowed with
onion seeds (var. Terranova Pukekohe Longkeeper Reselected; 96% germination
rate) coated with three fungicides commonly known as Carbendazim (benzimidazole
carbonate,62.5 g a.i. kg-1seed, Elliot Technologies Ltd, NZ), Sumisclex (procymidone,
5 g a.i. kg-1 seed, Nufarm, NZ) and Captan (phthalimide, 4 g a.i. kg-1seed, Elliot
Technologies Ltd, NZ) (12.5%, 1% and 0.8%, respectively) provided by Seed and
Field Service Ltd (Pukekohe).

A

B

Figure 3.1. Green manure pot experiment set up in the glasshouse showing the plant bags at (A)
planting time and (B) after 16 weeks growth.

Three seeds were planted in each plant bag at a depth of 0.5 cm. After 2 weeks, the
seedlings were thinned to one plant per bag. The plants were watered twice a week
to maintain the average soil moisture inside the pot at 75 - 80% of WHC (Pukekohe
soil WHC = 57.2%). The glasshouse was subject to seasonal temperature variations,
with a minimum of 16°C (start of the experiment in August) and a maximum of 30°C
(at the end of the experiment in December).
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3.2.1.6. Assessments
The first assessment was carried out prior to the planting of onion seeds to measure
the background CFU levels of Trichoderma. High Penicillium numbers in some
treatments were observed, therefore, the CFU levels of Penicillium were also
recorded. For each treatment, eight 10 g soil replicates were randomly taken from the
bulk soil 2 weeks after the onion and oat residue amendments were made. The
samples for soil dilutions were taken on the 18th of August 2005, with the potting up of
the plant bags and the planting of the onion seeds carried out on the 20th of August,
after which, sampling was carried out every 4 weeks over the 16 weeks duration of
the experiment. The numbered plastic containers (1 to 16) were selected for harvest
at random using a random digit table. Four were selected at each harvest (Appendix
3) making a total of 16 plant bags and four replicates per treatments. Two 10 g
rhizosphere soil sub-samples were taken from each of the four replicates for soil
dilution. The first assessment was carried out on the 20th of September 2005.

3.2.1.7. Rhizosphere soil sampling and soil dilution
At each assessment, the plant bags were removed from their plastic containers and
carefully laid flat in a large metal tray. Using a sharp scalpel, the bag was cut
vertically and gently split into two halves (Figure 3.2). Using a small spatula, 20 g of
rhizosphere soil was collected around the onion roots and placed in a polyethylene
zip lock bag. Rhizosphere soil for this study was defined as the soil within 1 cm of the
root (Killham, 1994; Sørensen, 1997). Additional rhizosphere soil (20 g) was sampled
from each replicate and placed in a separate plastic bag for pH and GWC
measurements. Samples were also sent to Hill Laboratories Ltd for the analysis of
soil pH, OM, total carbon and total nitrogen content and C:N ratio (Appendix 3). Soil
samples were stored at 8°C and processed for soil dilution within 1 week. Roots were
also randomly sampled from each treatment to assess Trichoderma species diversity
in the rhizoplane soil of onion. The rhizoplane soil for this study was defined as the
soil in direct contact with the roots (Sørensen, 1997). The roots were kept in zip lock
polyethylene bags and stored at 8°C until processing.
The effects of plant residue amendments on the population number of Trichoderma
species in the rhizosphere and rhizoplane soil was evaluated by soil dilution plating
and CFU counting on TSM-LU agar, as described previously in Section 2.2.2.
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Trichoderma CFU were recorded on TSM-LU after 10 d incubation in the dark at

20°C. Penicillium numbers were also calculated as CFU per gram of ODS.
Penicillium colonies were easy to identify on TSM-LU, as generally small, round

colonies with powdery green conidia (Figure 3.3).

Figure 3.2. Plant bag cut open
revealing the root structure of an
onion plant.

Figure 3.3. TSM-LU plate with several
typical Penicillium colonies isolated from
the rhizosphere soil of onion.

3.2.1.8. Trichoderma species identification
In this experiment, the isolation, purification, DNA extraction and amplification, and
species identification of Trichoderma colonies (using RFLP and morphology
identification on ½ PDA+c plates) from the rhizosphere and rhizoplane soil of onion
plants followed the methodology described in Section 2.3. The presence and
absence of Trichoderma species in the rhizosphere soil of onion roots was recorded
for each replicate in each treatment. The presence of a species in a sample was
scored as 1 and its absence was scored as 0. In addition, five representative isolates
of the Penicillium colonies (Pen 1, Pen 2, Pen 3, Pen 4, and Pen 5) were also sent
to Dr Nick Waipara (Landcare Research, Auckland) for species identification by
sequencing of their internal transcribed spacer 1 and 2 DNA regions and
morphological characterisation using a standard method described by Pitt (1979).
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3.2.1.9. Onion plant dry weight
During the final harvest, the onion plants from each treatment were collected. Only
the aboveground part (including bulb but excluding the roots) of each plant was
taken. The plants were grouped by treatment and their fresh weight recorded. The
plants were then oven dried at 80°C for 24 h to remove all the water present in the
plants. The weight of each plant was recorded to obtain their dry weight.

3.2.2. Experiment two: Green oat crop amendment
3.2.2.1. Rationale
The design of this experiment matches more closely to what is commonly practiced
by farmers in the field where oat is grown for 5 months and then both the shoots and
roots are incorporated back into the soil resulting in higher OM incorporation. In
addition, having a cereal such as oats growing in the soil may result in significant
release of root exudates that could affect both the size and species diversity of the
indigenous Trichoderma population within the rhizosphere soil of onion plants.
Therefore, in this experiment, field soil where oat had been grown was used to grow
onion plants in pots and investigate its effect on the indigenous Trichoderma
population size (CFU numbers) and species diversity. Penicillium populations were
also determined.

3.2.2.2. Soil Sampling
During May 2006, oat was planted in eight plots (Appendix 2) at the Pukekohe
Research Station as part of the long term field experiment (Chapter Two). These
plots had oat growing in them for 5 months (October 2006). At the end of this growing
period, a random 1 m2 sample of oat plants along with their root systems was
harvested to calculate the quantity of oat dry matter per hectare. The soil from these
plots had 9 t ha

-1

of oat dry matter. Then, the oat crop was ploughed in as a green

manure by rotary hoe on the 18th of October 2006 to a depth of 10 cm. The following
day, 60 kg of soil from these plots was randomly sampled from the surface to a depth
of 10 cm. The collected soil was brought back to Lincoln University and placed in the
glasshouse in large plastic bins for 2 weeks to allow pre-decomposition of the oat
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residue. In addition, 60 kg of bulk soil (soil with no crop) was also collected and
treated the same way. The bulk soil was sampled in the row between plots where the
soil was kept free of plant for the duration of the Pukekohe field experiment. This soil
was used as the control as any Trichoderma population present in the bulk soil had
not been affected by the presence of plants.

3.2.2.3. Treatments
In this experiment three treatments were set up. The control treatment used bulk soil
with no crop residues (no oats) and was amended with coarse perlite and fine
pumice (Pukekohe soil mix) as described before (Section 3.2.1.3). The second
treatment was an onion residue treatment where Pukekohe soil mix using bulk soil
was amended with 1 t ha -1 (dry weight basis) of onion (var. Pukekohe Longkeeper)
scales residues. The treatment was set up following the same method used in the
previous pot experiment (Section 3.2.1.4). The soil collected from the plots where
oats had been grown was used in the third treatment and mixed with sterile fine
pumice and coarse perlite to the same proportion as for the other treatments. The
bins used to mix each treatment were also sealed to prevent moisture loss and left
for 2 weeks in the glasshouse to allow pre-decomposition of the plant residues and
prevent damage to the onion seedlings by toxins released during initial
decomposition stages (organic acids, NO3- and NO2-).

3.2.2.4. Experimental set up and assessments
The experiment was set up in a complete randomised design. Black polyethylene
plant bags with drainage holes were used as pots as in the previous experiment
(Section 3.2.1.5). These were filled with 1030 g of one of the Pukekohe soil mix
treatments and placed in square plastic containers. A total of 24 numbered
containers were each filled with three plant bags (one per treatment) with a total of 72
plant bags set up making a total of 24 replicates per treatment. The containers were
placed in the middle bench of a glasshouse and plant bags were sowed with onion
seeds (var. Terranova Pukekohe Longkeeper Reselected) coated with Carbendazim,
Sumisclex and Captan on the 8th of November 2006. Three seeds were planted in
each plant bag at a depth of 0.5 cm. After 2 weeks, the seedlings were thinned to
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one seedling. The pots were regularly watered to maintain the soil GWC at 75% to
80% of the WHC of the Pukekohe soil (WHC = 57.2%). The experiment ran from the
25th of October 2006 (time of treatment mixing) to the 8th of March 2007 (4 months
assessment).
In this experiment, sampling was carried out at 4, 8 and 16 weeks after planting. In
addition, at the beginning of the experiment prior to the 2 weeks incubation period, 16
soil samples were randomly taken from the bins containing each treatment to
measure background Trichoderma and Penicillium CFU levels. At each assessment,
eight numbered containers were randomly selected (Appendix 3) following the
method previously described (Section 3.2.1.6). Therefore, eight replicates were
sampled for each treatment and two 10 g rhizosphere soil sub-samples were taken
per replicate for soil dilutions making a total of 16 samples per treatment.

3.2.2.5. Rhizosphere soil sampling and soil dilution
The sampling of the rhizosphere soil from the onion plant was carried out as
described previously (Section 3.2.1.7). Only the rhizosphere soil was sampled from
the onion plants. This allowed for a greater number of rhizosphere soil replicates to
be processed (16 instead of the 8 in the first pot experiment). Soil samples for soil pH
and GWC measurements were also taken at each assessment (Appendix 3). At the
beginning of the experiment, a complete soil analysis was also carried out by Hill
Laboratories Ltd to measure possible differences in OM (%), C:N ratio, total carbon
and nitrogen content (%) between the oat treated soil and the Pukekohe bulk soil
(Appendix 3). The effect of green manure amendments on the CFU of Trichoderma
and Penicillium was assessed by soil dilution plating and CFU counting on TSM-LU
agar as described in Section 2.2.2.

3.2.2.6. Trichoderma species identification
As in the previous experiment, indigenous Trichoderma species present in the
rhizosphere soil of onion in the different treatments were identified. The
morphological identification method optimised in Chapter Two was applied to 415
isolates 155 of which were processed by RFLP. The isolation, purification, DNA
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extraction and amplification, species identification by RFLP and DNA sequencing
were all performed using the methods described in Section 2.2.4.

3.2.2.7. Onion plant harvest
The aboveground part of the onion plants were harvested after 4 months to measure
differences in onion biomass between the three treatments. The onion dry matter
weight was obtained using the method previously described (Section 3.2.1.9).

3.2.3. Data analysis
3.2.3.1. CFU number analysis
For the first experiment, Trichoderma and Penicillium CFU numbers in the
rhizosphere and rhizoplane of onion were analysed using standard (general
unblocked) ANOVA with factorial treatment structure and interactions. The same
analysis was performed in experiment 2 but only on the rhizosphere soil as the
rhizoplane soil was not sampled. All the data were log transformed (log10), such
transformation is often used when dealing with population counts where the whole
population cannot be sampled and where a normal distribution needs to be achieved
on skewed data (Olsen, 2003). All statistical analyses were performed on the log10
transformed CFU values following the addition of 1 to allow for zero counts. The
analysis using ANOVA looked at the main effect of time and treatment, and the time
x treatment interaction. Significance was evaluated at P < 0.05 for all analyses and
mean separation was accomplished by Fisher’s protected least significant difference
(LSD) test. All data were analysed with the statistical software GenStat ver. 9.0 (VSN
International Ltd). Unless stated otherwise, all the presented data are the geometrical
means which is the antilog of the means value for the normal distribution of log10
values. A regression analysis was carried out to measure possible association
between Trichoderma and Penicillium CFU numbers, the regression was performed
on the non-transformed data. The complete statistical tables for all analyses are
presented in Appendix 5.
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3.2.3.2. Trichoderma species presence frequency
As previously described in Chapter Two, due to the variability in the species
abundance data, analysis was not possible. However the presence frequency of
each species (presence was scored as “1” and absence as “0”) was analysed. The
frequency of the presence of each species at different sampling time and across the
different treatments was analysed by a Generalised Linear Model with a weighted
factor using statistical software GenStat ver. 9.0. Significance was evaluated at P <
0.05 for all analyses. Mean separation was achieved using t-test pair wise
comparison. Statistical tables for all analyses are presented in Appendix 5.

3.2.3.3. Onion plant dry weight
Differences in dry weight of above ground parts of onion plants between different
treatments were analysed using a one way ANOVA (no blocking) using the statistical
software GenStat ver. 9.0. Significance was evaluated at P < 0.05. The data were not
transformed prior to statistical analysis. Statistical tables of the analyses are
presented in Appendix 5.

3.3. RESULTS
3.3.1. Experiment one: Green oat shoots amendments
3.3.1.1. Trichoderma CFU numbers
Trichoderma colonies were recovered from all the treatments at all sampling times

and CFU numbers ranged from 1.2 x 101 to 1.4 x 103 g-1 ODS. In the control
treatment, differences in Trichoderma CFU numbers were not significant between the
different sampling times. Over the duration of the trial there was a significant (P =
0.012) interaction between green manure treatments and time indicating that the
effects of each factor were non-additive (Table 3.1). Trichoderma CFU numbers
decreased in the onion residue treatment with the CFU recorded after 16 weeks
significantly lower than that recorded initially. The reverse trend was observed in the
high oat residue treatment where CFU numbers increased with time, however, this
was not significant. In the control treatment CFU numbers remained relatively
constant throughout the experiment, however, in the low oat treatment CFU numbers
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fluctuated but were not significant. The interaction also showed there was no
significant difference in Trichoderma CFU numbers between the four treatments at
the first sampling time, 2 weeks prior to planting of the onion seeds (Table 3.1).
Sixteen weeks later, by the end of the pot experiment Trichoderma CFU numbers
were significantly lower in the rhizosphere soil of onion plants in the onion residue
treatment (1 t ha-1) compared with all other treatments. The main effect of green
manure treatment was significant (P < 0.001) with Trichoderma CFU numbers the
lowest overall in the onion residue treatment. No significant difference in Trichoderma
CFU numbers was observed between the control and the two oat treatments.
Overall, in the rhizoplane soil, Trichoderma CFU numbers were very variable and
very low, not exceeding 8.51 x 102 g-1 ODS. Furthermore, zero Trichoderma counts
were recorded in many samples. Consequently statistical analysis (Table 3.2)
resulted in non significant differences (P = 0.708) in Trichoderma CFU numbers
between the four green manure treatments. The main effect of time was significant
(P= 0.013) but the interaction between treatment and time was not (P = 0.542).
General trends showed that CFU numbers in all treatments were higher at the end of
the experiment than at the start. In particular a large increase in Trichoderma CFU
numbers was observed in the control treatment at the end of the experiment. No
Trichoderma were recovered from either oat treatment during the first assessment.
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Table 3.1. Statistical summary of the geometrical mean (antilog of the mean value for the normal distribution of the log10 values) of Trichoderma CFU numbers
(g-1 of ODS) measured in the rhizosphere soil of onion over time under four different green manure amendment treatments. The treatments consisted of a
control treatment (Trt 1) with no green manure added, an onion residue (1 t ha-1) treatment (Trt 2) and two oat residue (4 t ha-1 and 8 t ha-1) treatments (Trt 3
and Trt 4, respectively). Log10 transformed means are given in parentheses. Significant differences (P < 0.05) between treatments, time and interactions
between each factor were tested using a (general unblocked) ANOVA on the log10 transformed data, presented in parentheses.
Trichoderma CFU geometric means (log10 transformed means)

Analysis

Trt 1

Trt 2

Trt 3

Trt 4

Background

1.12 x 103 (3.05)

1.10 x 103 (3.04)

3.90 x 102 (2.59)

6.97 x 102 (2.84)

+ 4 weeks

1.29 x 103 (3.11)

6.46 x 101 (1.81)

7.60 x 102 (2.88)

1.79 x 102 (2.25)

+ 8 weeks

9.95 x 102 (2.99)

1.21 x 101 (1.08)

1.61 x 102 (2.21)

1.20 x 103 (3.08)

+ 12 weeks

3
1.21 x 10 (3.08)

2.81 x 102 (2.45)

1.24 x 103 (3.09)

1.34 x 103 (3.13)

+ 16 weeks

1.14 x 103 (3.06)

4.75 x 101 (1.68)

8.22 x 102 (2.91)

1.44 x 103 (3.16)

†

Treatment
main effect
Time main
effect

LSD

0.012 *

(0.82)
d.f. = 12

< 0.001
***

(0.36)
d.f. = 3

0.024 *

(0.41)
d.f. = 4

Green manure treatments (n= 8 replicates per treatment for each assessment time)

Assessment
time

Time x
treatment
interaction

P value

Trt 1
3

1.15 x 10 (3.06) a

Trt 2

Trt 3

Trt 4

2

2

2

1.03 x 10 (2.01) b

5.46 x 10 (2.74) a

Background

+ 4 weeks

+ 8 weeks

2

2

2

7.60 x 10 (2.88) bc

3.26 x 10 (2.51) ab

2.19 x 10 (2.34) a

7.82 x 10 (2.89) a

+ 12 weeks
2

8.69 x 10 (2.94) c

+ 16 weeks
2

5.03 x 10 (2.70) abc

For the main effect of treatments or time, values within one row followed by the same lowercase letters are not significantly different according to ANOVA (P < 0.05).
ns = non significant, * significant at P < 0.05, *** significant at P< 0.001, Trt = treatment, d.f. = degrees of freedom, LSD = least significant differences of means.
† Background Trichoderma CFU levels obtained from bulk soil before the onions were planted in the plant bags.
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Table 3.2. Statistical summary of the geometrical mean (antilog of the mean value for the normal distribution of the log10 values) of Trichoderma CFU numbers
(g-1 of ODS) assessed in the rhizoplane soil of onion over time under four different green manure amendment treatments. The treatments consisted of a
control treatment (Trt 1) with no green manure added, an onion residue (1 t ha-1) treatment (Trt 2) and two oat residue (4 t ha-1 and 8 t ha-1) treatments (Trt 3
and Trt 4, respectively). Log10 transformed means are given in parentheses. Significant differences (P < 0.05) between treatments, time and interactions
between each factor were tested using a (general unblocked) ANOVA on the log10 transformed data.
Trichoderma CFU geometric means (log10 transformed means)

Analysis

Treatment
main effect
Time main
effect

Trt 1

Trt 2

Trt 3

Trt 4

+ 4 weeks

4.46 x 101 (1.65)

6.76 x 100 (0.83)

1.00 x 100 (0.00)

0.00 x 100 (0.00)

+ 8 weeks

3.80 x 101 (1.58)

5.01 x 100 (0.70)

1.90 x 102 (2.28)

3.39 x 101 (1.53)

+ 12 weeks

2.69 x 101 (1.43)

9.77 x 101 (1.99)

2.19 x 102 (2.34)

2.24 x 102 (2.35)

+ 16 weeks

4.36 x 102 (2.64)

3.55 x 101 (1.55)

8.51 x 102 (1.93)

1.95 x 102 (2.29)

§

LSD

0.542 ns

(na)
d.f. = 9

0.708 ns

(na)
d.f. = 3

< 0.013 *

(0.97)
d.f. = 3

Green manure treatments (n = 8 replicates per treatment for each assessment time)

Assessment
time

Time x
treatment
interaction

P value

Trt 1

Trt 2

Trt 3

Trt 4

6.76 x 10 (1.83) a

1

1.86 x 10 (1.27) a

1

4.36 x 10 (1.64) a

1

3.47 x 10 (1.54) b

+ 4 weeks

+8 weeks

+ 12 weeks

+ 16 weeks

0

1

2

2

1

4.17 x 10 (0.62) a

3.31 x 10 (1.52) ab

1.07 x 10 (2.03) b

1.26 x 10 (2.10) b

For the main effect of treatments or time, values within one row followed by the same lowercase letters are not significantly different according to ANOVA (P < 0.05).
ns = non significant, * significant at P < 0.05, Trt = treatment, d.f. = degrees of freedom, LSD = least significant differences of means, na = not applicable.
§ + 1 month indicates the time after which the onion seeds were planted in the plant bags.
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3.3.1.2. Penicillium CFU numbers
Penicillium colonies were present in all the treatments at all the sampling times with

means ranging from 6.3 x 103 to 8.3 x 104 CFU g-1 ODS. In the control treatment CFU
numbers were very low in comparison to the other treatments. Despite a small
increase in CFU numbers at the third assessment, numbers remained relatively
constant throughout. Overall, Penicillium populations were sixty times more abundant
than Trichoderma populations. The results of the statistical analysis are summarised
in Table 3.3.
At the first sampling, 2 weeks before the planting of the onion seeds, there was a
significant difference in Penicillium CFU numbers between the four treatments with
numbers

significantly

higher

in the

low

oat

and high oat treatment when

compared with the control and onion residue treatment (P < 0.001). Sixteen weeks
later, at the end of the pot trial, Penicillium CFU numbers were significantly higher (P
< 0.001) in the rhizosphere soil of onion plant in the onion residue treatment when
compared to the other three treatments. Penicillium CFU numbers were also
significantly higher in the two oat treatments than in the control. Over the duration of
the experiment, Penicillium CFU numbers increased in the onion residue treatment
with a peak at 2 weeks. In the low oat treatment, CFU numbers at the end of the
experiment had significantly increased from their initial level at the start of the
experiment. However, in the high oat treatment, CFU numbers slowly decreased with
time.
In the rhizoplane soil, Penicillium CFU results were similar to that obtained in the
rhizosphere soil. Penicillium CFU numbers were significantly higher in the onion
residue treatment than in all the other treatments (P < 0.001). The control treatment
also had the lowest numbers of Penicillium CFU while the two oat treatments with
slightly higher CFU numbers were not significantly different from each other. In the
control, low oat (4 t ha-1) and high oat (8 t ha-1) treatments, Penicillium CFU numbers
remained relatively constant between the eight and sixteen weeks assessment. The
statistical analysis of the interaction between time x treatment (P < 0.041) also
displayed a significant difference in Penicillium CFU numbers (Table 3.4).
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Table 3.3. Statistical summary of the geometrical mean (antilog of the mean value for the normal distribution of the log10 values) of Penicillium CFU numbers
(g-1 of ODS) assessed in the rhizosphere soil of onion over time under four different green manure amendment treatments. The treatments consisted of a
control treatment (Trt 1) with no green manure added, an onion residue (1 t ha-1) treatment (Trt 2) and two oat residue (4 t ha-1 and 8 t ha-1) treatments (Trt 3
and Trt 4, respectively). Log10 transformed means are given in parentheses. Significant differences (P < 0.05) between treatments, time and interactions
between each factor were tested using a (general unblocked) ANOVA on the log10 transformed data.
Penicillium CFU geometric means (log10 transformed means)

Analysis

Trt 1

Trt 2

Trt 3

Trt 4

Background

6.46 x 103 (3.81)

5.89 x 103 (3.77)

2.17 x 104 (4.34)

4.46 x 104 (4.65)

+ 4 weeks

2.48 x 104 (4.39)

1.41 x 105 (5.15)

4.41 x 104 (4.64)

6.14 x 104 (4.79)

+ 8 weeks

1.65 x 104 (4.22)

1.39 x 105 (5.14)

4.01 x 104 (4.60)

2.57 x 104 (4.41)

+ 12 weeks

4
1.05 x 10 (4.02)

6.48 x 104 (4.81)

3.29 x 104 (4.52)

2.27 x 104 (4.36)

+ 16 weeks

8.21 x 103 (3.91)

8.22 x 104 (4.91)

3.22 x 104 (4.51)

1.87 x 104 (4.27)

†

Treatment
main effect
Time main
effect

Trt 1

Trt 2

4

4

1.17 x 10 (4.07) a
Background
4

LSD

< 0.001
***

(0.12)
d.f. = 12

< 0.001
***

(0.056)
d.f. = 3

< 0.001
***

(0.062)
d.f. = 4

Green manure treatments (n = 6 replicates per treatment for each assessment time)

Assessment
time

Time x
treatment
interaction

P value

1.39 x 10 (4.14) a

5.75 x 10 (4.76) c
+ 4 weeks
4

5.55 x 10 (4.74) d

Trt 3

Trt 4

4

4

3.31 x 10 (4.52) b
+ 8 weeks
4

3.93 x 10 (4.59) c

3.09 x 10 (4.49) b

+ 12 weeks

+ 16 weeks

4

4

2.67 x 10 (4.43) b

2.52 x 10 (4.40) b

For the main effect of treatments or time, values within one row followed by the same lowercase letters are not significantly different according to ANOVA (P < 0.05).
*** significant at P< 0.001, Trt = treatment, d.f. = degrees of freedom, LSD = least significant differences of means.
† Background Penicillium CFU levels obtained from bulk soil before the onions were planted in the plant bags.
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Table 3.4. Statistical summary of the geometrical mean (antilog of the mean value for the normal distribution of the log10 values) of Penicillium CFU numbers
(g-1 of ODS) assessed in the rhizoplane soil of onion over time under four different green manure amendment treatments. The treatments consisted of a
control treatment (Trt 1) with no green manure added, an onion residue (1 t ha-1) treatment (Trt 2) and two oat residue (4 t ha-1 and 8 t ha-1) treatments (Trt 3
and Trt 4, respectively). Log10 transformed means are given in parentheses. Significant differences (P < 0.05) between treatments, time and interactions
between each factor were tested using a (general unblocked) ANOVA on the log10 transformed data.
Penicillium CFU geometric means (log10 transformed means)

Analysis

Treatment
main effect
Time main
effect

LSD

< 0.041 *

(0.32)
d.f. = 9

< 0.001
***

(0.16)
d.f. = 3

< 0.027 *

(0.16)
d.f. = 3

Green manure treatments (n = 6 replicates per treatment for each assessment time)

Assessment
time

Time x
treatment
interaction

P value

Trt 1

Trt 2

Trt 3

Trt 4

+ 4 weeks

3.86 x 103 (3.59)

1.83 x 104 (4.26)

3.82 x 103 (3.58)

4.91 x 103 (3.69)

+ 8 weeks

1.94 x 103 (3.29)

5.07 x 104 (4.70)

8.18 x 103 (3.91)

9.88 x 103 (3.99)

+ 12 weeks

1.54 x 103 (3.19)

2.69 x 104 (4.43)

8.71 x 103 (3.94)

7.33 x 103 (3.86)

+ 16 weeks

3.70 x 103 (3.57)

3.84 x 104 (4.58)

8.28 x 103 (3.92)

8.16 x 103 (3.91)

§

Trt 1
3

Trt 2
4

Trt 3

Trt 4

3

3

2.56 x 10 (3.41) a

3.13 x 10 (4.49) c

6.89 x 10 (3.84) b

7.34 x 10 (3.87) b

+ 1 month

+ 2 months

+ 3 months

+ 4 months

3

3

3

3

6.04 x 10 (3.78) a

9.48 x 10 (3.98) b

7.18 x 10 (3.86) a

9.91 x 10 (3.99) b

For the main effect of treatments or time, values within one row followed by the same lowercase letters are not significantly different according to ANOVA (P < 0.05).
* significant at P < 0.05, *** significant at P< 0.001, Trt = treatment, d.f. = degrees of freedom, LSD = least significant differences of means.
§ + 1 month indicates the time after which the onion seeds were planted in the plant bags.
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3.3.1.3. Trichoderma species diversity
In this pot trial, five species of Trichoderma were recovered in the rhizosphere these
being T. asperellum, T. atroviride, T. hamatum, T. harzianum and T. koningii. In the
rhizoplane soil of onion the same species were recovered except for T. atroviride. All
the species were identified using the identification method developed in Chapter
Two. The nuclear small-subunit rDNA sequence containing the ITS 1 and 2 regions
and the 5.8S rRNA gene of representative isolates was sequenced. A BLAST search
on the NCBI website resulted in the same species match as for the field experiment
Table 2.7 (Chapter Two).

3.3.1.4. Trichoderma species proportion and presence frequency
In this experiment, a total of 429 isolates were recovered from the rhizosphere soil.
The proportions of Trichoderma species were very variable between treatments and
over time. The overall proportion of each Trichoderma species was as follows; T.
asperellum (6%), T. atroviride (3%), T. hamatum (39%), T. harzianum (27%) and T.
koningii (25%) (Figure 3.4). T. atroviride was recovered in the first two assessments

but never isolated in the later assessments.
The statistical analysis of the presence frequency (the likelihood of isolating a
particular species in one treatment or at a specific time, where 1 = 100% chance of
recovery and 0 = the absence of a species) of the different Trichoderma species in
the different treatments and over time showed that time had no significant effect on
the likelihood of recovering any of the five species (Table 3.5).
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Figure 3.4. Overall Trichoderma species proportions determined in a control and three green manure
treatments across all assessments. Values in parenthesis are the total number of isolates for each
treatment.

Table 3.5. Effect of green manure treatments and assessment time on the presence frequency of five
Trichoderma species in rhizosphere soil of onion. Significant differences are evaluated at P < 0.05.
Species
T. asperellum
T. atroviride
T. hamatum
T. harzianum
T. koningii

Time effect F pr.

Treatment effect F pr.

General Linear Regression F pr.

0.646 ns
0.108 ns
0.197 ns
0.107 ns
0.367 ns

0.095 ns
0.426 ns
0.327 ns
0.037 *
0.203 ns

0.254 ns
0.177 ns
0.236 ns
0.043 *
0.275 ns

ns = non significant, * significant at P < 0.05, F pr. = Probability value

A significant treatment effect was only detected for T. harzianum (Table 3.5). T.
harzianum presence frequency was significantly lower in the onion residue treatment

(Figure 3.5) compared with the control and the two oat treatments. No significant
difference was observed between the control and the low oat (4 t ha-1) treatment.
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Figure 3.5. Comparison of the presence frequency of T. harzianum measured in the rhizosphere soil
of onion plants between four different green manure treatments across all assessments. LSD = Least
significant difference calculated from ANOVA. Treatments with the same uppercase letter are not
significantly different at P < 0.05.

Overall, few Trichoderma isolates were recovered from the rhizoplane soil (81) than
from the rhizosphere soil (429) of onion roots. However, a comparison of the overall
proportions of the different Trichoderma species between the rhizosphere and the
rhizosphere soil (Figure 3.6) across all treatments and all assessments reveals very
similar proportions in species between the two soil types. T. atroviride was never
recovered from the rhizoplane soil at any time while T. asperellum seemed to be
present in a greater proportion in the rhizoplane soil.
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Figure 3.6. Overall Trichoderma species proportions measured across all treatments and all
assessments between the onion rhizoplane and rhizosphere soil. Values in parentheses are the
number of isolates recovered for each soil type.

3.3.1.5. Onion plant dry weight
The aboveground dry matter weight (g) of the onions harvested at the end of the
experiment were significantly lower in the onion residue treatment (P = 0.013) (Figure
3.7) compared with all other treatments. The plants from this treatment were less
developed than the plants in the other treatments and had smaller bulbs (Figure 3.8).
Plants from both oat treatments were larger than the ones from the control treatment
but these differences were not significant. The onion plant water content was 87% in
all treatments.
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Figure 3.7. Mean aboveground dry weight (g) of onion plants measured after 16 week growth in soil
amended with four different green manure treatments. LSD = Least significant difference calculated
from ANOVA. Treatments with the same uppercase letter are not significantly different at (P < 0.05).

Figure 3.8. Fresh above ground matter of 16 week old onion plants from four different green manure
treatments. T1= Control (no organic matter) , T2 = Onion (1 t ha-1), T3 = Oat (4 t ha-1), T4 = Oat (8 t
ha-1). OM = Organic matter.
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3.3.2. Experiment Two: Green oat crop amendment
3.3.2.1. Trichoderma CFU numbers
Trichoderma colonies were isolated in all treatments and at all sampling times. The

statistical analyses are summarised in Table 3.6. No significant interaction (P =
0.770) was detected between the factor time and treatment on Trichoderma CFU
numbers. However, the treatment effect was significant (P < 0.001), with
Trichoderma CFU numbers significantly lower in the onion residue treatment than in

the control and oat treatment throughout the duration of the experiment. The control
and oat treatment did not significantly differ from each other. In the oat treatment,
Trichoderma CFU numbers consistently increased over time (except during the third

assessment) but this was not significant. Trichoderma CFU levels in the control
treatment ranged from 3.45 x 102 to 1.06 x 103 g-1 ODS and in the oat treatment,
numbers ranged from 4.14 x 102 to 1.46 x 103 g-1 ODS. These values were similar to
experiment 1 except in the onion residue treatment where Trichoderma populations
were much lower (3.07 x 100 to 1.05 x 101 g-1 ODS).

3.3.2.2. Penicillium CFU analysis in rhizosphere soil
In this second experiment Penicillium CFU numbers recovered were very high with
an overall mean of 6.09 x 104 g-1 ODS. This was 400 times more than the
Trichoderma CFU numbers overall mean of 1.40 x 102 g-1 ODS. The results of the

statistical analyses are summarised in Table 3.7. The interaction between time and
treatment was significant (P < 0.001) and therefore their effect was non-additive. Two
weeks before planting the onion seeds, Penicillium CFU numbers were significantly
higher in the onion residue (1 t ha-1) treatment than in both the oat green manure and
control treatments. Of these, the CFU numbers were significantly lower in the control
treatment compared with the oat green manure treatment. At the end of the
experiment, a similar trend was observed. The three treatments were significantly (P
< 0.001) different from one another with CFU numbers being the lowest in the control
treatment and the highest in the onion residue treatment. The main time effect was
also significant (P < 0.001) with CFU numbers significantly higher in the background
assessment.
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Table 3.6. Statistical summary of the geometrical mean (antilog of the mean value for the normal distribution of the log10 values) of Trichoderma CFU numbers
(g-1 of ODS) assessed in the rhizosphere soil of onion over time under three different green manure amendment treatments. The treatments consisted of a
control treatment (Trt 1) with no green manure added, an onion residue (1 t ha-1) treatment (Trt 2) and one oat residue (9 t ha-1) treatment (Trt 3). Log10
transformed means are given in parentheses. Significant differences (P < 0.05) between treatments, time and interactions between each factor were tested
using a (general unblocked) ANOVA on the log10 transformed data, presented in parentheses.
Trichoderma CFU geometric means (log10 transformed means)

Analysis

Treatment
main effect
Time main
effect

LSD

0.770 ns

(na)
d.f. = 16

< 0.001
***

(0.33)
d.f. = 2

0.126 ns

(na)
d.f. = 3

Green manure treatments (n = 16 replicates per treatment for each assessment time)

Assessment
time

Time x
treatment
interaction

P value

†

Background

Trt 1

Trt 2

Trt 3

8.49 x 102 (2.93)

3.07 x 100 (0.49)

7.23 x 102 (2.86)

3

+ 4 weeks

1.06 x 10 (3.03)

1

3

1.31 x 10 (3.12)

0

1.05 x 10 (1.02)

2

+ 8 weeks

3.45 x 10 (2.54)

4.50 x 10 (0.65)

4.14 x 102 (2.62)

+ 16 weeks

4.71 x 102 (2.67)

4.50 x 100 (0.65)

1.46 x 103 (3.16)

Trt 1
2

6.19 x 10 (2.79) b
Background
2

1.23 x 10 (2.09) a

Trt 2

Trt 3

0

8.69 x 102 (2.94) b

5.01 x 10 (0.70) a
+ 4 weeks

+ 8 weeks

+ 16 weeks

2

1

2

2.45 x 10 (2.39) a

8.63 x 10 (1.94) a

1.45 x 10 (2.16) a

For the main effect of treatments or time, values within one row followed by the same lowercase letters are not significantly different according to ANOVA (P < 0.05).
ns = non significant, *** significant at P< 0.001, Trt = treatment, d.f. = degrees of freedom, LSD = least significant differences of means, na = not applicable.
†
Background
Trichoderma
CFU
levels
obtained
from
bulk
soil
before
the
onions
were
planted
in

the

plant

bags.
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Table 3.7. Statistical summary of the geometrical mean (antilog of the mean value for the normal distribution of the log10 values) of Penicillium CFU numbers
(g-1 of ODS) measured in the rhizosphere soil of onion over time under three different green manure amendment treatments. The treatments consisted of a
control treatment (Trt 1) with no green manure added, an onion residue (1 t ha-1) treatment (Trt 2) and one oat residue (9 t ha-1) treatment (Trt 3). Log10
transformed means are given in parentheses. Significant differences (P < 0.05) between treatments, time and interactions between each factor were tested
using a (general unblocked) ANOVA on the log10 transformed data, presented in parentheses.
Penicillium CFU geometric means (log10 transformed means)

Analysis

Treatment
main effect
Time main
effect

LSD

< 0.001
***

(0.094)
d.f. = 6

< 0.001
***

(0.047)
d.f. = 2

< 0.001
***

(0.054)
d.f. = 3

Green manure treatments (n= 8 replicates per treatment for each assessment time)

Assessment
time

Time x
treatment
interaction

P value

†

Background

Trt 1

Trt 2

Trt 3

7.66 x 104 (4.88)

4.75 x 105 (5.68)

1.31 x 105 (5.12)

4

+ 4 weeks

1.42 x 10 (4.15)

5

4

4.79 x 10 (4.68)

5

4.99 x 10 (5.70)

3

+ 8 weeks

4.27 x 10 (3.63)

3.54 x 10 (5.55)

2.05 x 104 (4.31)

+ 16 weeks

7.15 x 103 (3.85)

3.12 x 105 (5.49)

2.37 x 104 (4.37)

Trt 1

Trt 2

4

5

1.35 x 10 (4.13) a
Background
5

1.68 x 10 (5.22) d

Trt 3
4

4.02 x 10 (5.60) c
+ 4 weeks
4

6.98 x 10 (4.84) c

4.17 x 10 (4.62) b
+ 8 weeks

+ 16 weeks

4

4

3.14 x 10 (4.50) a

3.75 x 10 (4.57) b

For the main effect of treatments or time, values within one row followed by the same lowercase letters are not significantly different according to ANOVA (P < 0.05).
*** significant at P< 0.001, Trt = treatment, d.f. = degrees of freedom, LSD = least significant differences of means.
† Background Penicillium CFU levels obtained from bulk soil before the onions were planted in the plant bags.
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Penicillium populations were higher than in the previous pot experiment with means

ranging from 4.27 x 103 to 4.99 x 105 g-1 ODS. Throughout the experiment,
Penicillium CFU numbers were highest in the onion residue treatment and lowest in

the control treatment. These results show the same trend observed in the previous
pot experiment where a decrease in Trichoderma CFU numbers was observed when
Penicillium CFU numbers increased.

As a result of the above observation, a regression analysis was performed on the
paired samples of Penicillium and Trichoderma CFU values determined from the 192
soil samples assessed over the duration of the second pot experiment. Penicillium
CFU numbers were analysed as the independent variable and Trichoderma CFU
numbers as the response variable. The strength of association was estimated by
calculating the coefficient of correlation (r = 0.56) and coefficient of determination (r2
= 0.31) while the P value was also calculated to measure if any association was
significant. A significant association was detected (Figure 3.9). Trichoderma CFU
numbers were significantly lower (P < 0.001) when Penicillium CFU numbers were
high.

3.3.2.3. Trichoderma species diversity
Five species of Trichoderma were isolated and identified from this experiment, T.
asperellum, T. atroviride, T. hamatum, T. harzianum and T. koningii. All the species

were identified using the identification method developed in Chapter Two. The
nuclear small-subunit rDNA sequence containing the ITS 1 and 2 regions and the
5.8S rRNA gene of representative isolates was sequenced. A BLAST search on the
NCBI website, and a TrichoBLAST search on ISTH website resulted in the same
species match as the one previously described in Table 2.7.
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Figure 3.9. Regression analysis of Trichoderma CFU against Penicillium CFU in the rhizosphere soil
of onion plants grown for 16 weeks (Black lines display the line’s 95% confidence interval).

3.3.2.4. Trichoderma species proportions and presence frequency
Trichoderma species proportion was calculated for each treatment over the duration

of the experiment. A total of 415 Trichoderma isolates were recovered and used to
calculate species proportions (Figure 3.10). T. hamatum and T. koningii were the two
dominant species across all treatments accounting for 79% of the Trichoderma
population while the remaining three species T. asperellum, T. harzianum and T.
atroviride, accounted for 6%, 7% and 8%, respectively. All five species were isolated

from the control and oat treatments however, in the onion treatment only three
species were recovered, T. asperellum, T. hamatum and T. koningii.
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Figure 3.10. Overall Trichoderma species proportions in the control and two green manure treatments
over a 18 weeks period. Values in parentheses are the number of isolates for each treatment

The presence frequency (the likelihood of isolating a particular species in one
treatment or at a specific time, where 1 = 100% chance of recovery and 0 = the
absence of a species) of each species was analysed for each treatment and over
time (Table 3.8). Except for T. asperellum (Figure 3.11), time had no significant effect
on the presence frequency of the other four Trichoderma species. The presence
frequency of T. asperellum was significantly higher across all treatments at the
second sampling time when the onion plants were one month old. The effect of
treatment was significant for three species, T. atroviride, T. harzianum and T. koningii
(Table 3.8 and Figure 3.12a, 3.12b, 3.12c, respectively) as their presence frequency
was significantly lower in the onion residue treatment compared with the control
across all sampling times. Treatments had no effect on the presence frequency of T.
asperellum while neither time nor treatments had a significant effect on the presence

frequency of T. hamatum.
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Table 3.8. Effect of green manure treatments and time on the presence frequency of five Trichoderma
species in rhizosphere soil of onion. Significant differences are evaluated at P < 0.05.
Species

Time effect F pr.

Treatment effect F pr.

General Linear Regression F pr.

T. asperellum

0.023 *

0.096 ns

0.030 *

T. atroviride
T. hamatum
T. harzianum
T. koningii

0.148 ns
0.647 ns
0.424 ns
0.076 ns

0.006 **
0.122ns
0.004 **
0.001***

0.017 *
0.298 ns
0.019 *
0.004 **

ns = non significant, * significant at P < 0.05, ** significant at P < 0.01, *** significant at P < 0.001
F pr. = Probability value
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Figure 3.11. Comparison of the presence frequency of T. asperellum measured in the rhizosphere soil
of onion plants between four assessments time and across all treatments. LSD = Least significant
difference calculated from ANOVA. Treatments with the same uppercase letter are not significantly
different at (P < 0.05).
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Figure 3.12a. Comparison of the presence frequency of T. atroviride measured in the rhizosphere soil
of onion plants between three different green manure treatments and across all assessments. LSD =
Least significant difference calculated from ANOVA. Treatments with the same uppercase letter are
not significantly different at (P < 0.05).
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Figure 3.12b. Comparison of the presence frequency of T. harzianum measured in the rhizosphere
soil of onion plants between three different green manure treatments and across all assessments.
LSD = Least significant difference calculated from ANOVA. Treatments with the same uppercase letter
are not significantly different at (P < 0.05).
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Figure 3.12c. Comparison of the presence frequency of T. koningii measured in the rhizosphere soil
of onion plants between three different green manure treatments and across all assessments. LSD =
Least significant difference calculated from ANOVA. Treatments with the same uppercase letter are
not significantly different at (P < 0.05).

3.3.2.5. Onion plant dry weight
The dry weight of the onion above ground matter harvested from each treatment, at
the end of the experiment, was significantly lower (P < 0.001) in the onion residue
treatment compared with the other treatments (Figure 3.13). Overall, the plants from
this treatment were less developed. Onions in the oat treatment were larger
compared with the onions in the control but the difference was not significant. The
onion plant water content was 86% across all treatments.

117

4.0
LSD = 0.381

Onion plant mean dry weight (g)

3.5
3.0
2.5

A
A

2.0
1.5

B

1.0
0.5
0.0
T1: control (no OM) T2: onion (1t/ha)

T3: oat (9t/ha)

Green manure treatments
Figure 3.13. Above ground mean dry weight of onion plants from three different green manure
treatments. LSD = Least significant difference calculated from ANOVA. Treatments with the same
uppercase letter are not significantly different at (P < 0.05).

3.3.3. Penicillium species diversity
Out of the five Penicillium isolates sent to Dr Nick Waipara, three isolates were
positively identified as Penicillium glabrum (Wehmer) Westling (isolate Pen 1) and
Penicillium simplicissimum (Oudem.) Thom. (sub genus Furcatum) (isolate Pen 2 and
Pen 5). One isolate (Pen 3) was partially identified as an intermediary between
Penicillium janthinellum (Biourge) and P. simplicissimum and additional work is

required for complete identification. The last isolate (Pen 4) was only confirmed as a
Penicillium species and required considerable additional work to be identified to the

species level. Both Penicillium glabrum and P. simplicissimum have been reported to
be ubiquitous fungi in New Zealand soil (Di Menna et al., 2007; Pitt, 1979). The DNA
sequences of these two species are presented in Appendix 4.
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3.3.4. Soil chemical analysis results
Several soil parameters were measured in each experiment. The soil pH varied little
in both experiments. In the first experiment, values fluctuated between 6.9 and 7.5
while in the second experiment, values were more stable ranging from 6.8 to 7.1
(Appendix 3). The soil GWC followed the same trend in both experiments with the
lowest water content at the start of both experiments, 2 weeks before the planting of
onion seeds (33% and 36%, respectively). Then, in the following 4 months, GWC
fluctuated in the first experiment between 42% and 48% while in the second
experiment, GWC was more constant ranging from 40% to 43% (Appendix 3). The
soil analysis for each experiment revealed no changes in the soil C:N ratio, OM
content, total carbon and total nitrogen content between the incorporation of oat
shoots and oat crop (shoots and roots) (Appendix 3). Furthermore, the values of
these parameters were almost identical to the values for the control treatment (bulk
soil) and the onion residue treatment.

3.4. DISCUSSION
3.4.1. Trichoderma population
In these two greenhouse experiments, different green manure amendments were
assessed for their effect on the abundance and diversity of indigenous Trichoderma
species in the rhizosphere soil of onion. The abundance of the Penicillium population
was also assessed. The results for Trichoderma CFU numbers clearly showed that
the onion residue treatments in both experiments significantly reduced Trichoderma
populations in the rhizosphere compared with the other treatments so the first
hypothesis Ho’ was rejected. This effect became more pronounced with time
especially in the first experiment with the lowest Trichoderma population observed at
the end of the experiment. It was also observed in both experiments that
Trichoderma populations were not significantly promoted by the addition of oat as a

green manure at either 4, 8 or 9 t ha-1 when compared with the control treatment.
However, in the first experiment only oat shoots were used and this differs to
grower’s practice where a green manure crop would be entirely (shoots and roots)
rotary hoed, still green, into the soil before the planting of the next crop. This method
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was applied in the second experiment where the soil used was collected from plots
where oat was incorporated as an oat crop (shoots and roots combined). The use of
field soil, where oat had been grown for 5 months and rotary hoed in, provided a
slightly larger input of OM (9 t ha-1). This, compared with the first experiment, was
more representative of the situation in the field. The root system of freshly
incorporated plants like oat would be expected to contain high levels of readily
available carbon sources and, therefore, provide a large energy source for
saprophytic fungi such as Trichoderma. It was expected that the Trichoderma
population present in the rhizosphere soil of onion plants would be stimulated.
However, after the 16 weeks growing period, no evidence of this was observed.
These results indicate that the type and form of OM (onion or oat residue) rather than
the quantity incorporated into the soil seems to have an impact on Trichoderma
populations. This would be in accordance with the behaviour of the general soil
microbial population (bacteria and fungi). Elfstrand et al. (2007a) showed that the
incorporation of red clover (Trifolium pratense L. cv. Vivi) in different forms (fresh,
mulched, slurry, or composted) had a significant effect on the microbial biomass and
community composition of the bulk soil. For both experiments, the results were
unexpected because the saprophytic nature of the Trichoderma genus and its ability
to grow on a wide range of substrates (Danielson & Davey, 1973b; Papavizas, 1985;
Sun & Liu, 2006) means that a larger increase in population numbers could have
been expected due to the oat application. Sun & Liu (2006) showed that simple
polysaccharides such as D-xylose promoted the hyphal growth and sporulation of a
strain of Trichoderma viride (ARF907TV-1) when grown on an agar medium. This
result was also observed by Danielson & Davey (1973b). Xylose is one of the main
polysaccharides (55% of total polysaccharides) found in fresh grass plant tissues
such as oat (Nierop et al., 2001) with most Trichoderma species able to produce
hemicellulases such as xylanase.
Another possible explanation for the outcome observed in this study is that green oat
material incorporated in the soil may not provide the type of OM that promotes
Trichoderma populations. It is well established that the speed of crop residue

decomposition is influenced by factors such as its C:N ratio (Smith & Sharpley,
1990). Cover crop residue with a low C:N ratio will decompose much faster than
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residue with a high C:N ratio (Bloem et al., 1997; Constantinides & Fownes, 1994;
Trinsoutrot et al., 2000), and will not result in any significant increase in OM (Soltner,
2002). This was observed in the second pot trial with the chemical analysis of the oat
treated soil and the control soil being similar. Both soils had identical OM content
(4.2%) and similar total carbon content (2.5 and 2.4%, for oat treated and control
soils, respectively) and total nitrogen content (0.28 and 0.24%, for oat treated and
control soils, respectively). These soil analyses reveal that almost complete
mineralisation of the oat residues took place since no substantial increase in carbon
content could be detected.
In addition to being influenced by the crop type, C:N ratio is also influenced by the
physiological stage at which the cover crop is incorporated. The nitrogen content of
oat varies from 2.1% when fresh and actively growing down to 0.7% when in the dry
straw stage. The oat used in these two experiments as a carbon source was
incorporated when still green prior to the flowering stage of the plant. At this
developmental stage, a cereal has a low C:N ratio (less than 20:1) and can be readily
mineralised (Fowler et al., 2004; Lundquist et al., 1999) with this process mainly
being driven by bacteria rather than fungi (Bloem et al., 1997). The saprophytic
nature of the Trichoderma genus means that most species in this genus can produce
a wide range of hydrolytic enzymes such as cellulose, chitinase, hemicellulase
(xylanase, mannanase, etc) and amylase (Dix & Webster, 1995; Klein & Eveleigh,
1998; Papavizas, 1985). Research has also demonstrated the ability of a T. koningii
isolate to degrade lignin (Lopez et al., 2006). Therefore, species from this genus can
grow on a wide range of carbon substrates. In soil, it has been shown that species
like T. harzianum can be promoted by substrates with a high C:N ratio (Kwasna et al.,
2000). This gives soil fungi like Trichoderma species an advantage when
decomposing crop residue with high C:N ratio but not on substrates with low C:N
ratio where the fast growing nature of bacteria means that they are able to benefit
and utilise the nitrogen rich substrate faster. In addition, the fast mineralisation of the
oat residues was exacerbated by the incorporation of the oat residues in the soil
(Malpassi et al., 2000). When plant residues are left on top of the soil and exposed to
the air, humification tends to be promoted over mineralisation. The application of
green manure can also affect the carbon content of a soil. For example, Randhawa
et al. (2005) study showed that when soil was “conditioned” by going through three
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green manure cycles within 12 months, the total carbon content of the soil was
increased. Such method could be used to amend Pukekohe soil and measure how it
would affect Trichoderma CFU numbers.
Finally, in the first experiment, the effect of green manure amendments on
Trichoderma CFU levels in the onion rhizoplane was investigated. However, CFU

numbers varied greatly over time and between treatments. The fluctuations did not
follow any logical patterns and made the results challenging to explain. The large
variation observed could indicate that the distribution of Trichoderma propagules
along the onion roots was very heterogeneous and, therefore, it was unlikely that
these results represented an accurate picture of Trichoderma CFU numbers in the
rhizoplane soil of onions under different crop residue treatments. In the future,
Trichoderma CFU numbers in the rhizoplane could be investigated in situ using

scanning confocal laser microscopy coupled with fluorescent marked Trichoderma
(Hartmann et al., 1997). Such methods could then detect Trichoderma “hot spots”
along the root surface of onion plants. Interestingly, it should be noted that
background Trichoderma CFU numbers in the onion treatment in experiment 1 were
much higher than in experiment 2. This difference is not readily explained however, it
could be due to differences in glasshouse conditions when the scales were
incorporated in the soil to decompose which allowed a faster decrease in
Trichoderma CFU numbers.

3.4.2. Penicillium population
For Penicillium, a different effect was observed in both experiments. Penicillium CFU
numbers were consistently higher in the onion residue treatment than in the other
treatments (up to 20 times in the second experiment) and the second hypothesis Ho’’
was also rejected. This finding suggests that Penicillium could be promoted by the
onion residue. This promotion is not simply due to the addition of OM in the soil
because in the oat treatment levels were not as high despite a larger incorporation of
OM. It is likely that the decomposition of the onion residue encouraged the
proliferation of Penicillium colonies in the soil. To the best of the author’s knowledge,
no research has been done on the impact of dry onion scale residues and Penicillium
CFU density on indigenous Trichoderma species. This area warrants further research
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as several Penicillium species such as P. albocoremium Frisvad (Frisvad), P. allii
Vincent & Pitt and P. digitatum (Pers.) Sacc. are responsible for post-harvest storage
rots of onion (Overy et al., 2005; Raju & Naik, 2006) and P. glabrum which was
isolated in this study has also been reported as an onion storage pathogen (Samson
et al., 2002). The results obtained in these two experiments suggest that, the dry

onion scales residues left behind after the harvest of onion could promote Penicillium
growth. This is of critical importance for onion growers as Penicillium strains
responsible for “storage rots” come from the field. The onion bulbs are contaminated
when they are left to dry on the ground just before harvest. This can cause large
economical loss to onion growers. Therefore, continuous onion rotation systems
could lead to the build up of a large Penicillium inoculum and findings from this
research support the concept of rotation for the onion cropping system as it will help
to maintain low Penicillium inoculum levels in the field.
A regression analysis also showed that when Penicillium CFU numbers were high,
Trichoderma CFU numbers were reduced. This analysis confirms the results

obtained in the first pot trial and is in accordance with previous research (Eastburn &
Butler, 1988a; Eastburn & Butler, 1988b) and therefore, the thrid hypothesis ho’’’ was
rejected. These authors looked at different abiotic and biotic factors affecting the
population density and distribution of indigenous T. harzianum in an alfalfa
(Medicago sativa L.) field at the microsite level. They looked at the effect of several
fungal genera including Aspergillus, Fusarium, and Penicillium. They found that
Penicillium miczynskii Zaleski was negatively associated with the presence of T.
harzianum in the soil. They did not investigate the effect of other Penicillium species

on other species of Trichoderma but it is reasonable to think that similar negative
associations were taking place in the onion treatment of both experiments. This could
be explained either by direct suppression of Trichoderma growth by the release of
inhibitory molecules during the decomposition of the onion scales residues, by
indirect competition through the promotion of Penicillium growth or by amensalism
where Penicillium is restricting Trichoderma growth in the rhizosphere soil or possibly
on the TSM-LU plates when Penicillium CFU numbers are very high. Penicillium
species have long been known for their ability to release inhibitory secondary
metabolites such as antibiotics to suppress the growth of organisms in their vicinity
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(Nicoletti et al., 2007). The mode of action resulting in Trichoderma suppression is
investigated further in the next chapter.

3.4.3. Trichoderma species diversity
The diversity results in both experiments did not differ from the long term field
experiment (Chapter Two) as the same five Trichoderma species were recovered in
this experiment. The overall Trichoderma species proportions in the rhizosphere of
onion plant were variable between treatments and at different sampling times
however, in the first experiment three species T. hamatum (39%), T. harzianum
(27%) T. koningii (25%) dominated the Trichoderma population representing 91% of
the total population. However, in the second experiment, only T. hamatum and T.
koningii were the dominant species (79%) while the remaining species T. atroviride,
T. asperellum and T. harzianum were in relatively equal proportions. Overall, the

results obtained in this study were in accordance with what was previously observed
in the long term field experiment and supports the idea that these five species could
coexist in the rhizosphere and competition between them might be very limited since
proportions seem to be relatively stable. However, they may occupy different niches
along the root, which was not investigated in the present study as the entire root
system was combined. This aspect is investigated further in Chapter Five.
Interestingly, the onion residue treatment in the second experiment was mainly
dominated by two species (T. hamatum 70% and T. koningii 20%) and had the
lowest diversity with only three species present.
In addition, a treatment effect was detected in the first experiment for the presence
frequency of T. harzianum but not for the other four species so the fourth hypothesis
Ho’’’’ was only rejected for T, harzianum. From the presence frequency data for T.
harzianum there was some evidence that onion residues could inhibit its presence in

the soil. The lower occurrence of T. harzianum in the onion residue treatments of
both experiments could be caused by several factors including the release of
inhibitory compounds from the decomposition of onion scales, competition from the
high Penicillium population and competition for the same nutrients or the release by
Penicillium CFU of secondary metabolites such as antibiotics that would inhibit this

species in particular. These possible factors are investigated in the next chapter.
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Comparison in species diversity between the rhizosphere and the rhizoplane soil in
the first experiment revealed that diversity was lower in the rhizoplane soil as only
four species were recovered instead of five as with the rhizosphere soil. Trichoderma
atroviride was never recovered in the rhizoplane soil indicating that T. atroviride

might favour the rhizosphere soil where competition from soil microorganisms such
as rhizobacteria would be less intense. Interestingly, the proportion of T. asperellum
in the rhizoplane soil was the second largest behind T. hamatum. Therefore, T.
asperellum might behave in the opposite way to T. atroviride by favouring the

rhizoplane soil. This observation could indicate that onion could exert a selective
pressure on the colonisation location of Trichoderma species. This would be in
accordance with Kurakov and Kostina (2001) study which reported that colonisation
of plant root surface by Trichoderma species was species-specific. This requires
further research to establish if Trichoderma species favour the colonisation of the
onion root surface. If active selection does take place, the success of the application
of Trichoderma in situ as a biological control agent could be increased by selecting
species that the onion plant will encourage.

3.4.4. Onion plant growth
Another interesting effect was observed in both experiments in the onion residue
treatment. This was the production of significantly smaller onion plants in comparison
to the other three treatments. In monoculture systems, farmers generally need to use
additional amounts of fertilisers and pesticides to enable the subsequent crop to
produce the same yield as the previous year. When the same crop is grown year
after year, yields tend to decrease. This is partly explained by factors such as the
build up of pathogen inoculum, the same nutrient pool being depleted year after year
and possibly mechanisms similar to allelopathy (Tukey, 1969) where the
decomposition of onion scale could release molecules that could partially inhibit or
slow down the growth of onion seedlings. It has been shown that phytotoxic materials
liberated by plants or plant residues may gradually accumulate and inhibit the growth
of the subsequent crop (Tukey, 1969).
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In both experiments, it is also possible that the decrease in onion size was a result of
the high Penicillium density present in the soil which could have released secondary
metabolites that slowed down the seedling development. Overall, the results indicate
that an interaction between onion scale residues, low Trichoderma and high
Penicillium CFU numbers resulted in a reduction of growth with onion plants up to 16

weeks old. The implication of this observation is important as it indicates that when
onion residues are left in the field after harvest, they could in continuous onion
rotations have a negative impact on next year’s crop and reduce yields.
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SECTION 2: EFFECT OF GREEN MANURE AMENDED SOIL
ON

THE

SAPROPHYTIC

GROWTH

OF

FOUR

TRICHODERMA SPECIES
3.5. INTRODUCTION
During the third growing season of the field trial, two crops of oat were planted in the
onion and potato mixed treatments. Both crops were incorporated back into the soil
when still green with the aim to promote soil microbial activity including indigenous
populations of Trichoderma along with soil properties such as fertility and structure.
Previous observations from the experiments carried out in Chapters Two and Three
revealed that the use of oat as a green manure had a limited effect in increasing
indigenous Trichoderma CFU numbers. However, these studies did not investigate
whether incorporation of fresh oat into the soil affected the saprophytic growth of the
different Trichoderma species present in the rhizosphere soil of onion and potato
crops. Previous in vitro studies have investigated some of the factors that could
promote the saprophytic growth of Trichoderma species in culture such as
temperature, moisture content, pH and forms of nitrogen (Danielson & Davey, 1973b;
d). Other studies have used soil-sandwich bioassay to investigate some of the above
mentioned factors including temperature, moisture content and forms of nitrogen
(Wakelin et al., 1999). However, these studies did not look at the effect of amending
soil with a green manure like oat. In this experiment, a soil-sandwich bioassay was
used to investigate the following hypotheses. The first hypothesis (Ho’) was defined
as follows: The amendment of oat as a green manure does not promote the
saprophytic growth of four Trichoderma species in a soil-sandwich assay under nonsterile and sterile conditions. A second hypothesis (Ho’’) was defined as follows:
There are no differences in the saprophytic growth of four Trichoderma species
regardless of the soil treatment and soil type. The four most commonly found
Trichoderma species in the green manure pot experiments were used to test these

two hypotheses.
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3.6. MATERIALS AND METHODS
3.6.1. Soil
The bulk soil was sampled at a depth of 0-20 cm from the Pukekohe field trial
described in Chapter Two. In this soil, no crops had been grown for the past three
seasons therefore, this soil had received no input of carbon sources such as root
exudates and plant residues. The general characteristics of this soil were described
in Section 2.2.1.2. The oat soil was sampled from plots where, in the third growing
season, two crops of oat were planted and incorporated back into the soil when still
green (5 months after planting). Consequently, this soil had received approximately
18 t ha-1 of dry oat residue (shoot and root combined) in addition to the release of
root exudates by two crops of oat. The oat soil was also sampled at a depth of 0-20
cm. Both soil types were sieved at 2 mm to homogenise the size of soil aggregates.
For each soil, 6 kg were brought back to the laboratory of which 3 kg were kept nonsterile and the remainder sterilised by autoclaving at 121°C and 15 psi for 1 h. All soil
samples were stored at 8°C.

3.6.2. Trichoderma species and treatments
For this experiment, four indigenous Trichoderma species isolated from the
rhizosphere of onion and potato crops were selected. The species selected were: T.
atroviride isolate 13C, T. hamatum isolate 84, T. harzianum isolate 24 and T. koningii

isolate 46. All species were grown on fresh PDA+c before inoculation. Young actively
growing hyphae were introduced in the soil-sandwich assay instead of spores
because hyphae are less sensitive to factors such as soil fungistasis (Lockwood,
1977).
This experiment was a factorial design with four Trichoderma species grown in two
non-sterile soil types (bulk soil and oat soil). A second experiment was set up using
sterile soil. There were five replicates in each treatment.

3.6.3. Soil-sandwich bioassay
The soil-sandwich bioassay technique used in this experiment was originally
developed by Grose et al. (1984) and modified by Wakelin et al. (1999). The
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following procedure was carried out in a laminar flow cabinet. A Petri dish (90 mm x
25 mm) was half-filled with 30 g of Pukekohe soil with a GWC of 28.6% (this
corresponds to 50% of the soil WHC), the soil layer was lightly pressed down using
the base of a small beaker and a sterile cellulose nitrate membrane (Micro Filtration
Systems®, CA, USA; Ø 82 mm, pore size 0.45 μm, grid square 3 mm x 3 mm) was
placed on top of it. Such membranes were used because they are inert and porous.
A 5 mm agar plug taken from a 5 d old Trichoderma colony was placed on top of the
membrane with the mycelium against the membrane. The membrane was then
covered with a second layer of soil (30 g, 28.6% GWC). The GWC of the microcosms
was then adjusted to correspond to 70% of the soil WHC by spraying sterile distilled
water on the soil surface. This was done on a weighing scale as 60 g of Pukekohe
soil with a GWC of 28.6% needed 5.58 g of water to obtain a GWC of 40.1% which
corresponded to 70% of the soil WHC. The plates were sealed with GLAD® Cling
Wrap and incubated in darkness at 25°C for 15 d in the non-sterile soil and 5 d in the
sterile soil. Different incubation parameters such incubation time (20 and 25 d),
temperature (20°C), different soil moisture content (50% of the soil WHC) and
different inoculum type (hyphae and spores) were also investigated in the non-sterile
experiment.

3.6.4. Saprophytic growth measurements
At the end of the incubation period, the soil-sandwich bioassays were opened and
the top soil layer was carefully removed to avoid disrupting the hyphal network by
immersing the Petri dish in water and gently lifting the membrane. The membrane
was then stained for 2 min with lactophenol cotton blue to reveal the presence of
fungal growth on the membrane. Radial growth was measured in mm by counting
from the point of inoculation the number of squares covered by the Trichoderma
hyphae since the length of each square was known (3 mm). All the Trichoderma
species extended from the point of inoculation in a circular pattern.
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Therefore, it was possible to calculate the area of the colony by using the following
formula:
C = π x (D/2) x (D/2)
2

where: C is the colony area (mm ), π is the number Pi and D is the colony diameter (mm).

If hyphal growth was very sparse and the stained hyphae could not be seen with the
naked eye, the membrane was observed at x 40 magnification to locate the presence
of fungal hyphae.

3.6.5. Statistical analysis
The hyphal growth of the four Trichoderma species on the cellulose nitrate
membrane were analysed using a standard (two-way unblocked) analysis of variance
(ANOVA) with factorial treatment structure and interactions to measure differences in
saprophytic growth between each Trichoderma species and between each soil type.
The analysis examined the main effects of soil type and Trichoderma species and the
interaction of these two factors. Significance was evaluated at P < 0.05 and mean
separation was accomplished by Fisher’s protected least significant difference test.
All data were analysed using the statistical software GenStat ver. 9.0 (VSN
International Ltd). Complete statistic tables are presented in Appendix 5.

3.7. RESULTS
3.7.1. Non-sterile soil experiment
In this experiment, all four Trichoderma species exhibited either no hyphal growth at
all or hyphal growth limited to less than five hyphae across the entire membrane for
both the bulk soil and oat soil. These isolated hyphae could only be detected by
careful observation of the cellulose nitrate membrane at x 40 magnification. The
modification of parameters such as incubation temperature and time, soil moisture
content and inoculum type did not increase hyphal growth. The absence or limited
amount of hyphal growth (Figure 3.14) meant that after staining no measurements of
radial growth could be made. A small amount of sporulation was observed on a few
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replicates at the point of inoculation. However, the sporulation was only present on
the agar plug.

Figure 3.14. Cellulose nitrate membrane recovered from a nonsterile soil-sandwich bioassay incubated at 25°C for 15 d in the
dark. The membrane was inoculated with T. hamatum and placed in
oat soil. No hyphal growth was detected after staining with
lactophenol cotton blue.

3.7.2. Sterile soil experiment
In this experiment, all four Trichoderma species were seen to grow on the
membrane. After staining, the presence of fungal hyphae was readily identified by the
presence of a large dark blue area (Figure 3.15). The radial growth of each species
in the sterile bulk and oat soil was measured and analysed. The results are
presented in Figure 3.16. After 5 d of incubation at 25°C, the ANOVA revealed that
the hyphal radial growth was significantly different (P < 0.001) between the four
Trichoderma species. Trichoderma koningii displayed the fastest saprophytic growth

followed by T. atroviride, T. hamatum and T. harzianum. The hyphal growth achieved
by T. koningii was almost twice the hyphal growth achieved by T. harzianum for the
same incubation period. No significant difference was observed between the two soil
types (P = 0.161) however, hyphal growth was consistently greater in the oat soil
than in the bulk soil. This was mostly detectable with T. atroviride, T. hamatum and T.
harzianum. The interaction between soil type and Trichoderma species was not

significant (P = 0.959) and it was concluded that there was evidence that the effects
of soil type and Trichoderma species were additive.
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2

Area of filter membrane covered by hyphal growth (mm )

Figure 3.15. Cellulose nitrate membrane recovered from a sterile
soil-sandwich bioassay incubated at 25°C for 7 d in the dark. The
membrane was inoculated with T. koningii and placed in oat soil. A
large dark blue area of hyphal growth was detected after staining
with lactophenol cotton blue.
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Figure 3.16. Mean hyphal growth area (mm2) on cellulose nitrate membrane of four Trichoderma
species grown in a sterile bulk soil and a sterile oat soil. The bulk soil had received no carbon sources
such as root exudates and plant residues while the oat soil was amended with two crops of oat which
were ploughed back into the soil. LSD = Least significant differences of the means at P < 0.05. The
error bars represent the standard errors. Differences between species with the same upper case letter
are not significant.
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3.8. DISCUSSION
In this experiment, the saprophytic growth of four Trichoderma species in a bulk soil
and a green manure amended soil was investigated. The experiment was set up with
non-sterile and sterile soil. Non-sterile soil was included to stimulate the biotic
conditions encountered in the field. The Trichoderma species were inoculated on a
PDA agar plug which provided them with a readily available carbon source. In
addition, they were provided with optimal growing conditions of 25°C incubation
temperature and 70% WHC (Danielson & Davey, 1973d; Eastburn & Butler, 1991;
Klein & Eveleigh, 1998; Wakelin et al., 1999). The sieved (2 mm) bulk and oat soil
provided a very homogenous substrate with constant aggregate and pore sizes
which provided a larger contact area between the cellulose nitrate membrane and the
soil. The soil pH (6.2) however, was not at an optimum value as most Trichoderma
species favour acidic conditions with pH values ranging between 3.5 and 4.5
(Danielson & Davey, 1973a; d). However, Trichoderma species are known to grow at
this pH in the soil (Papavizas, 1981). Despite these overall favourable growing
conditions, all four Trichoderma species failed to grow on the membrane in both the
bulk and oat soil. In contrast when the bulk and oat soils were sterilised, and
incubated under the same growth conditions, saprophytic growth was abundant for
the four Trichoderma species after just 5 d. Several factors could be responsible for
the lack of saprophytic growth in non-sterile soil by T. atroviride, T. hamatum, T.
harzianum and T. koningii including the composition of the microbial community.

Several studies have reported saprophytic growth inhibition of Trichoderma species
such as T. harzianum and T. hamatum in the presence of soil bacteria such as
Pseudomonas species (de Boer et al., 2003; Hubbard et al., 1983). Inhibition

mechanisms included the release of antibiotics substances and the production of
siderophores, especially in soil with limited biologically available iron (Hubbard et al.,
1983; Lockwood & Schippers, 1984). Other soil microorganisms could be responsible
for the inhibition of Trichoderma saprophytic growth including actinomycetes which
can release large quantities of volatiles with antifungal properties (Lockwood, 1977;
Scholler et al., 2002) and Penicillium species such as P. radicum which has been
reported to inhibit soilborne fungal pathogens such as Rhizoctonia solani and
Gaeumannomyces graminis var. tritici (Wakelin et al., 2006). The release of gases

such as ammonia, non-alkaline volatiles and ethylene from soil microorganisms or
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the decomposition of organic molecules can also inhibit fungal growth in the soil
(Lockwood, 1977; Papavizas & Lumsden, 1980; Schippers et al., 1982). However,
the emission of various volatile components in soil and their effect on different
Trichoderma species saprophytic growth needs to be further studied by looking at

their single and combined effects in the soil. Finally, the absence of growth in the
non-sterile soil could also be linked to autolysis. A phenomenon applied to the selfinduced dissolution of the cell protoplasm by soil fungi (Lockwood, 1977; Papavizas
& Lumsden, 1980). This generally happens in the absence of suitable nutrients and
instead of exploring the soil away from the point of inoculation, the fungus
immediately enters a survival mode by inducing sporulation. This was sometimes
observed in the non-sterile soil sandwich bioassay where Trichoderma did not grow
through the soil but produced small quantities of spores directly next to the agar plug.
In addition, studies by Steiner and Lockwood (1969) demonstrated that fungi with
small spore size were more sensitive to soil fungistasis and their hyphal growth
through the soil was also reduced. They observed that the most sensitive species
included Trichoderma viride (which, according to the identification tools of the time,
could have been either T. viride, T. atroviride or T. koningii (Lubeck et al., 2004)) and
that Trichoderma species in general produced very small spores. All the above
inhibition factors can be linked to the concept of soil fungistasis which is most
commonly observed in non-sterile soil and therefore linked to the presence of other
soil microorganisms (de Boer et al., 2003; Lockwood, 1977). Overall, the absence of
saprophytic growth in the non-sterile soil is somewhat puzzling as several studies
have inoculated Trichoderma in non-sterile and been able to report growth and
proliferation over time (McLean et al., 2005; Sivan & Chet, 1989). However, in these
studies, Trichoderma was inoculated at high concentration and as conidia which
might have helped in overcoming competition from other soil microorganisms or
fungistasis.
In contrast, when the bulk and oat soils were sterilised by autoclaving, then
inoculated with the different Trichoderma species and incubated under the same
conditions as the non-sterile soil, abundant hyphal growth was observed in both soils
and for all four Trichoderma species. These results suggest that the absence of
saprophytic growth in the non-sterile bulk and oat soils was linked to the presence of
other soil microorganisms. Significant differences in saprophytic growth were
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observed between the four Trichoderma species with T. koningii exhibiting the most
growth and T. harzianum exhibiting the least so the second hypothesis Ho’’ was
rejected. This was consistent in both soils and was in accordance with previous
studies which indicate that different Trichoderma species can have different
physiological properties and utilise the same energy source at different rates
(Danielson & Davey, 1973b; Widden & Hsu, 1987; Widden & Scattolin, 1988). No
differences in saprophytic growth were observed between the bulk soil and oat
amended soil so the first hypothesis Ho’ was accepted. This observation was
consistent with what was previously observed in the two pot experiments where no
significant differences in Trichoderma CFU numbers were observed between the
control treatments (the soil was not amended with any OM) and the oat treatments
(the soil was amended with different quantities of green oat residues). Although,
great caution must be taken when relating results obtained in the field with results
obtained under sterile conditions; it is nonetheless interesting to observe that in this
soil-sandwich bioassay the use of oat as a green manure soil amendment did not
promote Trichoderma hyphal growth in sterile soil.

3.9. SUMMARY
The first two experiments revealed that the use of fresh oat as a green manure did
not significantly promote the indigenous Trichoderma population size and diversity in
the rhizosphere of onion plants up to 4 months old. At the same time, the presence of
Penicillium which was also recorded in high levels (6.0 x 105 CFU per gram of ODS)

seemed to be detrimental to the presence of Trichoderma. The incorporation of
organic amendments such as onion scale residues was also shown to result in low
Trichoderma and high Penicillium CFU numbers and smaller plant size. In this

research, the short term benefits of applying a green manure such as fresh oat to
increase the indigenous Trichoderma population were not evident. Therefore, more
research is needed especially in the investigation of other forms and applications of
green manures that could better promote indigenous Trichoderma populations size
and diversity.
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In the third experiment the saprophytic growth of four Trichoderma species in sterile
and non-sterile bulk and oat amended soil was investigated using a soil-sandwich
bioassay. Trichoderma growth was only observed in the sterile soil but no differences
in saprophytic growth were observed between the two soil types. This confirmed
results previously obtained in the two pot experiments which indicated that, in the
short term, the incorporation of green manure in the soil did not promote the
saprophytic growth of the four species studied. Nonetheless, in the future, it would be
valuable to repeat this experiment with green manures of different C:N ratio such as
wheat straw, sorghum (Sorghum halepense (L.) Pers.) straw or lupine (Lupinus albus
L.) straw. The soil-sandwich bioassay could also be modified to allow the
measurement of volatile compounds or identify if specific soil microorganisms are
responsible for the inhibition of Trichoderma species growth in non-sterile soil.
Following the results obtained in this chapter, it was decided to investigate the
possible interactions between Trichoderma, Penicillium and onion scale under in vitro
conditions. This is investigated in Chapter Four.
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CHAPTER FOUR: Interaction between Trichoderma
species, Penicillium species and onion residue
extract in laboratory assays

4.1. INTRODUCTION
The results obtained in Chapter Three regarding the low Trichoderma and high
Penicillium CFU levels in the onion scales residue treatment required further

investigation in order to explain which factors were responsible for the sharp
decrease in Trichoderma CFU and increase in Penicillium CFU. Aside from the plant
root system, the type and composition of OM present in the soil also has a major role
in shaping the structure, activity and composition of the soil microflora (Elfstrand et
al., 2007a; Lundquist et al., 1999). Different microorganisms are better suited to

decompose different types of OM, for example, bacteria are better adapted to utilise
low C:N substrates (Jackson, 2000; Zelenev et al., 2005) while fungi generally can
decompose substrates with high C:N ratio (Elfstrand et al., 2007a; Holland &
Coleman, 1987). Therefore, it is very likely that the addition of shredded onion scale
residues to soil promoted certain microorganisms or inhibited others. One of the
conclusions drawn from the previous chapter was the possibility that the
decomposition of the onion residues could have led to the production of organic
molecules that could inhibit the development of the some Trichoderma species.
Extracts from garlic (Allium sativum) cloves have been reported to have antifungal
activities against crop pathogens such as Fusarium oxysporum (Shitole & Kshirsagar,
2007). These researchers also found that extracts from fresh onion bulbs showed
little antifungal activity against, F. oxysporum, however, they did not study onion
scale residues. Antifungal activity of aqueous fresh onion bulb extract on
dermatophytic fungi (skin pathogens) from the Trichophyton genus has also been
reported (Ghahfarokhi et al., 2004). Thus, there is no report of any antifungal activity
of dry onion scales extract against Trichoderma species in the literature. Two
experiments in this chapter investigated if onion extract obtained from onion scale
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residues had an antifungal effect on the hyphal growth and spore germination of four
indigenous Trichoderma species isolated from the rhizosphere of onion.
In the previous chapter, it was also highlighted that onion scale residue present in the
soil could promote Penicillium CFU numbers in the rhizosphere of onion and allow
Penicillium populations to dominate this ecological niche but no reports were found in

the literature to support or refute this hypothesis. Therefore, in this chapter, an
experiment was set up to investigate if Penicillium hyphal growth was promoted by
onion residue extracts. Finally, an experiment was set up to investigate the possible
competition between Trichoderma and Penicillium isolates when grown in the
presence of onion residue extract. The soil is a very complex environment and it is
generally the interaction of several factors which can impact on soil microorganism
numbers, diversity or activity. Although, this series of experiments did not aim at
recreating the exact complex interactions occurring in the rhizosphere of onion
between onion scale residue, Trichoderma and Penicillium, they nonetheless
attempted to increase the current limited knowledge in this area. The following
hypothesis were defined: Ho’ = Onion scale extract have no antifungal effect on
Trichoderma sp. hyphal growth and spore germination. Ho’’ = Onion scale extract

have no antifungal effect on Penicillium sp. hyphal growth. Ho’’’ = In dual culture,
Trichoderma sp. are inhibited by Penicillium sp. in the presence of onion extract

4.2. MATERIALS AND METHODS
4.2.1. Onion scale extract production
Dry scales of Allium cepa var. Pukekohe Longkeeper were obtained from a local
supermarket. The scales were shredded in a bench top blender until homogeneous
fragments of 1 to 5 mm in diameter were obtained. The onion scales fragments were
then placed in an Erlenmeyer flask and autoclaved at 121°C on a dry cycle. The
extraction method was water based (Ghahfarokhi et al., 2004). Firstly, 10 g of dry
onion scales were placed into each of two spherical bags (90 mm diameter) made of
20 µm nylon mesh. The bags were sealed using a sewing machine. The bags were
then placed in a beaker filled with 200 mL of ultra pure water and left to infuse for 24
h and stirred regularly. The onion extract solution was then removed and stored in
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the fridge. The bags were left in the beaker and soaked in 200 mL of fresh nano pure
water. The bags were left to infuse for another 24 h and stirred regularly. Then, the
two solutions were combined and filtered under sterile conditions using a 5 µm
Millex-SV® Filter Unit. The solution was then, filtered through a 0.45 µm Millex-HV®
Filter Unit. Finally, the solution was placed in a 0.22 µm Stericup-GP® Filter Unit with
a 500 mL sterile receiving flask. This method provided around 390 mL of onion
extract solution at a concentration of approximately 0.05 g of onion scale extract mL1

. This stock solution was stored at -20°C and used to produce half strength onion

extract potato dextrose agar amended with 2.5 mg mL-1 of chloramphenicol (½
PDA+c OX) or half strength potato dextrose broth amended with 2.5 mg mL-1 of
chloramphenicol (½ PDB+c OX) at two different concentrations of onion scale extract
(1 g L-1 and 5 g L-1) (Appendix 1). For the agar, the onion extract solution was added
to the molten agar in a sterile laminar flow immediately before the plates were
poured.

4.2.2. Selection of Trichoderma species and Penicillium species
Four indigenous Trichoderma species were selected out of the five species isolated
in the previous field and pot trial experiments (not including T. tomentosum). They
were the four most abundant species and three representative isolates were selected
for each species T. atroviride (A1, A3, A5), T. hamatum (C1, C2, C3), T. harzianum
(D1, D2, D3), and T. koningii (E1, E2, E5). The isolates were recovered from the
rhizosphere of onion in the first green manure pot trial. Single spore pure colonies of
each isolate were grown on ½ PDA+c and the original colonies were regularly subcultured onto fresh ½ PDA+c to keep them fresh and actively growing.
Five representative Penicillium species isolates were also selected from the
rhizosphere soil of onion of the first green manure pot trial; P. glabrum (Pen 1), P.
simplicissimum (Pen 2 and Pen 5), Penicillium species (Pen 3 and Pen 4). Pure

colonies of each isolate were obtained by single spore isolation using the method
described in Section 2.2.2.6 then, the pure cultures were grown on ½ PDA+c and as
for Trichoderma isolates, the colonies were regularly sub-cultured onto fresh growing
medium. However, instead of transferring inoculated agar plugs onto fresh growing
medium, 10 μL of a concentrated spore suspension (1% Tween 80 in sterile distilled
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water) was pippeted into the centre of the agar plates. This method resulted in a
more central discrete colony and reduced the presence of contaminating Penicillium
colonies on the remainder of the plate due to the electrostatic dispersal of spores
during sub-culturing. To restrict aerial contamination, all colonies were tightly sealed
with several layers of GLAD® Cling Wrap and were only opened in a Class II laminar
flow.

4.2.3. Experiment 1: Trichoderma hyphal growth
This first experiment looked at the effect of onion extract concentration on the hyphal
growth of four Trichoderma species. Three treatments were set up on standard Petri
dishes (Figure 4.1), the first treatment (Treatment 1: control) had no onion extract
added to ½ PDA+c. In the second treatment ½ PDA+c was amended with 20 mL of
onion extract stock solution (0.05 g mL-1) to make an onion extract concentration of 1
g L-1 (Treatment 2: OX 1g L-1). This concentration of onion extract was calculated to
be similar to the onion scale levels that were present in the two pot experiments
described in Chapter Three. In the third treatment, ½ PDA+c was amended with 100
mL of onion extract stock solution (0.05 g m L-1) to make an onion extract
concentration of 5 g L-1 (Treatment 3: OX 5 g L-1). The exact recipes are outlined in
Appendix 1. A “plus” was drawn on the back of all the standard (90 mm diameter)
Petri dishes with a permanent marker and the plates inoculated with a 5 mm
diameter agar plug taken from a pure (5 d old) and active Trichoderma colony
growing on ½ PDA+c. The agar plug was placed at the intersection of the “plus”
(Figure 4.1).

Figure 4.1. Three onion extract treatments with
fungal colonised agar plugs placed at the centre
of the “plus”. A = Treatment 1: Control, B =
Treatment 2: Onion extract 1 g L-1 and C =
Treatment 3: Onion extract 5 g L-1.

A

B

C
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For each Trichoderma isolate, six replicate plates per treatment were set up. Once
inoculated, the plates were sealed with GLAD® Cling Wrap and incubated in the dark
at 20°C. Hyphal growth diameter (mm) of all colonies was recorded every 24 h using
digital callipers. Measurements were taken along the two lines forming the “plus”.
After 96 h, the fastest growing isolates had reached the edge of the Petri dish and no
more measurements were taken. Growth measurements after 48 h incubation were
selected for the results and statistical analysis.

4.2.4. Experiment 2: Effect of onion scale extract on Trichoderma
spore germination
A second experiment was set up to determine the effect of two onion extract
concentrations on the spore germination percentage of four Trichoderma species. In
this experiment potato dextrose broth (PDB) was used instead of PDA as the growing
medium. Half strength PDB (12 g of PDB in 1000 mL of distilled water) was sterilised
by autoclaving then amended with 2.5 mg mL-1 chloramphenicol (500 μL of 5 mg mL1

solution) (½ PDB+c). Three treatments were set up. A control treatment (Treatment

1: no onion extract), a low onion extract treatment (Treatment 2: 1 g L-1 of onion
scales) and a high onion scale extract treatment (Treatment 3: 5 g L-1of onion
scales). The recipes for each treatment are outlined in Appendix 1. Three replicates
were set up per treatment and per Trichoderma isolate to examine spore germination
percentage. For each treatment, 1450 μL of sterile ½ PDB+c (control) or ½ PDB+c
OX 1 g L-1 (Treatment 2) or ½ PDB+c OX 5 g L-1 (Treatment 3) was added to a 1.7
mL centrifuge tube (Axygen Scientific Inc., CA, USA). A pure spore suspension was
then prepared for each isolate by detaching spores from 30 d old colonies using the
method previously described in Section 2.2.2.6. The concentration of the spore
suspension for each Trichoderma isolate was measured using a haemocytometer,
then, the spore suspension concentration of each isolate was adjusted in sterile
distilled water to 3 x 107 spores mL-1. Then, 50 μL of the spore suspension was
added to the 1450 μL of broth medium to give a constant spore concentration of 1 x
106 spores mL-1. The centrifuge tubes were then placed in a rotary incubator (Stuart
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Hybridisation oven/shaker SI30H, UK) at 25°C. Constant gentle shaking was
necessary to keep the germinating spores detached from each other.
After 24 h of incubation, samples were taken out and spores observed under a
compound microscope (Olympus BX51, Japan) (magnification x 400). Spores were
considered germinated when the length of the germination tube was equal or greater
than the diameter of the spore (Figure 4.2). Fifty spores were counted per replicate
and three counts were performed per sample making a total of nine readings per
isolate. The germination percentage for each Trichoderma species isolate for each
treatment was calculated.

20 μm

Figure 4.2. Germinated Trichoderma koningii spores after 24 h at 25°C. At this early stage, the spores
are still visible (arrows).

4.2.5. Experiment 3: Penicillium hyphal growth
This experiment examined the effect of onion extract concentration on the hyphal
growth of five representative Penicillium species isolates (Pen 1, Pen 2, Pen 3, Pen
4, Pen 5). Three treatments (Treatment 1: control, Treatment 2: OX 1 g L-1 and

Treatment 3: OX 5 g L-1) were set up on standard Petri dishes as previously
described in Section 4.2.3. A “plus” was drawn on the back of all the Petri dishes with
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a permanent marker then at

the

intersection

of

the

cross the plates were

inoculated with 10 μL of Penicillium isolate spore suspension (concentration of 1 x
106 spore mL-1)

as previously described in Section 4.2.2. For each Penicillium

isolate, four replicate plates were set up per treatment and two readings were taken
per plate along the two transects. Once inoculated, the plates were sealed with
GLAD® Cling Wrap and incubated in the dark at 20°C. Hyphal growth diameter (mm)
of all colonies was recorded every 24 h over a 7 d period using digital callipers along
pre-drawn lines. Growth measurements after 7 d of incubation were selected for the
results and statistical analysis.

4.2.6. Experiment 4: Trichoderma-Penicillium dual plate assay
In this final experiment, Trichoderma and Penicillium colonies were grown together
on ½ PDA+c plates. As previously described, the same three treatments (Treatment
1: control, Treatment 2: OX 1 g L-1 and Treatment 3: OX 5 g L-1) were set up. For
each Trichoderma species, only two isolates were selected, they were T. atroviride
(A1, A3), T. hamatum (C2, C3), T. harzianum (D1, D3), and T. koningii (E1, E2).
These isolates were tested against two Penicillium isolates (Pen 1 and Pen 3). The
selection all isolates was based on the hyphal growth response obtained in the
Trichoderma and Penicillium hyphal growth experiments. Three replicates were set

up for each Trichoderma isolate.
The Petri dishes were inoculated with a 5 mm diameter agar plug taken from a pure
(5 d old) Trichoderma colony growing on ½ PDA+c. The agar plug was placed at the
edge (10 mm) of the Petri dish while a 10 μL of Penicillium spore suspension was
pippetted on the opposite side of the Petri dish approximately 80 mm apart. The
plates were then sealed with GLAD® Cling Wrap and incubated in the dark at 20°C.
The colonies were left to grow for 6 d to allow the edge of each colony to meet. If an
inhibition zone was present, its width was measured (mm) using digital callipers. The
plates were then returned to the incubator and left to grow for another 6 d to see if
Trichoderma and Penicillium colonies could grow over each other.
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4.2.7. Data analysis
For all experiments, the observed data were analysed using standard (two-way
unblocked) analysis of variance (ANOVA) with factorial treatment structure and
interactions. The analyses examined treatment, species isolates and treatment x
species isolates interactions. Significance was evaluated at P < 0.05 for all analyses
and mean separation was accomplished by Fisher’s protected least significant
difference test. All data were analysed using the statistical software GenStat ver. 9.0.
The complete statistic tables are presented in Appendix 5.

4.3. RESULTS
4.3.1. Experiment 1: Trichoderma hyphal growth
In this experiment, the main effect observed was the significant difference in hyphal
growth between the four Trichoderma species and between isolates of the same
species after 48 h incubation period at 20°C. The results are summarised in Figure
4.3. T. hamatum and T. koningii were the fastest growing species across all
treatments while T. harzianum was the slowest. The statistical analysis of the results
also showed that overall (isolates values were bulked) the highest onion extract
treatment (Treatment 3: onion extract 5 g L-1) significantly increased the hyphal
growth of T. hamatum, T. harzianum and T. koningii, while T. atroviride showed no
significant difference in hyphal growth.
The detailed statistical analysis of the treatment effect on the growth of Trichoderma
isolates within one species (Table 4.1) revealed that for any particular treatment the
majority of isolates within one species differed significantly in their hyphal growth, for
example, T. koningii isolates E1, E2 and E5. No isolates were inhibited by the onion
extract amendments with a significant increase in hyphal growth observed with
increasing onion extract concentration for Trichoderma isolates C1, C2, D1, D2, and
D3. Isolates A3, A5, C3 and E2 showed no differences in their growth across all

treatments (Figure 4.3).
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65.00

Trt 1: Control
Trt 2: Onion extract (1g L-1)
Trt 3: Onion extract (5g L-1)

Mean hyphal growth (mm)

60.00
55.00
50.00
45.00
40.00
35.00
30.00
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A3
T. atroviride

A5

C1

C2
T. hamatum

C3
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D2

D3

T. harzianum

E1

E2

E5

T. koningii

Trichoderma species isolates

Figure 4.3. Mean hyphal growth (mm) of different Trichoderma species isolates (A1 to E5) measured
after 48 h of incubation at 20°C on ½ PDA+c amended with different onion extract concentrations.
Error bars indicate the mean standard errors.
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Table 4.1. Statistical summary of the mean hyphal growth (mm) values of Trichoderma species isolates grown on ½ PDA+c amended with different onion
extract concentration (after 48 h incubation at 20°C). Standard errors of the means are given in parentheses. Significant differences between isolates and
treatments within one species were tested using a two-way ANOVA, four separate ANOVA were carried out (one per species).
Treatments

Trichoderma
Species

T. atroviride

T. hamatum

T. harzianum

T. koningii

ANOVA Statistics

Treatment 1:

Treatment 2:

Treatment 3:

Isolates

Control

Onion extract 1 g L-1

Onion extract 5 g L-1

A1

42.3 (0.56) Ca

44.8 (0.17) Cc

43.2 (0.37) Cb

A3

37.9 (0.34) Aa

37.8 (0.16) Aa

37.8 (0.39) Aa

A5

41.7 (0.37) Ba

42.0 (0.34) Bb

42.3 (0.51) Bb

C1

52.0 (1.68) Ba

51.1 (0.98) Aa

55.6 (1.32) Bb

C2

51.8 (0.80) Ba

53.1 (1.14) Bab

54.8 (0.53) Bb

C3

49.5 (1.10) Aa

49.1 (1.21) Aa

49.0 (0.77) Aa

D1

37.7 (0.12) Ba

39.4 (0.61) Cb

40.8 (0.45) Bc

D2

35.3 (0.04) Aa

37.3 (0.31) Bb

40.3 (0.70) Bc

D3

34.9 (0.23) Aa

36.4 (0.14) Ab

38.6 (0.26) Ac

E1

50.6 (0.45) Ca

51.8 (0.96) Ba

61.3 (1.15) Cb

E2

44.2 (0.49) Aa

44.5 (0.62) Aa

43.1 (1.68) Aa

E5

48.2 (0.44) Ba

50.7 (0.48) Bb

51.0 (0.68) Bb

Isolates

Treatment

Species x Treatment

P - value

LSD

P - value

LSD

P - value

LSD

< 0.001
***

0.31

0.020
*

0.31

0.014
*

0.54

< 0.001
***

1.82

0.043
*

1.82

0.20
ns

na

< 0.001
***

0.63

< 0.001
***

0.63

0.12
ns

na

< 0.001
***

1.43

< 0.001
***

1.43

< 0.001
***

2.47

NB: For the analysis of three isolates within one species, values within one row followed by the same lowercase letters, and values within one column followed by the same uppercase letters, are not
significantly different according to ANOVA (P < 0.05).
na = not applicable, ns = non significant, * = significant at P < 0.05, ** = significant at P < 0.01, *** = significant at P < 0.001, LSD = Least significant differences of means
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4.3.2. Experiment 2: Effect of onion scale extract on Trichoderma
spore germination
The overall spore germination percentage of T.atroviride, T. hamatum, T. harzianum,
and T. koningii isolates after 24 h incubation at 25°C ranged between 91% and 99%.
This germination percentage was very high but the results of the statistical analysis
(Table 4.2) showed significant differences in spore germination between species (P <
0.001) but no treatment effect (P = 0.61). Significant differences were obtained for
the interaction of Trichoderma species isolates with treatment (P <0.001). This
interaction was observed with the three T. harzianum isolates (D1, D2, and D3) as
spore germination increased with increasing onion extract concentration. The reverse
trend was observed with T. atroviride isolate A1 and T. hamatum isolate C2 whilst for
the remaining isolates of all species, no effect was observed.

4.3.3. Experiment 3: Penicillium hyphal growth
The results of this experiment showed that the genus Penicillium grew slower than
the Trichoderma species as none of the Penicillium isolates had reached the edge of
the Petri dish after 7 d of incubation (Figure 4.4). However, the Penicillium isolates
used in this experiment appeared to sporulate faster than the four Trichoderma
species as spores were observed only 4 mm behind the leading edge of the growing
hyphae. This meant that spores were formed 24 h after the formation of the hyphae.
The statistical analysis of the data showed significant differences in hyphal growth
between isolates (P < 0.001). In general, Penicillium Pen 1, Pen 2 and Pen 3 grew
the fastest across all treatments while isolates Pen 4 and Pen 5 grew the slowest
across all treatments. Significant differences were also observed between treatments
(P = 0.015). The hyphal growth of isolates Pen 2, Pen 3 and Pen 5 was significantly
promoted by addition of the onion extract. However, in the case of isolate Pen 1,
hyphal growth was significantly higher for both the control and the highest onion
extract concentration treatment. The interaction between isolates and treatment was
also significant (P < 0.001). Onion extract addition had no effect on the hyphal growth
of Pen 4.
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Table 4.2. Statistical summary of the overall mean spore germination (%) values determined after 24 h of incubation at 20°C for four Trichoderma species
(isolates were bulked in this analysis) grown in ½ PDB+c amended with different onion extract concentration. Standard errors of the means are given in
parentheses. Significant differences between species and treatments were tested using a two-way ANOVA.
Treatments
Trichoderma
species

ANOVA Statistics

Treatment 1:

Treatment 2:

Treatment 3:

Control

Onion extract 1 g L-1

Onion extract 5 g L-1

T. atroviride

99.1 (0.19) Bc

98.4 (0.29) Bb

97.5 (0.46) Aa

T. hamatum

98.8 (0.27) Bb

97.6 (0.53) Aa

98.0 (0.49) ABa

T. harzianum

93.1 (0.94) Aa

96.9 (0.52) Ab

97.3 (0.51) Ab

T. koningii

99.2 (0.22) Bb

98.3 (0.33) Ba

98.7 (0.32) Bab

Species

Treatment

Isolate x Treatment

P - value

LSD

P - value

LSD

P - value

LSD

< 0.001
***

0.75

0.61
ns

na

< 0.001
***

1.23

Values within one row followed by the same lowercase letters, and values within one column followed by the same uppercase letters, are not significantly different according to ANOVA (P < 0.05).
na = not applicable, ns = non significant, * = significant at P < 0.05, ** = significant at P < 0.01, *** = significant at P < 0.001, LSD = Least significant differences of means.
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-1
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Figure 4.4. Mean hyphal growth (mm) of five Penicillium species isolates measured after 7 d of
incubation at 20°C on ½ PDA+c amended with different onion extract concentrations. Error bars
represent the standard errors of the means.

4.3.4. Experiment 4: Trichoderma – Penicillium dual plate assay
Isolates of T. atroviride (A1 and A3) and T. hamatum (C1 and C2), showed no sign of
growth inhibition by either Penicillium isolates (Pen1 and Pen3) since after 6 d of
incubation in the dark at 20°C, the hyphae of the Trichoderma isolates had
completely covered the Penicillium colonies (Figure 4.5 A and B). Therefore, no
statistical analysis was performed. The isolates of T. koningii (E1 and E2) had their
hyphal growth inhibited by both Penicillium isolates (Figure 4.5 D). However,
statistical analysis of the data revealed no significant difference in growth inhibition
between treatments, Trichoderma isolates, Penicillium isolates and all the
interactions of these three variables (Table 4.3).
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A

Trichoderma colony

C

B

Penicillium colony

D

Figure 4.5. Example of plates from the dual plate assay experiment between Trichoderma and
Penicillium. All the cultures are 6 d old and were incubated in the dark at 20°C. A = T. atroviride isolate
A1 growing against Penicillium isolates Pen 1 (on the left) and Pen 3 (on the right). B = T. hamatum
isolate C2 growing against Penicillium isolates Pen1 (on the left) and Pen3 (on the right). C = T.
harzianum isolate D1 growing against Penicillium isolates Pen1 (on the left) and Pen3 (on the right). D
= T. koningii isolate E1 growing against Penicillium isolates Pen1 (on the left) and Pen3 (on the right).

Table 4.3. Analysis of variance statistical results for the mean width (mm) of the inhibition zone
measured between two T. koningii isolates (E1 and E2) and two Penicillium isolates (Pen 1 and Pen
3) after 6 d incubation at 20°C. The isolates were grown on ½ PDA+c amended with different onion
extract concentration treatments. Significant differences between isolates and treatments were tested
using a two-way ANOVA (P < 0.05) and P – value are presented.
ANOVA Statistics
Variables comparisons

P - value

Treatments

0.102 ns

T. koningii isolates

0.618 ns

Penicillium species isolates

0.937 ns

Treatment x T. koningii isolates

0.467 ns

Treatment x Penicillium species isolates

0.743 ns

T. koningii x Penicillium species isolates

0.841 ns

Treatments x T. koningii isolates x Penicillium species isolates

0.986 ns

ns = non significant
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Finally, inhibition of the hyphal growth of T. harzianum isolates (D1 and D3) was also
observed but only by Penicillium isolate Pen 3 (Figure 4.5 C). Differences in growth
inhibition between treatments were significant (P = 0.007). Inhibition of both T.
harzianum isolates by Pen 3 was the greatest when the concentration of onion

extract was highest (Figure 4.6). However, no difference was observed between the
control and treatment 2 (onion extract 1 g L-1). No differences were also observed
between the two Trichoderma isolates (P = 0.927) and the interaction treatment x
Trichoderma isolates was also not significant (P = 0.664). However, after 12 d of

incubation, both T. harzianum and T. koningii isolates were seen to recover and
overgrew the Penicillium isolate colonies.

A

A

6

b
b
ab

5
Inhibition zone (mm)

LSD = 0.808

a

a

a
4
3
Trt 1: Control
Trt 2: Onion extract (1g L-1)
Trt 3: Onion extract (5g L-1)

2
1
0
D1

D3
T. harzianum isolates

Figure 4.6. Mean width (mm) of the inhibition zone between two T. harzianum isolates (D1 and D3)
and one Penicillium isolate (Pen 3) after 6 d incubation at 20°C. The isolates were grown on ½ PDA+c
amended with different onion extract concentration treatments. Standard errors bars and LSD are
shown. Significant differences were tested using a two-way ANOVA. Treatment analysis within one
isolate with the same lowercase letters, and between isolates with the same uppercase letters, are not
significantly different according to ANOVA (P < 0.05).
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4.4. DISCUSSION
In this series of experiments, the effect of different concentrations of onion scale
residue extract on several isolates of four Trichoderma species and five Penicillium
isolates was investigated.
In the first experiment, the main results showed that the species and isolates were
the main source of variation within the results. No inhibition of hyphal growth by onion
extract amendment was seen for any of the Trichoderma species or isolates
investigated. In fact, for several isolates of the Trichoderma species, onion extract
amendment promoted hyphal growth, therefore, no antifungal activity against these
Trichoderma species could be attributed to the onion extracts. The first hypothesis

Ho’ was accepted. This was further shown in the second experiment where again the
spore germination percentage of these same Trichoderma isolates showed no sign of
inhibition nor promotion. However, it is important to note that in this experiment,
spore germination was very high, above 91% for all the Trichoderma isolates
regardless of the treatment. These results are interesting because they indicate that
the decrease in Trichoderma CFU numbers and species diversity observed in
Chapter Three is unlikely to be caused by the onion scale residue or possible nonvolatile organic compounds released by their decomposition. This observation is
important as it indicates that if Trichoderma is used as a biological control agent on
onion crops, it should not be inhibited by the crop itself or the crop residues. McLean
& Stewart (2000) reported significant inhibition of Sclerotium cepivorum, the causal
agent of onion white rot when Trichoderma species such as T. harzianum were
added to soil where onion crops were grown while another study by McLean et al.
(2005) showed that Trichoderma introduced in the rhizosphere of onion plants
maintained a high population number over a period of 19 weeks.
The results of Experiment 3 (Penicillium hyphal growth rate) also revealed interesting
results. Firstly, it showed that the Penicillium isolates obtained from the Pukekohe
soil grew slower than any of the Trichoderma isolates regardless of the onion extract
concentration when plated on agar medium. Although, the Penicillium isolates were
applied as spores instead of hyphae (like the Trichoderma isolates in experiment 1),
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they still grew slowly even after being given several days of incubation on the agar
plates. Yet this was not observed. However, Penicillium colonies were all able to
sporulate only 24 h after the formation of hyphae while in comparison the fastest
Trichoderma isolate (T. harzianum D1) sporulated only after at least 72 h of

incubation. Although, this observation was made in vitro and not in the soil, it could
have important biological consequences as Penicillium isolates seemed to be able to
multiply faster than the Trichoderma and their spores could also detach more easily
allowing the spores to be spread faster. This would provide a competitive edge to
Penicillium colonies in the soil. The results of this experiment also revealed that there

was some evidence that three Penicillium isolates (Pen 2, Pen 3 and Pen 5) were
promoted by the addition of onion extract. This indicates that the onion extract had no
antifungal activity against the Penicillium isolates and the second hypothesis was
accepted. This outcome was similar to that observed in the Trichoderma hyphal
growth experiment and suggests that the onion extract contains carbohydrates that
can be utilised by both genera. Indeed the dry outer skin of onion contains a very
high proportion of uronic acid compared to the rest of the onion tissues (Ng et al.,
1998). Uronic acid is a carboxylic acid in which the terminal alcohol group in a sugar
farthest from the carbonyl group has been oxidized to a carboxyl group. This organic
acid is generally found in older plant tissues and is derived from polysaccharides
such as xylose (Ng et al., 1998). Many Trichoderma species are able to utilise
organic acids as a source of carbon (Gamerith et al., 1992) and, therefore, a higher
level of uronic acid in the growing medium is most likely to have promoted both
Trichoderma isolates and also probably Penicillium isolates.

The results from the Trichoderma-Penicillium dual plate assay revealed that only two
species of Trichoderma (T. harzianum and T. koningii) had their hyphal growth
inhibited by Penicillium isolates but after 12 d of incubation this inhibition was
overcome. The onion extract had none or very limited effect on this inhibition and,
therefore, the hypothesis that a possible synergistic interaction between Penicillium
and onion extract could significantly inhibit the growth of Trichoderma was not
proved. In general, antibiosis is more likely to occur on agar rich medium such as
PDA than in nutrient poor medium such as soil. Therefore, the fact that little evidence
of inhibition between Trichoderma and Penicillium was observed in this experiment,
also tends to suggest that inhibition is less likely to take place in the soil.
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4.5. SUMMARY
Overall, these experiments showed that in vitro onion scale extract had no antifungal
activity against either Trichoderma or Penicillium and instead tended to promote their
hyphal growth and sporulation. The Penicillium isolates also failed to inhibit the
growth of four Trichoderma isolates when grown in the presence of onion extract on
dual plate assay. Therefore, from these results, it is still difficult to explain why
Trichoderma CFU numbers decreased and Penicillium CFU numbers increased in

the presence of onion scale residue in the two green manure pot experiments. Other
more complex factors could be responsible such as the production of volatile
compounds (Schippers et al., 1982) during the decomposition of the onion residue
that could inhibit the germination of Trichoderma propagules.
These results raise two hypotheses. More complex factors might be affecting the
Trichoderma and Penicillium CFU numbers in the rhizosphere soil. Such factors

could include fungistasis, changes in soil micro-flora, interaction between onion root
exudates and onion residue which could all lead to the inhibition of Trichoderma
growth and allow the Penicillium to proliferate. Conversely, these factors could
directly give a competitive advantage to Penicillium populations which could then out
compete and reduce indigenous Trichoderma populations in the soil. Another
hypothesis could be an anomaly created by the soil dilution method. Where, when
large number of Penicillium CFU were present on the TSM-LU agar plates prevented
the recording of Trichoderma CFU that were present. Overall, further research is
needed to ensure that Penicillium numbers are not promoted in continuous onion
crop systems as this will pose the problem of Penicillium inoculum build up which
could lead to increase in storage disease such as onion storage rot.
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CHAPTER FIVE: Rhizosphere competence study of
four indigenous Trichoderma species in the
rhizosphere of onion seedlings
5.1. INTRODUCTION
The results from the experiments carried out in Chapters Two and Three revealed
that five Trichoderma species were capable of establishing in the rhizosphere soil of
onion and potato plants and remain there over an entire growing season. In addition,
the assessment of species presence frequency revealed that the likelihood of
recovering a particular species of Trichoderma in the rhizosphere soil for a specific
crop rotation treatment was different between species. These results indicate that the
different Trichoderma species recovered during this study could have different
rhizosphere colonising abilities. In both the field trial (Chapter Two) and the two pot
experiments (Chapter Three) T. hamatum, T. harzianum and T. koningii, were
consistently the most abundant species, while the remaining two species T. atroviride
and T. asperellum never represented more than 13% and 9%, respectively of the
total Trichoderma population. These differences in abundance could reflect how
quickly these species establish in a newly developing rhizosphere. This ability could
be linked to the concept of rhizosphere competence. For this study, four Trichoderma
species were selected (T. atroviride, T. hamatum, T. harzianum and T . koningii) to
test three hypotheses. The first hypothesis (Ho’) was defined as follows: Ho’ = The
four indigenous Trichoderma species used in this study were not rhizosphere
competent. A second hypothesis (Ho’’) was defined as follows: Ho’’ = Different
indigenous Trichoderma species had identical rhizosphere colonising ability when
coated, individually, onto onion seeds planted in a sterile soil. Another aspect of
rhizosphere colonisation, soil depth, was also investigated in this study. Several
reports in the literature have highlighted how different Trichoderma species colonised
the rhizosphere of the plant in a C-shaped pattern with higher establishment along
the upper and lower sections of roots (b; Ahmad & Baker, 1987b; Sivan & Chet,
1989; Sivan & Harman, 1991; Tsahouridou & Thanassoulopoulos, 2002). For this
experiment, root portions from depths of 1-3 cm (upper root system) and 6-8 cm
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(lower portion of the root system) were investigated for differences in CFU numbers
between the different Trichoderma species. The third Ho’’’ hypothesis was defined
as: Ho’’’ = In sterile soil, different indigenous Trichoderma species displayed no
differences in CFU numbers in rhizosphere soil sampled at two different depths. To
answer these three hypotheses, an experiment was carried out using split tubes to
allow easy access to the roots and in sterile soil to prevent confounding effects due
to the presence of other microorganisms. Onion seeds coated with Trichoderma were
used to allow the Trichoderma to be in direct contact with the roots at emergence.

5.2. MATERIALS AND METHODS
5.2.1. Trichoderma treatments
Four indigenous isolates of Trichoderma species isolated from the rhizosphere of
onion and potato crops were selected to assess differences in their rhizosphere
competence. The species selected were T. atroviride isolate 13C, T. hamatum isolate
84, T. harzianum isolate 24 and T. koningii isolate 46. These four species were
selected because they were the four most dominant species found in the rhizosphere
soil of both onion and potato crop and were recovered in the field trial and in the two
green manure pot experiments. For this experiment, six different inoculated onion
seed treatments were set up: A control treatment with no inoculated Trichoderma
species, four treatments each inoculated with one Trichoderma species and one
“mixed” treatment where the four Trichoderma species were inoculated onto onion
seeds in equal quantity.
Prior to the inoculation of the onion seeds, a single spore culture of each
Trichoderma species was grown on ½ PDA+c. Five replicate plates were set up for

each species. The plates were sealed with GLAD® Cling Wrap and incubated under
24 h blue light at 20°C for 20 d in order to obtain large quantities of spores for each
species. Then, sterile 0.1% Tween 80 solution was poured (3-5 mL) onto the
sporulating Trichoderma culture, and spores were detached from the hyphae using a
sterile hockey stick. The resulting spore suspension was pipetted (1-2 mL) through
custom made filter tips (as previously described in Section 2.2.2.6) to remove any
hyphal fragments present in the suspension. The filtrates from each plate (1-2 mL)
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were combined in a sterile 15 mL centrifuge tube (Greiner Bio-one, Germany) making
a total spore suspension volume of approximately 10 mL for each Trichoderma
species. The spore suspension was then centrifuged (Eppendorf Centrifuge 5810R)
at 18 g for 10 min and the supernatant discarded except for the last 1000 µL which
contained all the centrifuged spores. This concentrated spore suspension was
pipetted into pre-prepared sterile screw-top 1.7 mL cryo-tubes filled with 500 µL of
sterile 0.01% sterile distilled water agar. The concentration of the spore suspension
obtained for each Trichoderma species was measured using a haemocytometer and
adjusted to 4.0 x 107 spores mL-1 (in separate 1.7 mL cryo-tube) using a sterile 1%
methyl cellulose (MC) low substitution (BDH Laboratory supplies, England). The 1%
solution was made by diluting 1 g of MC in 100 mL od distilled water and the
autoclaved at 121°C and 15 psi for 15 min. The “mixed” treatment contained 1.0 x
107 mL-1 of spores for each species. Methyl cellulose was used as a coating agent
for the onion seeds.

5.2.1. Seed coating
For this experiment, uncoated onion seeds (var. Terranova Pukekohe Longkeeper
Reselected; 96% germination rate) were selected. The seeds were surface sterilised
by soaking them for 5 min in 10% sodium hypochlorite (NaClO), the seeds were then
rinsed three times in sterile distilled water, placed in open Petri dishes and left to dry
in a sterile air flow for 20 min. Once dry, seeds were placed in six separate Petri
dishes (one Petri dish per treatment and 30 seeds per Petri dish) and individually
coated with either 10 µL of sterile 1% MC for the control treatment, 10 µL of 1% MC
inoculated with either T. atroviride, T. hamatum, T. harzianum or T. koningii or 10 µL
of 1% MC inoculated with the “mixed“ treatment. This allowed 4.0 x 105 Trichoderma
spores to be inoculated onto each seed. Once coated, the seeds were left to dry for 1
h inside the laminar flow then the seeds were placed in six separate sterile 1.7 mL
tubes and stored at 4°C until used. Three seeds were taken from each treatment and
each placed in a sterile 1.7 mL tube filled with 1 mL of 0.1% of Tween 80. The tubes
were vortexed for 5 min to detach the spores from the seed surface. Then, 10 μL was
pipetted in a sterile 1.7 mL tube filled with 1 mL of distilled water and vortexed for 5 s.
Then, 10 μL were pipetted onto ½ PDA+c agar plate and incubated at 20°C in the
dark for 7 d, to check for spore viability.
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5.2.3. Microcosms set up
In this experiment, 50 mL centrifuge tubes were cut in half along their length using a
band saw. Each half was numbered with a permanent marker to identify the pairs.
Then, all the halves were soaked for 30 min in 10% NaOCl to sterilise them. After
this, they were removed and dried in a sterile air flow. In this experiment, sterile
growth conditions had to be maintained for at least 6 weeks, therefore, small sterile
growth chambers were produced. This was achieved by using mini propagators
(Hortlink New Zealand Ltd, NZ). The drainage holes and ventilation openings were
sealed with tape. Then, in a laminar flow, the inside of the mini propagator was spray
saturated with 90% ethanol and the ethanol left to evaporate. A rack system was
devised to hold the split tubes upright inside the propagator. This was achieved by
cutting polystyrene sheet (280 mm x 210 mm x 20 mm) and drilling out 24 x 35 mm
diameter holes. These were then sterilised by spraying with 90% ethanol inside a
laminar flow. The ethanol was left to evaporate, then a rack was placed inside each
of the six mini propagators.
Pukekohe soil, collected from the oat plots of the field trial, was sieved to 2 mm. Fine
pumice and coarse perlite were then mixed with the soil to produce a Pukekohe soil
mix following the method previously described in Section 3.2.1.3. Once the mix was
well homogenised, it was sterilised by gamma ray irradiation (Schering – Plough
Animal Health, Upper Hutt, NZ). The Pukekohe soil mix was triple bagged in
autoclave plastic bags and received two irradiation doses of 25 kGy. Ten soil mix
samples were removed for a sterilisation check. The samples were diluted at 10-2 in
0.01% sterile distilled water agar and plated onto standard PDA and TSM-LU agar
with no added chloramphenicol. The plates were sealed with GLAD® Cling Wrap and
incubated in the dark at 20°C for 10 d. After this incubation period, the sterility of the
soil mix was confirmed. At the same time, 100 g of coarse perlite were autoclaved at
121°C, 15 psi for 15 min. In a laminar flow cabinet, the split tubes were re-attached
using sterile GLAD® Cling Wrap. The plastic film was wrapped around the two halves
to reform the centrifuge tube. Then, 0.5 g of coarse perlite was added to the bottom
of each tube to allow water drainage. Each split tube was firmly packed to the top
with Pukekohe soil mix at a bulk density of 1.20 g cm-3. The split tube was then
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placed in the sterile mini growth chamber. Once a propagator was filled with 24 split
tubes, all 24 tubes were planted with one onion seed (Figure 5.1).
Only one coating treatment was placed per mini propagator to avoid cross
contamination between the treatments and seeds were planted at a depth of 10 mm.
The propagator was then sealed inside the laminar flow with GLAD® Cling Wrap and
placed in an incubator at 25°C with a 16 h day 8 h night cycle for 6 weeks. All tubes
were watered with sterile distilled (1000 µL every 4 d) in a laminar flow using sterile
pipette tips to maintain GWC between 70% and 80% of the soil WHC.

Figure 5.1. Mini propagator set up filled with 24 split tubes.

5.2.4. Rhizosphere soil sampling and soil dilution
The sampling of the rhizosphere soil from the onion seedlings was carried out by
carefully opening each half of a split tube to expose the root system of the 6 weeks
old plants (Figure 5.2). Ten grams of rhizosphere soil was sampled at two different
depths (1-3 cm and 6-8 cm, respectively) using a sterile spatula for each sampling to
prevent cross contamination. Each sample was bagged individually and store at 8°C
until processing. For each treatment, rhizosphere soil was sampled from 10 of the
24 split tubes. The extra number of tubes was to ensure that a least ten well
developed onion seedlings at similar physiological stage could be sampled. Soil
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samples for soil GWC measurements were also taken for each treatment.
Trichoderma CFU numbers were then assessed by soil dilution plating and CFU

counting on TSM-LU agar as previously described in Section 2.2.2. For the
Trichoderma “mixed” treatment, representatives isolates were taken from the top and

bottom root section (100 per section), and plated onto ½ PDA+c for identification
according to the species identification method previously described in Section
2.2.3.2.

Figure 5.2. A 6 weeks old
onion plant grown in a split
tube system. The bottom
was filled with coarse perlite
for drainage.

5.2.5. Data analysis
Trichoderma population counts in the rhizosphere soil were analysed using a

standard (two-way unblocked) analysis of variance (ANOVA) with factorial treatment
structure and interactions to measure differences in rhizosphere competence
between each Trichoderma species. The analysis looked at the main effect of
treatment, soil depth and the interaction of these two factors on Trichoderma CFU
numbers in the rhizosphere soil of onion seedlings. Significance was evaluated at P <
0.05 and mean separation was accomplished by Fisher’s protected least significant
difference test. The Chi-squared test (χ2) was used to measure the goodness of fit for
Trichoderma species proportions in the “T. mixed” treatment. All data were analysed

using the statistical software GenStat ver. 9.0 (VSN International Ltd). Complete
statistic tables are presented in Appendix 5.
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5.3. RESULTS
Trichoderma population in the rhizosphere soil
In this experiment, all the inoculated Trichoderma species thrived in the rhizosphere
of the onion seedlings. Throughout the 6 weeks duration of the experiment,
Trichoderma sporulation could be observed on the soil surface of many split tubes

(Figure 5.3). Furthermore, conidiation was also observed (although less intense)
throughout the soil depth.

Figure 5.3. Trichoderma conidiation (green mass) forming on the surface of Pukekohe soil.

Initially, each seed (except the control) was inoculated with 4.0 x 105 Trichoderma
spores. After 6 weeks, Trichoderma CFU numbers in the rhizosphere soil ranged
from 6.8 x 106 to 8.7 x 107 g-1 of ODS (Figure 5.4). In comparison, in the control
treatment, Trichoderma CFU numbers were very low (2.0 x 103). The control was not
used in the statistical analysis as its purpose was only to verify that the system
worked and that only inoculated Trichoderma did proliferate.
The statistical analysis revealed that the interaction between depth and treatments
(Trichoderma species) was significant (P < 0.001) and therefore the effect of these
two factors was non-additive (Table 5.1). The species T. hamatum and T. koningii
were the most abundant in the top 1-3 cm when compared with all the other
treatments. However, depth had significant effect on both species as CFU numbers
were significantly lower in the 6-8 cm horizon when compared to the top 1-3 cm. T.
atroviride and T. harzianum had overall significantly lower CFU numbers than T.
hamatum and T. koningii.
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Table 5.1. Statistical summary of the means of Trichoderma CFU numbers (g-1 of ODS) measured in the rhizosphere soil of 6 weeks old onion seedlings (n =
10 replicates per treatment per depth). Comparison of the effects of species, soil depth and their interaction on Trichoderma CFU numbers were assessed.
Significant differences (P < 0.05) were tested using a (two-way unblocked) ANOVA. Standard errors of the means are given in parentheses.
Analysis

Treatment x soil
depth interaction

Treatment main
effect
Soil depth main
effect

Trichoderma CFU numbers
Soil depth

T. atroviride

T. hamatum

T. harzianum

T. koningii

T. “mixed”

1-3 cm

7
3.91 x 10 de
6
(3.98 x 10 )

8.69 x 107 g
6
( 9.68 x 10 )

2.07 x 107 bc
6
(1.74 x 10 )

7.69 x 107 g
6
(7.37 x 10 )

5.50 x 107 f
6
(9.95 x 10 )

6-8 cm

7
2.95 x 10 cd
6
(3.36 x 10 )

1.11 x 107 ab
6
(2.96 x 10 )

6.76 x 106 ab
6
(1.99 x 10 )

4.50 x 107 ef
6
(6.19 x 10 )

3.28 x 107 cde
6
(4.99 x 10 )

T. atroviride

T. hamatum

3.43 x 107 c
(2.76 x 106)

4.90 x 10 d
(9.99 x 106)

7

1-3 cm

T. harzianum

T. koningii

7
1.37 x 10 b
(2.06 x 106)

6.10 x 10 e
(5.95 x 106)

P value

LSD

< 0.001 ***

1.67 x 107
d.f. = 4

< 0.001 ***

1.18 x 107
d.f. = 4

< 0.001 ***

7.47 x 106
d.f. = 1

T. “mixed”

7

7
4.39 x 10 cd
(5.98 x 106)

6-8 cm
7

5.57 x 10 a
(4.66 x 106)

7

2.50 x 10 b
(2.70 x 106)

Values within one analysis followed by the same lowercase letters are not significantly different according to t-test (P < 0.05).
Treatments: Control = no Trichoderma inoculated, T. “mixed” = an equal amount of spore from four Trichoderma species (T. atroviride, T. hamatum, T. harzianum, and T. koningii) were inoculated to
the onion seeds. *** significant at P< 0.001, d.f. = degrees of freedom, LSD = least significant differences of means.
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However, both species were not affected by depth as there was no significant
difference in CFU numbers between the 1-3 cm and 6-8 cm horizon. In the
Trichoderma “mixed” treatment, CFU numbers in the top 1-3 cm were significantly

lower than in the T. hamatum and T. koningii treatments but higher than in the T.
atroviride and T. harzianum treatment. The depth had also a significant effect on

CFU numbers with lower levels in the 6-8 cm horizon than in the 1-3 cm horizon.
Overall, the main effect of treatments was significant (P < 0.001) with CFU numbers
the being highest for T. koningii and lowest for T. harzianum. The main effect of
depth was significant with Trichoderma populations significantly (P < 0.001) higher in
the 1-3 cm layer compared to the 6-8 cm layer (Table 5.1). At a depth of 1-3 cm the
most abundant Trichoderma species were in order of importance, T. hamatum < T.
koningii < T. “mixed” < T. atroviride < T. harzianum. This trend was different at the 6-

8 cm depth with the most abundant Trichoderma species being, T. koningii < T.
“mixed” < T. atroviride < T. harzianum < T. hamatum. Trichoderma species

proportions were also measured in the Trichoderma “mixed” treatment for each soil
depth (Figure 5.4).

Trichoderma species proportion (%)

100

80

T. atroviride
T. hamatum
T. harzianum
T. koningii

60

40

20

0
Top section (1-3 cm)

Bottom section (6-8 cm)

Onion seedling root section

Figure 5.4. Proportions of four Trichoderma species (T. atroviride, T. hamatum, T. harzianum and T.
koningii) assessed in the top section (1-3 cm) and bottom section (6-8 cm) of the rhizosphere soil of a
6 weeks old onion seedling. Identification was done on ½ PDA+c according to the method described in
Section 2.2.3.2.
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The proportions were notably different between the top and the bottom section in
particular for the species T. hamatum which represented a smaller proportion of the
total isolates in the bottom section compared to the top section (Figure 5.4). The top
section was dominated by T. hamatum and T. koningii (40% and 33%, respectively).
The χ2 value for the top section was 14.64 (df = 3) with P < 0.01. Indicating that the
differences in species proportions were significant. Both T. koningii and T. atroviride
seemed to be more abundant in the bottom (44% and 29%, respectively) than in the
top root section (33% and 16%, respectively) while T. harzianum remained relatively
unchanged (11-12%). The χ2 value for the top section was 22.84 (df = 3) with P<
0.001. Indicating that differences in species proportions were also significant in the
bottom root section. Overall, the proportions of T. atroviride, T. hamatum, T.
harzianum and T. koningii were 22.5%, 27.5%, 11.5% and 38.5%, respectively.

Mb1

Mb2

Mb3

Mb5

Mb6

M4

Mb4

Figure 5.5. Typical morphologies of Trichoderma CFU growing on TSM-LU agar after 7 d of
-5
incubation at 20°C in the dark. The soil suspension was plated at a dilution of 10 except for the
-2
control (Mb1) which was plated at a dilution of 10 and showed very little contamination. Mb2 = T.
atroviride, Mb3 = T. hamatum, Mb4 = T. harzianum, Mb5 = T. koningii and Mb6 = Trichoderma mixed
treatment.
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In each treatment, the Trichoderma CFU morphologies on TSM-LU agar were
identical (Figure 5.5) although in Chapter Two it was shown that different
Trichoderma species could form the same morphology when grown in the presence

of other soil fungi.
However, when grown on ½ PDA+c the morphology were identical for each treatment
indicating that no cross contamination had occurred. The soil GWC of all treatments
was constant and ranged between 41.5% and 43.3% which corresponded to 72.5%
and 75.7%, respectively of the soil water holding capacity.

5.4. DISCUSSION
The first aim of this experiment was to investigate the hypothesis (Ho’) that in sterile
microcosms, the indigenous Trichoderma studied were not rhizosphere competent.
This hypothesis was rejected because all the species were clearly rhizosphere
competent and were able to proliferate in the rhizosphere of onion seedlings in the
timeframe studied. This observation was contradictory to the findings of Papavizas
(1981), Ahmad and Baker (1987b) and Baker (1991) who stated that “Apparently,
wild types of Trichoderma species do not possess the attribute of rhizosphere
competence”. However, it should be noted that in these experiments, they used
indigenous Trichoderma species (T. harzianum in particular and T. koningii to some
extent) that had been isolated from bulk soil and not rhizosphere soil. In contrast, in
the present study, the Trichoderma species had all been originally isolated from the
rhizosphere of onion and potato grown in the Pukekohe soil, and therefore, it is likely
that these were naturally well adapted to this soil and could thrive in the rhizosphere
of onion seedlings. Furthermore, the use of sterile microcosms removed any
competition for resources and space, allowing the Trichoderma species to proliferate
within the 6 week experimental period. Studies have reported that both indigenous
and inoculated Trichoderma species tend to be the first organisms to proliferate in
soil sterilised through treatments such as fumigation (Leandro et al., 2007;
Papavizas, 1985). Although not entirely reproducible of field conditions, the results of

165

this experiment suggest a difference in rhizosphere competency between these
species. The next step will be to perform this experiment in non-sterile soil and for a
longer period of time to measure how long the inoculated indigenous Trichoderma
can remain in the rhizosphere soil.
Interestingly, the Trichoderma “mixed” treatment also displayed clear rhizosphere
competence with overall CFU numbers increasing 100 fold (4.0 x 105 to 4.4 x 107).
No synergy resulted from the mixing of the four species as the increase was almost
mid-way between T. harzianum (lowest increase, 4.0 x 105 to 1.4 x 107) and T.
koningii (largest increase, 4.0 x 105 to 6.1 x 107). However, species proportions were

significantly different within the top and bottom root sections indicating that
competition between the species did take place in the rhizosphere. The T. harzianum
isolate accounted for the lowest proportion indicating that this isolate might have
been susceptible to competition from the isolates of the other three species. This
experiment would need to be repeated using a greater selection of isolates for each
species to distinguish if proportion differences are isolate dependent or species
dependent since previous studies have demonstrated that different Trichoderma
isolates exhibit differences in their genetic make-up or in the production of secondary
metabolites (Hermosa et al., 2004; Jakubikova et al., 2006; Worasatit et al., 1994).
The second hypothesis (Ho’’) was also rejected because in sterile microcosms, the
different indigenous Trichoderma species (T. atroviride, T. hamatum, T. harzianum,
and T. koningii) exhibited different rhizosphere colonising ability. The results clearly
showed that there were significant differences between treatments with T. koningii, T.
hamatum and the Trichoderma “mixed” treatment having significantly higher CFU

numbers than T. atroviride and T. harzianum. The abundance of T. koningii and T.
hamatum was in accordance with what was observed in the field trial and the green

manure experiments suggesting that these two species had a greater ability to
colonise the rhizosphere of onion plants. Furthermore, in Chapter Four, T. koningii
and T. hamatum had the fastest growth rate when grown in the presence of onion
residue extracts which could indicate that these two species are promoted by organic
molecules derived from onion plants, including root exudates. Differences in the
genetic make-up of each species and their ability to synthesise different
polysaccharases could also explain these differences. For example Ahmad and
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Baker (1987a) reported that the rhizosphere competency of several strains of T.
harzianum was correlated with their ability to secrete cellulolytic enzymes and the

activity of these enzymes. Strains with low cellulase production were less rhizosphere
competent compared to the high producing ones. Trichoderma species with high
cellulolytic activity are likely to be able to breakdown large polysaccharide molecules
released by the plant in the rhizosphere soil. In particular the mucilage overlying the
root surface in the zone of elongation where the remains of primary cell walls are a
likely source of cellulose substrates (Foster, 1986). However, a study by Melo et al.
(1997) showed that rhizosphere competence of T. harzianum strains is not always
associated with extracellular enzyme production. Another possible factor is that the
root exudates provided by the onion seedlings might favour T. koningii and T.
hamatum and limit other species such as T. harzianum which, as previously

observed in Chapter Three, did not thrive in the rhizosphere of onion plants amended
with onion residues. Studies have demonstrated that various soil physico-chemical
factors plus the presence of root exudates released by different plant species
combine to affect the soil microbial community including Trichoderma (Celar, 2002;
Kandeler et al., 2002; Kurakov & Kostina, 2001; Marschner et al., 2004; Marschner et
al., 2002; Patkowska, 2001). A study by Nicol et al. (2003) showed that T. hamatum

was inhibited by saponins (secondary phytochemical) produced by American ginseng
(Panax quinquefolius L.) while Patkowska (2001) reported that high levels of alkaline
amino acids in the rhizosphere of soybean (Glycine max (L.) Merr.) inhibited
Trichoderma spp. A study by Simons et al. (1997) revealed that rhizosphere

competency of the soil bacterium Pseudomonas fluorescens strain WCS365 was
dependent on the bio-availability, concentration and type of amino acids secreted by
tomato roots. Furthermore, the composition of root exudates tend to change as the
plant ages, therefore at different growth stages, the same plant could promote
different Trichoderma species by increasing its growth rate. All the above mentioned
factors need further investigation. This study however, is one of the first to look at
rhizosphere competence of multiple Trichoderma species with the bulk of the
research that has been done being mainly focused on T. harzianum.
Finally, the third aim of this experiment was to investigate the hypothesis (Ho’’’) that
in sterile microcosms, different indigenous Trichoderma species displayed no
differences in CFU numbers in rhizosphere soil sampled at two different depths. The
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results obtained clearly showed that this was not true and the hypothesis was
rejected. Both T. hamatum and T. koningii had significantly lower CFU numbers in
the lower (6-8 cm) than in the top rhizosphere section (1-3 cm). However, T.
atroviride and T. harzianum showed no significant differences in CFU numbers

between the two depths. This result is in accordance with the study of McLean et al.
(2005) which reported that the distribution of the biological control agent T. atroviride
C52 along the roots of onion plants was uniform while Lo et al. (1998) reported
similar results with T. harzianum in the rhizosphere of creeping bentgrass plant
(Agrostis palustris Huds.). Furthermore, in the Trichoderma “mixed” treatment, the
species proportions were different with the top section being dominated by T.
hamatum (40%) and T. koningii (33%), while the bottom section was dominated by T.
koningii (44%) and T. atroviride (29%). T. harzianum proportions however, remained

relatively constant in the top and bottom section (11% and 12%, respectively).
Although measurements were taken only at two depths and the experiment only ran
for 6 weeks, the results indicated that T. hamatum in particular seemed to prefer the
rhizosphere soil closest to the surface. Such preference could be explained by
differences in the metabolism and physiology of the Trichoderma species. Abiotic
factors such as soil pH, moisture, CO2 levels, nutrient and oxygen availability can all
influence the spore germination rate and hyphal growth of Trichoderma (Danielson &
Davey, 1973d; Verma et al., 2006). With increasing soil depth, soil pH generally
increases (Godsey et al., 2007) (although in this experiment the increase is likely to
be minimal) and, therefore, Trichoderma species with preference for lower pH are
likely to stay in the upper part of the soil. However, the species studied have a very
similar pH optimum according to Danielson and Davey (1973a; b; d). At the depth
studied in these relatively small microcosms, differences in pH were likely to be very
small and not a major factor contributing to the differences observed between the
Trichoderma species. Oxygen levels decrease rapidly, with depth, in the soil and in a

sterile environment where extensive growth would occur, the oxygen demand could
be higher than the speed of oxygen diffusion. For example, in soil with high microbial
activity, a 2 mm diameter soil aggregate can be anaerobic in its centre. Lugtenberg
and Dekkers (1999) reported that different Pseudomonas bacteria possess different
types of NADH dehydrogenase (proteins involved in the universal respiratory chain
reaction); molecules involved in the generation of the proton motive force which can
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be used as an energy source for the synthesis of ATP. They also showed that the
different proteins can be down regulated by varying low oxygen levels which, in turn
defines the spatial distribution and the rhizosphere competence of the bacteria. It is
possible that each Trichoderma species possesses slightly different NADH
dehydrogenase which could define at which depth and under which oxygen levels
they can colonise the rhizosphere of plants. Contrary to oxygen levels, carbon
dioxide levels in the soil tend to increase with depth creating a selective gradient for
any soil microorganisms. The effect of carbon dioxide levels in the air was reported to
affect the hyphal growth of Trichoderma and differences were observed between
species and within isolates (Danielson & Davey, 1973d) while a study by Hjeljord
(2003) showed that spore germination of T. atroviride could be promoted with
increasing carbon dioxide levels. All the above mentioned factors can of course
interact together reflecting the complex environment that the rhizosphere is and
creating further selection pressure for the different Trichoderma species. This study
suggested that difference in spatial distribution between the different species was
possible. This, would make sense from an ecological point of view as it would reduce
competition for space and resources between the Trichoderma species. To confirm
this observation, it would be valuable to repeat this experiment using larger
microcosms where the onion plants could be left to grow through a complete growth
cycle and measure the distribution of the different Trichoderma species along the
root of more mature plants. Finally, knowing which part of the root each Trichoderma
species favours will provide valuable information to develop effective biological
control agents.

5.5. SUMMARY
In conclusion, this experiment showed that the indigenous Trichoderma investigated
had clear rhizosphere colonising ability. The T. koningii isolate in particular used in
this study displayed the best colonising abilities while T. harzianum was the least
efficient. This confirmed the results previously obtained in Chapter Two and Three
which seemed to indicate that the species isolated could have different rhizosphere
colonising abilities. Depth also influenced the rhizosphere competence of the
Trichoderma species use in this study. This was especially evident for T. hamatum

which showed strong rhizosphere colonising ability in the top root section (soil depth
1-3 cm) of 6 weeks old onion seedling while the reverse trend was observed with T.
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atroviride. It could, therefore, be hypothesised that in the field, the rooting depth

could be a selection factor for the distribution of Trichoderma species in the
rhizosphere soil. Results also indicated that when inoculated as a mixture the four
species still managed to actively colonise the rhizosphere and also competed with
one another. Further work needs to be conducted in a non-sterile environment to
confirm the results obtained in this study.
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CHAPTER SIX: General discussion
In this final chapter, the most pertinent findings of the research are presented and
discussed in order of importance to provide additional research suggestions to further
understand which abiotic and biotic factors influence the ecology and diversity of
indigenous Trichoderma species in the rhizosphere of vegetable crops such as onion
and potato.
This study revealed that, the application, in the field, of different rotation treatments
did influence indigenous Trichoderma CFU numbers in the rhizosphere soil.
However, it also showed that, in the short term, the addition of oat as a green manure
did not significantly promote the same Trichoderma populations in the rhizosphere of
onion plants. In the field trial, the effect of crop rotation was most marked in the third
growing season in plots where a different crop was grown every year. The results
indicated that after 3 years, the onion and potato mixed rotation (O-P-Oat and P-OOat, respectively) seemed to have a positive effect on Trichoderma CFU numbers
however, the increase in Trichoderma propagules in the rhizosphere soil was
relatively small and, therefore, 3 years might be too short a time to observe large
increase or change in indigenous Trichoderma populations. The results of the green
manure pot experiments however, indicated that, when fresh oat was incorporated to
the soil as a green manure Trichoderma populations did not significantly differ from
the unamended control. Furthermore, when the saprophytic growth of four
Trichoderma species was investigated in bulk and oat amended soil using a soil-

sandwich assay, no difference in saprophytic growth was observed confirming that in
this study, the use of oat as a green manure did not significantly promote
Trichoderma abundance or hyphal growth. Therefore, it is possible to hypothesis that

the increase in Trichoderma CFU numbers observed in the field was due to the
presence of a different crop every year rather than the planting of oat and that the
green manure used was not adapted to promote Trichoderma CFU numbers in the
rhizosphere soil.
When a green manure such as oat is incorporated into the soil to provide a source of
OM through its decomposition, it is important to consider the biochemical properties
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of the green manure as they will influence soil microorganisms communities including
Trichoderma. The decomposition rate of a green manure is determined by its C:N

ratio and the decomposer community structure (Neely et al., 1991). Several studies
have shown that amendments of green manure or OM with low C:N ratio favoured
bacterial population and their mineralising abilities (Lundquist et al., 1999) while
organic substrate with high C:N ratio promoted saprophytic fungi (Gao et al., 2007).
Farming practices have always favoured mineralisation (McLauchlan, 2006) because
it allows the crop to take up more nitrogen and, therefore, increase yields. Other OM
amendments such as ramial chipped wood (RCW) have higher C:N ratio and could
promote an increase in indigenous Trichoderma population numbers. Ramial chipped
wood refers to twigs (from dicotyledones trees only, not coniferous) with a diameter
of 7 cm or less and with a C:N ratio of 40:1 to 150:1 (Lemieux, 1995). It can be
readily obtained at a cheap cost from shelter belt trimmings. This product has been
used to improve soil stability, increase crop yields, increase drought resistance and
reduce pathogen and weed pressure (Caron, 1994). Unlike chipped wood from
stemwood (C:N 400:1 to 700:1), RCW immobilise small quantities of nitrogen which
are non-detrimental to the crop yield. Furthermore, it has been reported that with
applications of 600 m3 ha-1, RCW greatly promoted the soil fungal population
especially the lignolytic and cellulolytic fungi and the effects were perceived for at
least two years after application (Lalande et al., 1998). Unlike most carbon sources
and green manure amendments in agriculture, RCW promotes humification and soil
aggradation rather than mineralisation, two processes that are closely linked with soil
fungi including Trichoderma species (Godron & Lemieux, 1998; Lopez et al., 2006).
According to Kwasna et al. (2000) study, the incorporation into a fallow agricultural
soil of wood sawdust with a high C:N ratio increased the presence frequency of T.
harzianum, therefore, RCW could also promote the abundance of indigenous
Trichoderma species. Another interesting property of RCW is its ability to change the

energetic status of the soil by decreasing the entropy of the system. In such
conditions humification takes over mineralisation processes and the metastability of
the soil ecosystem is increased (Godron & Lemieux, 1998). Metastability can be
defined as the ability of a non-equilibrium state to persist for some period of time
involving slow phase transformation such as humification. This increase in
metastability could also have a positive impact on indigenous Trichoderma
populations. The remaining rotation treatments however, did not significantly differ
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from one another and based on these results it is possible to hypothesise that in the
next 3 growing seasons, indigenous Trichoderma populations are likely to remain
below 1.0 x 103 CFU g-1 of ODS in the continuous onion, continuous potato,
onion/potato and potato/onion rotation treatments. However, in the onion and potato
mixed rotation treatments, Trichoderma CFU numbers could increase in the fourth
growing season with the planting of to green crops of broccoli and reach a plateau or
carry on increasing in the fifth growing season when onion or potato are reintroduced
in the rotation.
This study also revealed that in the field experiment and the green manure
experiments, Trichoderma CFU numbers in the rhizosphere soil never exceeded 6.53
x 103 CFU g-1 of ODS and 2.0 x 103 CFU g-1 of ODS, respectively. These results
were in accordance with several studies on Trichoderma populations in different
agricultural systems (Eastburn & Butler, 1988b; Larkin, 2007; Leandro et al., 2007;
Sariah et al., 2005). It appears that in most farming systems, indigenous Trichoderma
populations are stable and fluctuate little in size (Lundquist et al., 1999). This could
be explained by how farming systems including vegetable cropping systems are
managed. Onion and potato are grown for a short period of time, 5 to 7 months, and
require intensive soil management (ploughing, rotary hoeing and seed bed laying).
This environment is likely to be challenging for most soil fungi as the soil is
repeatedly exposed to the sun. Studies by Duguay and Klironomos (2000) and
Gehrke et al. (1995) showed that litter exposed to UV radiations was less colonised
by saprophytic fungi including Trichoderma species, therefore, it is possible that
when the soil was turned over and left fallow between the crops the Trichoderma
population was partially reduced by UV radiations which, are naturally higher in the
southern hemisphere (Gies et al., 2004). Furthermore, the regular homogenisation of
the soil by ploughing meant that any small localised increase in Trichoderma
population could not be carried over from one year to the other due to the dispersal
of the Trichoderma propagules through the soil. Most soils used in agriculture were
originally forest soils (Lemieux, 1995), the implications of this are very important as it
could mean that the genus Trichoderma as a whole has evolved to be better adapted
to stable and buffered ecosystems. Studies by Holm and Jensen (1980) and Osono,
et al. (2006) showed that Trichoderma species were most abundant in the soil layer
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(8-16 cm) directly beneath the litter layer (0-8 cm), a depth where environmental
parameters are relatively stable.
In the field and green manure pot experiments, Trichoderma diversity was also
investigated. Interestingly, the results clearly showed that six Trichoderma species
were isolated, five of which consistently (T. asperellum, T. atroviride, T. hamatum, T.
harzianum and T. koningii). All five species were present in all treatments at all time

and in both the rhizoplane and rhizosphere soil. This result is important as it indicated
that the different species were not excluding one another in ecological niche such as
the rhizosphere. This would be in accordance with Wuczkowski et al. (2003) study
which also observed the coexistence of the same Trichoderma species in a midEuropean primeval floodplain-forest soil. It was also possible to show in both studies
that some species had a higher presence frequency. Trichoderma hamatum and T.
koningii were the most frequent species in both studies. However, in the field

experiment, the rotation treatments had no effect on their frequency whereas time
did. This is in accordance with Buyer and Kaufman (1997) study which observed no
difference in microbial diversity in the rhizosphere of maize grown under conventional
and legumes amended systems. This outcome indicated that the presence frequency
and possibly abundance of Trichoderma species might be primarily affected by
seasonality and environmental parameters such as soil moisture content. Similar
results were reported by Elmholt and Labouriau (2005) when looking at the
abundance and diversity of soil fungi in Danish organic and conventional farming
systems. In the green manure pot experiment the presence frequency of T. hamatum
and T. koningii between the oat amended soil and the unamended soil was not
different indicating again that the addition of oat as a green manure did not have an
effect on the species presence frequency.
The rhizosphere competence of T. atroviride, T. hamatum, T. harzianum and T.
koningii was investigated in sterile soil by inoculating onion seeds and using small

split tubes. The results clearly indicated that these four indigenous species,
according to Ahmad and Baker’s (1987b) definition, were rhizosphere competent as
propagules numbers significantly increased over time in comparison to the original
seed inoculum. Although the experiment was carried out in sterile soil, this was an
interesting result nonetheless as reports in the literature described indigenous
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Trichoderma species as non-rhizosphere competent (Ahmad & Baker, 1987a; Baker,

1991). This result is encouraging because it means that if indigenous Trichoderma
populations can be promoted through different farming practices, it is likely that
Trichoderma abundance in the rhizosphere of crops will increase and therefore could

provide enhanced plant protection. Differences were observed between the species
indicating that overall T. hamatum and T. koningii were the most rhizosphere
competent. Several abiotic factors can influence the rhizosphere colonisation by
Trichoderma species and their distribution along the roots such as temperature, soil

texture, pH and soil matric potential (Parke, 1991). Soil depth in this study, clearly
influenced the distribution of the different Trichoderma species revealing that T.
hamatum favoured the upper root section, closest to the soil’s surface, while T.
atroviride favoured the lower root section. However, T. harzianum and T. koningii

CFU numbers were similar in the top and bottom root sections. In this study there
was little evidence that the Trichoderma species strongly competed with each other
in the rhizosphere soil however, the results indicated that some species seemed to
have spatial preferences. This would not be surprising as several studies on the
spatial distribution of soil microorganisms have obtained similar results (Dandurand
et al., 1997; Kurakov & Kostina, 2001; Marschner et al., 2002; Waid, 1957).

For this research, Trichoderma CFU numbers in the rhizoplane were investigated. It
was important in this study to investigate the rhizoplane as well as the rhizosphere as
these two soil compartments are not isolated from one another. The impact of root
exudates on Trichoderma populations in the rhizoplane soil is highly likely to have a
flow on effect on the rhizosphere populations. Overall, the results seemed to indicate
that Trichoderma population in the rhizoplane soil (soil directly in contact with the root
surface) were very heterogeneous and could vary greatly from one sample to the
other. It is likely that in the rhizoplane soil Trichoderma proliferate around “hotspots”
where root exudates are particularly abundant. Exudation is not uniform along a root
while the chemical composition of the exuded molecule can vary with the plant age
and changes in the environment (Brimecombe et al., 2001; Kurakov & Kostina, 2001;
Rovira, 1969), therefore, the surface of plant roots is a highly dynamic, complex and
heterogeneous ecological niche where Trichoderma populations are likely to change
rapidly. Significant progress has been made in root colonisation research and new
techniques in molecular biology and microscopy provide exciting tool to refine the
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study of Trichoderma populations at the soil-root interface. Micro-arrays are powerful
tools to study bacterial populations and can link diversity and functionality within the
rhizosphere and rhizoplane (Brodie et al., 2006). The study of bacterial species
distribution, diversity and functionality in the rhizosphere and rhizoplane of plants is
more advanced and further ahead than for soil fungi however, these tools can all be
adapted to Trichoderma and provide in the future powerful techniques to better
understand Trichoderma ecology in situ.
The abundance of Penicillium propagules in the rhizosphere soil was also
investigated in this research. One of the most interesting results revealed that when
Penicillium CFU numbers increased, Trichoderma CFU numbers decreased. This

negative correlation which was observed in the field and the green manure pot
experiments suggested that the Penicillium population was inhibiting the Trichoderma
population. Penicillium produces a wide range of antibiotic compounds as does
Trichoderma. Secondary metabolites with mycotoxic properties are commonly

reported in the Penicillium subgenus Penicillium. The most widespread include
ochratoxin A, roquefortine C, cyclopenins, patulin, penicillic acid, terrestric acid and
2-methyl isoborneol (Frisvad et al., 2004). Several studies have reported the
mycotoxic effect of these molecules on soil fungi (Nelson et al., 1983; Nicoletti et al.,
2007; Valero et al., 2007; Wakelin et al., 2006). Trichoderma too have long been
reported to secrete bioactive secondary metabolites such as gliotoxin (Weindling &
Emerson, 1936), heptelidic acid (Howell et al., 1993) and 6-pentyl-α-pyrone
(Scarselletti & Faull, 1994). However, few studies have investigated the effect of
Penicillium mycotoxins on Trichoderma. Norstadt & Mc Calla (1968) reported that

patulin could inhibit the growth of Trichoderma in stubble-mulched soil while Lutz et
al. (2006) observed that ochratoxin A could inhibit the expression of the N-acetyl-

beta -glucosaminidase (nag1) gene linked to chitinase secretion in T. atroviride.
Further research is needed to identify which other possible mycotoxins produced by
Penicillium could inhibit Trichoderma growth or spore germination.

In parallel to investigating the possible inhibitory effects of Penicillium on
Trichoderma, this research was novel in its studying of interactions between onion

residue extracts and Trichoderma. The results clearly showed that onion scale
residue extract did not inhibit the hyphal growth and spore germination T. atroviride,
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T. hamatum, T. harzianum and T. koningii, therefore, any possible inhibitory effects

by onion scale residues are most likely to be indirect. Of particular interest would be
the decomposition of onion residues in the soil. Residues of different plant species
are a determinant factor in soil community structure (Elfstrand et al., 2007a; Lupwayi
et al., 1998; Marschner et al., 2004; Perez-Piqueres et al., 2006), therefore, onion

scale residues could promote a microbial community where Trichoderma tend to be
excluded but where Penicillium is given a competitive advantage. The breakdown of
plant material in the soil is a very complex process where many abiotic and biotic
factors influence its speed. During decomposition soil microorganisms can release a
large array of biologically active volatile compounds (Isidorov & Jdanova, 2002)
which could inhibit other microorganisms. Such mechanisms would be linked to
fungistasis which is often mentioned in the literature as a possible factor that can
restrict the colonisation of the rhizosphere by Trichoderma (de Boer et al., 2003;
Lockwood, 1977). However, further research is needed to understand how the
interaction between onion crop residues, Trichoderma and Penicillium could lead to a
decrease in Trichoderma abundance. No research had been done on the possible
interactions between onion crop residues, Trichoderma and Penicillium and this
study provided an interesting insight into these possible interactions. It highlighted
that the interactions that might take place in the rhizosphere soil between
Trichoderma and Penicillium species and decomposing onion residues are likely to

be complex and the scope for further research is limitless.
In the light of this, for future work it would be valuable to carry several additional
experiments and test new hypotheses. The first hypothesis that could be tested is: In
the presence of permanent rhizosphere soil, a greater increase in Trichoderma CFU
numbers will be observed in a vegetable crop rotation system. The Pukekohe field
trial could be used to test this hypothesis. In the subsequent growing seasons, each
current plot could be split into two sub-plots. One sub-plot would be maintained with
its current rotation treatment while in the second sub-plot, a green manure such as
maize would be direct drilled just after the crop harvest (onion or potato). The maize
would be left in place until the planting of the next onion or potato crop. Using very
low dosage of glyphosate, the maize could be killed off and once at the straw stage,
rotary hoed into the soil just before the planting of onion or potato. This would create
an almost permanent rhizosphere soil and a more stable soil environment in one half
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of each plots where large input of OM would occur through the incorporation of the
maize. Alternatively, growers could harvest the maize and sell it as fodder for stock
animals. Potential differences in indigenous Trichoderma populations between the
sub-plots could then be measured. This would also reveal if the absence of
rhizosphere soil for at least 5 months a year (current rotation treatment) could have
been detrimental to the Trichoderma population.
The results obtained in this study indicate that it would be also valuable to test a
second hypothesis: The C:N ratio of green manure crops and of other OM
amendments can influence rhizosphere Trichoderma populations. A pot experiment
similar to the one described in Chapter Three could be set up. The soil of each
treatment would be amended with a different plant species with a different C:N ratio
(Medicago sativa L. (16:1); Triticum aestivum 57:1; Zea mays L. (64:1); the stem of
Sorghum bicolor (L.) Moench (100:1)). Or, the green manure could be incorporated

into the soil at different physiological stage. For example oat straw could be
compared with fresh green oat as its straw has a higher C:N ratio (80:1) (Soltner,
2002). In addition to this, a treatment could be introduced where the soil would be
amended with ramial chipped wood as this product has been shown to promote
indigenous soil fungi populations and is readily available from shelter belt trimmings.
This experiment would provide greater knowledge on the C:N ratio preferences of
indigenous Trichoderma populations.
Thirdly, the results obtained in the field experiment suggest that the absence of large
differences between the rotation treatments could be due to a lack of dis-similarity
between the treatments. This hypothesis could be tested by establishing a new field
trial with greater differences between the crop rotation treatments and by using other
plants as green manure which could produce larger biomass than oat. Such plants
could include S. bicolor, P. frumentaceum or Z. mays. The saprophytic nature of the
Trichoderma genus means that the larger input of carbon source could enhance

indigenous populations. Table 6.1 illustrates six alternative crop rotation treatments
that could create larger differences in Trichoderma CFU numbers. These treatments
also take into considerations the importance of an economically viable system where
at least every second year a farmer would harvest a cash crop.
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Table 6.1. Alternative rotation treatments for the Pukekohe field experiment
Trt 1: Continuous onion
Trt 2: Continuous potato
Trt 3: Onion/potato
Trt 4: Sorghum*/onion
Trt 5:Sorghum/potato
Trt 6: Potato/onion/sorghum

Year 1
Onion
Potato
Onion
Maize
Maize
Potato

Year 2
Onion
Potato
Potato
Onion
Potato
Onion

Year 3
Onion
Potato
Onion
Maize
Maize
Maize

Year 4
Onion
Potato
Potato
Onion
Potato
Potato

Year 5
Onion
Potato
Onion
Maize
Maize
Onion

Year 6
Onion
Potato
Potato
Onion
Potato
Maize

* Sorghum or millet could be used instead of, as they also generates large biomass during their growing season.
Trt = Treatment

Finally, it would be interesting to further investigate the hypothesis that the presence
of large Penicillium CFU numbers in the soil could prevent the recovery of
Trichoderma CFU. This could be achieved by inoculating sterile soil simultaneously

with a known number of Trichoderma and Penicillium CFU. The treatments would
either have equal amount of each fungus, be inoculated with more Trichoderma than
Penicillium CFU or be inoculated with more Penicillium than Trichoderma CFU. This

would allow to identify if the soil dilution method does prevent the detection of
Trichoderma CFU in the presence of large Penicillium populations. However, if the

method proves to be efficient at detecting Trichoderma even in the presence of large
Penicillium populations it would then be crucial to study how these two genera

interact between one another in the rhizosphere soil.
In conclusion, the use of crop rotations and green manure amendments, over a three
year period, showed some potential to promote indigenous Trichoderma populations
in the rhizosphere soil of vegetable crops. However, it would be valuable to approach
the concept of crop rotation and especially green manure in a different way by trying
to focus on providing permanent rhizosphere soil and green manure with high C:N
ratio. In today’s farming systems too much emphasis is placed on bacteria, their
mineralising ability and the use of organic amendments with low C:N ratio which
encourage the uptake of nitrogen by the plant. These farming systems, therefore, are
unlikely to help promote indigenous beneficial soil fungi such as Trichoderma. This
research has highlighted this issue but also provided basic and new information and
possible solutions to improve indigenous Trichoderma abundance in vegetable
cropping systems.
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Appendix 1: Media and buffers
Trichoderma selective medium – Lincoln University (TSM-LU)

Dissolve in 1 L of distilled water (H2O)
Bacteriological agar (Danisco ® New Zealand Ltd)

20.00 g

Glucose

3.00 g

Ammonium nitrate (NH4NO3)

1.00 g

Dipotassium hydrogen orthophosphate trihydrate (K2HPO4.3H2O)

0.90 g

Magnesium sulphate 7 hydrate (MgSO4.7H2O)

0.20 g

Potassium chloride (KCl)

0.15 g

Terraclor® 75 WP (qunitozene 750 g/kg a.i)

0.20 g

Rose Bengal

0.15 g

Then add: 1 mL of the following solution:
Dissolve in 1 L of H2O
Iron sulphate (Ferrous sulphate) 7 hydrate (FeSO4.7H2O)

1.00 g

Manganous sulphate tetrahydrate (MnSO4.4H2O)

0.65 g

Zinc sulphate (ZnSO4.7H2O)

0.90 g

The medium was then autoclaved at 121°C and 15 psi for 15 minutes.
Before pouring the TSM-LU a final ingredient was added:
0.5 mL of 5 mg mL-1 chloramphenicol solution
(0.25 g of chloramphenicol dissolved in 50 mL 99.99% Ethanol)
The above recipe is a modified version of the medium initially developed by Elad et
al. (1981), modified by Elad and Chet (1983) and modified again by Askew and Laing
(1993).
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Half strength Potato Dextrose Agar amended with Chloramphenicol
(½ PDA + c)
Dissolve in 1 L of H2O
Bacteriological agar (Danisco ® New Zealand Ltd)
Potato Dextrose Agar (Oxoid Ltd, England)

7.50 g
18.50 g

The medium was then autoclaved at 121°C and 15 psi for 15 minutes.
Before pouring 0.5 mL of 5 mg mL-1 chloramphenicol solution was added (0.25 g of
chloramphenicol dissolved in 50 mL 99.99% Ethanol).

½ PDA + c medium amended with onion scale extract (½ PDA + c OX)
Dissolve in 990 mL or 950 mL of H2O
Bacteriological agar (Danisco ® New Zealand Ltd)
Potato Dextrose Agar (Oxoid Ltd, England)

7.50 g
18.50 g

The medium was then autoclaved at 121°C and 15 psi for 15 minutes.
Before pouring 0.5 mL of 5 mg mL-1 chloramphenicol solution was added (0.25 g of
chloramphenicol dissolved in 50 mL 99.99% Ethanol). The, 10 mL or 50 mL (this
corresponded to normal and high onion residue in the field, respectively) of a sterile
onion extract solution (0.05 g mL-1) was added to 990 mL or 950 mL of ½ PDA + c,
respectively.
Half strength Potato Dextrose Broth amended with onion scale extract (½ PDB
+ c OX)
Dissolve in 990 mL or 950 mL of H2O
Potato Dextrose Broth (Difco™ Laboratories, Detroit, Mi, USA)

12.00 g

The medium was then autoclaved at 121°C and 15 psi for 15 minutes.
Before pouring 0.5 mL of 5 mg mL-1 chloramphenicol solution was added (0.25 g of
chloramphenicol dissolved in 50 mL 99.99% Ethanol). After autoclaving 10 mL or 50
mL of a sterile onion extract solution (0.05 g mL-1) was added to 990 mL or 950 mL of
½ PDB + c, respectively.
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EDTA (0.5 M, pH 8)
Dissolve in 800 mL of H2O
Ethylenediamine tetraacetic acid (EDTA)

186.10 g

(Sigma-Aldrich inc.,MO,USA)
Stir vigorously and adjust pH to 8 with NaOH pellets (J.T. Baker®, NJ, USA).
1X Tris-Acetate EDTA buffer (TAE)
Dissolve in 849 mL of H2O
Tris-Base (J.T. Baker®, NJ, USA)

242.00 g

Acetic acid (Sigma-Aldrich inc.,MO,USA)

51.10 mL

EDTA at 0.5 M (pH 8)

100.00 mL

This 50X stock solution was diluted 50 times in DW to obtain a 1X TAE solution.
5X Tris-Borate EDTA buffer (TBE)
Dissolve in 980 mL of DW
Tris-Base (J.T. Baker®, NJ, USA)

54.00 g

Boric acid (Sigma-Aldrich inc.,MO,USA)

27.50 g

Ethylenediamine tetraacetic acid (EDTA) at 0.5 M (pH 8)

20.00 mL

(Sigma-Aldrich inc.,MO,USA)
This 5X stock solution was diluted 5 times in DW to obtain a 1X TBE solution.
MboI 10X Buffer R (Fermentas International Inc.) composition

10 mM Tris-HCl, 10 mM MgCl2, 100 mM KCl and 0.1 mg/ml BSA (Bovine Serum
Albumin) (pH 8.5 at 37°C).
TaqI 10X Buffer B (Roche Applied Science, IN, USA) composition

100 mM Tris-HCl, 1 M NaCl, 50 mM MgCl2, 100 mM KCl and 10mM 2mercatoethanol (pH 7.3 at 65°C).
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Appendix 2: Pukekohe field trial experiment
45
44
43
42
2004: onion
2004: onion
2004: potato
2004: potato
41
2005: onion
2005: onion
2005: potato
2005: potato
40 2006: Potato
2006: onion
2006: potato
2006: onion
39
Trt 2: Plot 24
Trt 1: Plot 23
Trt 4: Plot 22
Trt 5: Plot 21
38
37
36
35
2004: onion
2004: potato
2004: potato
2004: onion
34
2005: onion
2005: onion
2005: potato
2005: potato
33
2006: onion
2006: green
2006: onion
2006: green
32
Trt 1: Plot 20
Trt 6: Plot 19
Trt 5: Plot 18
Trt 3: Plot 17
31
30
29
28 2004: potato
2004: onion
2004: potato
2004: onion
27 2005: potato
2005: potato
2005: onion
2005: onion
26 2006: potato
2006: green
2006: green
2006: Potato
25
Trt 4: Plot 16
Trt 3: Plot 15
Trt 6: Plot 14
Trt 2: Plot 13
24
23
22
21
2004: onion
2004: potato
2004: onion
2004: potato
20
2005: potato
2005: onion
2005: onion
2005: potato
19
2006: green
2006: green
2006: onion
2006: potato
18
Miss planted
Trt 6: Plot 11
Trt 1: Plot 10
Trt 4: Plot 9
17
16
15
14
2004: onion
2004: potato
2004: potato
2004: onion
13
2005: potato
2005: potato
2005: onion
2005: onion
12
2006: green
2006: onion
2006: green
2006: Potato
11
Trt 3: Plot 8
Trt 5: Plot 7
Miss planted
Trt 2: Plot 5
10
9
8
7
2004: potato
2004: potato
2004: onion
2004: onion
6
2005: onion
2005: potato
2005: potato
2005: onion
5
2006: green
2006: potato
2006: green
2006: onion
4
Trt 6: Plot 4
Trt 4: Plot 3
Trt 3: Plot 2
Trt 1: Plot 1
3
2
1
-------------------------------------Road------------------------------------------------------------Road ↕

▲ Reference marker 2 in shelterbelt

In shelterbelt is Reference marker 1▲
Both Markers line up with outside end plots and are 6.0 m (2) and 5.9 m (1) from outside edge of row
1 line up with outside end plots and are 6.0 m (2) and 5.9 m (1) from outside edge of row 1
Figure A2.1. Pukekohe field trial layout using a complete randomized block design. The crop rotations
over three years are indicated in each plot. The rotation treatments were as follow: Trt1 = O-O-O, Trt2
= O-O-P, Trt3 = O-P-Oat, Trt4 = P-P-P, Trt5 = P-P-O, Trt6 = P-O-Oat (Trt = treatment, O = onion, P =
Potato).
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Figure A2.2. Mean monthly data for rainfall and soil moisture at the Pukekohe research centre over a
3 year period. NB: The dashed lines indicate times at which soil samples were taken to determine
Trichoderma CFU numbers and diversity.
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Mean air Temperature
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Figure A2.3. Mean air and soil temperature (oC) monthly fluctuation over a 3 year period. NB: The
dashed lines indicate times at which soil samples were taken to determine Trichoderma CFU numbers
and diversity.
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Figure A2.4. Rhizosphere soil pH in the FRST field experiment in different crop rotation treatments
over three growing seasons at each sampling time. The rotation treatments were as follows:
Continuous onion (O-O-O), onion / potato rotation (O-O-P), onion mixed rotation (O-P-Oat),
continuous potato (P-P-P), potato / onion rotation (P-P-O) and potato mixed rotation (P-O-Oat).
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Figure A2.5. Gravimetric water content of the rhizosphere soil from the FRST trial over three growing
seasons for each sampling time and each rotation treatment. The rotation treatments were as follows:
continuous onion (O-O-O), onion / potato rotation (O-O-P), onion mixed rotation (O-P-Oat), continuous
potato (P-P-P), potato / onion rotation (P-P-O) and potato mixed rotation (P-O-Oat).
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Organic matter

Content (%)

4
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Total carbon
2
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0
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Figure A2.6. Rhizosphere soil organic matter (OM), total carbon (Total C) and total nitrogen (Total N)
content under different crop rotation treatments over three growing seasons. The rotation treatments
were as follows: continuous onion (O-O-O), onion / potato rotation (O-O-P), onion mixed rotation (O-POat), continuous potato (P-P-P), potato / onion rotation (P-P-O) and potato mixed rotation (P-O-Oat).
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Harvest weight (kg) of onion or potato

60

Growing season 2004-05
Growing season 2005-06
Growing season 2006-07

50

40

30

20
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O-O-O
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Crop rotation treatments
Figure A2.7. Mean yield data for the onion and potato crops for each growing seasons across all
treatments. The rotation treatments were as follows: Continuous onion (O-O-O), onion / potato rotation
(O-O-P), onion mixed rotation (O-P-Oat), continuous potato (P-P-P), Potato / Onion rotation (P-P-O)
and potato mixed rotation (P-O-Oat). The values represent the average weight of onion or potato
harvested in the different plots of each treatment. Bars represent the standard errors of the means.
The two treatments where oat was planted have no values as oat was not harvested.
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Figure A2.8a. Proportion analysis of five Trichoderma species isolated from the rhizosphere soil of
onion and potato crops for the first assessment (October 2004) of the first growing season.
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Figure A2.8b. Proportion analysis of five Trichoderma species isolated from the rhizosphere soil of
onion and potato crops for the second assessment (February 2005) of the first growing season.
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Figure A2.8c. Proportion analysis of five Trichoderma species isolated from the rhizosphere soil of
onion/potato crop rotation treatments (O = Onion, P = Potato) for the third assessment (December
2005) of the second growing season.
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Figure A2.8d. Proportion analysis of five Trichoderma species isolated from the rhizosphere soil of
onion/potato crop rotation treatments (O = Onion, P = Potato) for the fourth assessment (January
2006) of the second growing season.
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Figure A2.8e. Proportion analysis of five Trichoderma species isolated from the rhizosphere soil of
different crop rotation treatments (O = Onion, P = Potato, G = Green manure like oat) for the fifth
assessment (November 2007) of the third growing season.
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Figure A2.8f. Proportion analysis of five Trichoderma species isolated from the rhizosphere soil of
different crop rotation treatments (O = Onion, P = Potato, G = Green manure like oat) for the sixth
assessment (February 2007) of the third growing season.
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Appendix 3: Green manure pot trial experiment
Table A3.1 Harvesting plan for the first green manure pot experiment.
Sample harvest

Plastic container number

4 weeks harvest

8

2

11

5

8 weeks harvest

14

12

7

3

12 weeks harvest

9

10

4

6

16 weeks harvest

15

13

1

16

Table A3.2 Harvesting plan for the second green manure pot experiment.
Sample harvest

Plastic container number

4 weeks harvest

2

6

9

10

14

16

19

23

8 weeks harvest

1

5

8

11

15

17

22

24

16 weeks harvest

3

4

7

12

13

18

20

21

8.0

pH

7.5

7.0

Trt
Trt
Trt
Trt

6.5

1:
2:
3:
4:

Control (no O M )
O nion O M (1t ha -1 )
O at O M (4t ha -1 )
O at O M (8t ha -1 )

6.0
-2

4

8

12

16

Tim e in w eeks in relation to the planting of the onion seeds

Figure A3.1. Rhizosphere soil pH measured in the first green manure pot experiment under four
different OM input treatments over a period of 18 weeks.
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Figure A3.2. Rhizosphere soil pH measured in the second green manure pot experiment under three
different OM input treatments over a period of 18 weeks.
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Figure A3.3. Rhizosphere soil GWC (%) measured in the first green manure pot trial under four
different OM input treatments over a period of 18 weeks.
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Figure A3.4. Rhizosphere soil GWC (%) in the second green manure pot trial under three different
OM input treatments over a period of 18 weeks.
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Figure A3.5. Organic matter (OM), total carbon (C), total nitrogen (N) and carbon to nitrogen ratio
(C:N) of the rhizosphere soil of onion plants in four different green manure treatments for the first
green manure experiment after 18 weeks.
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Figure A3.6. Organic matter (OM), total carbon (C), total nitrogen (N) and carbon to nitrogen ratio
(C:N) of the rhizosphere soil of onion plants at the start of the second green manure experiment in
three different green manure treatments after 18 weeks.

Appendix 4: Trichoderma and Penicillium DNA
sequences
A4.1. Trichoderma species
T. asperellum isolate 12: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (617 bp).
TAGAAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACA
ACTCCCAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGT
GCGTCGCAGCCCCGGAACCAGGCGCCCGCCGGAGGAACCAACCAAACTCTTTCTGTAGTC
CCCTCGCGGACGTATTTCTTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTC
AACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATG
TGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATT
CTGGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGATCGGCG
TTGGGGATCGGGACCCCTCACACGGGTGCCGGCCCCTAAATACAGTGGCGGTCTCGCCGC
AGCCTCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCG
TAAAACACCCAACTTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTT
AAGCATATCAATAAGCG
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T. asperellum isolate 8023A: Internal transcribed spacer 1, 5.8S ribosomal RNA
gene, and internal transcribed spacer 2, complete sequence (607 bp).
TCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACTCCC
AAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCGTCG
CAGCCCCGGAACCAGGCGCCCGCCGGAGGAACCAACCAAACTCTTTCTGTAGTCCCCTCG
CGGACGTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAACAACG
GATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTG
CAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGG
GCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGATCGGCGTTGGGGA
TCGGGACCCCTCACACGGGTGCCGGCCCCTAAATACAGTGGCGGTCTCGCCGCAGCCTCT
CCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCGTAAAACA
CCCAACTTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATA
TCAATAA

T. atroviride isolate 13C: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (611 bp).
AAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACTCC
CAAACCCAATGTGAACCATACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCGTCGC
AGCCCCGGAACCAGGCGCCCGCCGGAGGGACCAACCAAACTCTTTTCTGTAGTCCCCTCGCG
GACGTTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAACAACGGAT
CTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAA
TTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCC
TGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTTGGGGACCTCGGGAG
CCCCTAAGACGGGATCCCGGCCCCGAAATACAGTGGCGGTCTCGCCGCAGCCTCTCCTGCGC
AGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCGTAAAACACCCAACTTC
TGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCA

T. atroviride isolate 14V: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (611 bp).
AAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACTCC
CAAACCCAATGTGAACCATACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCGTCGC
AGCCCCGGAACCAGGCGCCCGCCGGAGGGACCAACCAAACTCTTTTCTGTAGTCCCCTCGCG
GACGTTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAACAACGGAT
CTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAA
TTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCC
TGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTTGGGGACCTCGGGAG
CCCCTAAGACGGGATCCCGGCCCCGAAATACAGTGGCGGTCTCGCCGCAGCCTCTCCTGCGC
AGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCGTAAAACACCCAACTTC
TGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCA

217

T. atroviride isolate 126: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (611 bp).
AAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACT
CCCAAACCCAATGTGAACCATACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCG
TCGCAGCCCCGGAACCAGGCGCCCGCCGGAGGGACCAACCAAACTCTTTTCTGTAGTCCC
CTCGCGGACGTTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAA
CAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTG
AATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCT
GGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTT
GGGGACCTCGGGAGCCCCTAAGACGGGATCCCGGCCCCGAAATACAGTGGCGGTCTCGCC
GCAGCCTCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTC
CGTAAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACT
TAAGCATATCA

T. atroviride isolate 416: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (611 bp).
AAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACT
CCCAAACCCAATGTGAACCATACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCG
TCGCAGCCCCGGAACCAGGCGCCCGCCGGAGGGACCAACCAAACTCTTTTCTGTAGTCCC
CTCGCGGACGTTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAA
CAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTG
AATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCT
GGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTT
GGGGACCTCGGGAGCCCCTAAGACGGGATCCCGGCCCCGAAATACAGTGGCGGTCTCGCC
GCAGCCTCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTC
CGTAAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACT
TAAGCATATCA

T. atroviride isolate 2131: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (611 bp).
AAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACT
CCCAAACCCAATGTGAACCATACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCG
TCGCAGCCCCGGAACCAGGCGCCCGCCGGAGGGACCAACCAAACTCTTTTCTGTAGTCCC
CTCGCGGACGTTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAA
CAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTG
AATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCT
GGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTT
GGGGACCTCGGGAGCCCCTAAGACGGGATCCCGGCCCCGAAATACAGTGGCGGTCTCGCC
GCAGCCTCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTC
CGTAAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACT
TAAGCATATCA
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T. hamatum isolate 84: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (607 bp).
TAGAAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACA
ACTCCCAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGT
GCGTAAAAGCCCCGGAACCAGGCGCCCGCCGGAGGAACCAACCAAACTCTTTCTGTAGTC
CCCTCGCGGACGTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCA
ACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGT
GAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTC
TGGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGATCGGCGT
TGGGGATCGGGACCCCTCACCGGGTGCCGGCCCTGAAATACAGTGGCGGTCTCGCCGCAG
CCTCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCGTA
AAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAG
CATATCA

T. hamatum isolate 264: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (606 bp).
AGAAGTCGTAACAAGGTCTCCGTTGGTGAACCTGCGGAGGGATCATTACCGAGTTTACAA
CTCCCAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTG
CGTAAAAGCCCCGGAACCAGGCGCCCGCCGGAGGAACCAACCAAACTCTTTCTGTAGTCC
CCTCGCGGACGTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAA
CAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTG
AATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCT
GGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGATCGGCGTT
GGGGATCGGGACCCCTCACCGGGTGCCGGCCCTGAAATACAGTGGCGGTCTCGCCGCAGC
CTCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCGTAA
AACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGC
ATATCA

T. hamatum isolate T2-5: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (592 bp).
GTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACTCCCAA
ACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCGTAAAA
GCCCCGGAACCAGGCGCCCGCCGGAGGAACCAACCAAACTCTTTCTGTAGTCCCCTCGCG
GACGTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAACAACGGA
TCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCA
GAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGC
ATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGATCGGCGTTGGGGATC
GGGACCCCTCACCGGGTGCCGGCCCTGAAATACAGTGGCGGTCTCGCCGCAGCCTCTCCT
GCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCGTAAAACACCC
AACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAG
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T. hamatum isolate T3-12: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (605 bp).
GTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACTCCCAA
ACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCGTAAAA
GCCCCGGAACCAGGCGCCCGCCGGAGGAACCAACCAAACTCTTTCTGTAGTCCCCTCGCG
GACGTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAACAACGGA
TCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCA
GAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGC
ATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGATCGGCGTTGGGGATC
GGGACCCCTCACCGGGTGCCGGCCCTGAAATACAGTGGCGGTCTCGCCGCAGCCTCTCCT
GCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCGTAAAACACCC
AACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAA
TAAGC

T. hamatum isolate 4162: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (592 bp).
GTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACTCCCAA
ACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCGTAAAA
GCCCCGGAACCAGGCGCCCGCCGGAGGAACCAACCAAACTCTTTCTGTAGTCCCCTCGCG
GACGTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAACAACGGA
TCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCA
GAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGC
ATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGATCGGCGTTGGGGATC
GGGACCCCTCACCGGGTGCCGGCCCTGAAATACAGTGGCGGTCTCGCCGCAGCCTCTCCT
GCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCGTAAAACACCC
AACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAG

T. harzianum isolate 24: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (633 bp).
GTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACTCC
CAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGATCTCTGCCCCGGGTGCGT
CGCAGCCCCGGACCAAGGCGCCCGCCGGAGGACCAACCAAAACTCTTATTGTATACCCCC
TCGCGGGTTTTTTTATAATCTGAGCCTTCTCGGCGCCTCTCGTAGGCGTTTCGAAAATGA
ATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATG
CGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCG
CCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCC
GGGGGGTCGGCGTTGGGGATCGGCCCTCCCTTAGCGGGTGGCCGTCTCCGAAATACAGTG
GCGGTCTCGCCGCAGCCTCTCCTGCGCAGTAGTTTGCACACTCGCATCGGGAGCGCGGCG
CGTCCACAGCCGTTAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATAC
CCGCTGAACTTAAGCATATCAATAAGCGGAGGA
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T. harzianum isolate 76: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (642 bp).
TGGAAGTAAAAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAG
TTTACAACTCCCAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGATCTCTGC
CCCGGGTGCGTCGCAGCCCCGGACCAAGGCGCCCGCCGGAGGACCAACCAAAACTCTTTT
TGTATACCCCCTCGCGGGTTTTTTATAATCTGAGCCTTCTCGGCGCCTCTCGTAGGCGTT
TCGAAAATGAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACG
CAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAAC
GCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTC
GAACCCCTCCGGGGGGTCGGCGTTGGGGATCGGCCCTCCCTTAGCGGGTGGCCGTCTCCG
AAATACAGTGGCGGTCTCGCCGCAGCCTCTCCTGCGCAGTAGTTTGCACACTCGCATCGG
GAGCGCGGCGCGTCCACAGCCGTTAAACACCCAACTTCTGAAATGTTGACCTCGGATCAG
GTAGGAATACCCGCTGAACTTAAGCATATCAATAGCGGAGGA

T. harzianum isolate 112B: Internal transcribed spacer 1, 5.8S ribosomal RNA
gene, and internal transcribed spacer 2, complete sequence (634 bp).
GGAAGTAAAAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGT
TTACAACTCCCAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGATCTCTGCC
CCGGGTGCGTCGCAGCCCCGGACCAAGGCGCCCGCCGGAGGACCAACCAAAACTCTTATT
GTATACCCCCTCGCGGGTTTTTTTATAATCTGAGCCTTCTCGGCGCCTCTCGTAGGCGTT
TCGAAAATGAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACG
CAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAAC
GCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTC
GAACCCCTCCGGGGGGTCGGCGTTGGGGATCGGCCCTCCCTTAGCGGGTGGCCGTCTCCG
AAATACAGTGGCGGTCTCGCCGCAGCCTCTCCTGCGCAGTAGTTTGCACACTCGCATCGG
GAGCGCGGCGCGTCCACAGCCGTTAAACACCCAACTTCTGAAATGTTGACCTCGGATCAG
GTAGGAATACCCGCTGAACTTAAGCATATCAATA

T. harzianum isolate 532: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (624 bp).
GTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACTCC
CAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGATCTCTGCCCCGGGTGCGT
CGCAGCCCCGGACCAAGGCGCCCGCCGGAGGACCAACCAAAACTCTTATTGTATACCCCC
TCGCGGGTTTTTTTATAATCTGAGCCTTCTCGGCGCCTCTCGTAGGCGTTTCGAAAATGA
ATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATG
CGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCG
CCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCC
GGGGGGTCGGCGTTGGGGATCGGCCCTGCCTTGGCGGTGGCCGTCTCCGAAATACAGTGG
CGGTCTCGCCGCAGCCTCTCCTGCGCAGTAGTTTGCACACTCGCATCGGGAGCGCGGCGC
GTCCACAGCCGTTAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACC
CGCTGAACTTAAGCATATCAATAA
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T. harzianum isolate 653: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (639 bp).
TGGAAGTAAAAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAG
TTTACAACTCCCAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGATCTCTGC
CCCGGGTGCGTCGCAGCCCCGGACCAAGGCGCCCGCCGGAGGACCAACCAAAACTCTTAT
TGTATACCCCCTCGCGGGTTTTTTTATAATCTGAGCCTTCTCGGCGCCTCTCGTAGGCGT
TTCGAAAATGAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAAC
GCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAA
CGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCT
CGAACCCCTCCGGGGGGTCGGCGTTGGGGATCGGCCCTCCCTTAGCGGGTGGCCGTCTCC
GAAATACAGTGGCGGTCTCGCCGCAGCCTCTCCTGCGCAGTAGTTTGCACACTCGCATCG
GGAGCGCGGCGCGTCCACAGCCGTTAAACACCCAACTTCTGAAATGTTGACCTCGGATCA
GGTAGGAATACCCGCTGAACTTAAGCATATCAATAAGCG

T. koningii isolate 6V: Internal transcribed spacer 1, 5.8S ribosomal RNA gene, and
internal transcribed spacer 2, complete sequence (604 bp).
TCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACTCCC
AAACCCAATGTGAACCATACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCGTCG
CAGCCCCGGAACCAGGCGCCCGCCGGAGGGACCAACCAAACTCTTTCTGTAGTCCCCTCG
CGGACGTTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAACAAC
GGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATT
GCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCG
GGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTTGGGG
ATCGGGAACCCCTAAGACGGGATCCCGGCCCCGAAATACAGTGGCGGTCTCGCCGCAGCC
TCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCGTAAA
ACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCA
TATC

T. koningii isolate 46: Internal transcribed spacer 1, 5.8S ribosomal RNA gene, and
internal transcribed spacer 2, complete sequence (609 bp).
AAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACT
CCCAAACCCAATGTGAACCATACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCG
TCGCAGCCCCGGAACCAGGCGCCCGCCGGAGGGACCAACCAAACTCTTTTCTGTAGTCCC
CTCGCGGACGTTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAA
CAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTG
AATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCT
GGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTT
GGGGATCGGGAACCCCTAAGACGGGATCCCGGCCCCGAAATACAGTGGCGGTCTCGCCGC
AGCCTCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCG
TAAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTA
AGCATATCA

222

T. koningii isolate 313: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (609 bp).
AAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACT
CCCAAACCCAATGTGAACCATACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCG
TCGCAGCCCCGGAACCAGGCGCCCGCCGGAGGGACCAACCAAACTCTTTTCTGTAGTCCC
CTCGCGGACGTTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAA
CAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTG
AATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCT
GGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTT
GGGGATCGGGAACCCCTAAGACGGGATCCCGGCCCCGAAATACAGTGGCGGTCTCGCCGC
AGCCTCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCG
TAAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTA
AGCATATCA

T. koningii isolate 4194: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (614 bp).
AAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACT
CCCAAACCCAATGTGAACCATACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCG
TCGCAGCCCCGGAACCAGGCGCCCGCCGGAGGGACCAACCAAACTCTTTTCTGTAGTCCC
CTCGCGGACGTTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAA
CAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTG
AATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCT
GGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTT
GGGGATCGGGAACCCCTAAGACGGGATCCCGGCCCCGAAATACAGTGGCGGTCTCGCCGC
AGCCTCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCG
TAAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTA
AGCATATCAATAAG

T. koningii isolate T3-25B: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (608 bp).
AAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACT
CCCAAACCCAATGTGAACCATACCAAACTGTTGCCTCGGCGGGGTCACGCCCCGGGTGCG
TCGCAGCCCCGGAACCAGGCGCCCGCCGGAGGGACCAACCAAACTCTTTCTGTAGTCCCC
TCGCGGACGTTATTTCTTACAGCTCTGAGCAAAAATTCAAAATGAATCAAAACTTTCAAC
AACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGA
ATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTG
GCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTCGAACCCCTCCGGGGGGTCGGCGTTG
GGGATCGGGAACCCCTAAGACGGGATCCCGGCCCCGAAATACAGTGGCGGTCTCGCCGCA
GCCTCTCCTGCGCAGTAGTTTGCACAACTCGCACCGGGAGCGCGGCGCGTCCACGTCCGT
AAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAA
GCATATCA
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T. tomentosum isolate 521: Internal transcribed spacer 1, 5.8S ribosomal RNA
gene, and internal transcribed spacer 2, complete sequence (641 bp).
GGAAGTAAAAGTCGTAACAAGGTCTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGT
TTACAACTCCCAAACCCAATGTGAACGTTACCAAACTGTTGCCTCGGCGGGAACTCATGC
CCCGGGTGCGTCGCAGCCCCGGACCAAGGCGCCCGCCGGAGGACCAACCAAAACTCTTTT
TGTATACCCCCTCGCGGGTTTTTTATAATCTGAGCCTTCTCGGCGCCTCTCGTAGGCGTT
TCGAAAATGAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACG
CAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAAC
GCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTCCGAGCGTCATTTCAACCCTC
GAACCCCTCCGGGGGGTCGGCGTTGGGGATCGGCCTTCCTTCACGGGGGCCGTCTCCGAA
ATACAGTGGCGGTCTCGCCGCAGCCTCTCCTGCGCAGTAGTTTGCACACTCGCATCGGGA
GCGCGGCGCGTCCACAGCCGTTAAACACCCAACTTCTGAAATGTTGACCTCGGATCAGGT
AGGAATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGA

A4.2. Penicillium species*
P. glabrum isolate Pen1: Internal transcribed spacer 1, 5.8S ribosomal RNA gene,
and internal transcribed spacer 2, complete sequence (552 bp). GenBank EST
database accession number: AY373915.1
GGGCTCCTGAGAGAGGGCCTCTGGGTCCACCTCCCACCCGTGTTTATTGTACCTTGTTGC
TTCGGTGCGCCCGCCTCACGGCCGCCGGGGGGCTTCTGCCCCCGGGTCCGCGCGCACCGG
AGACACTATTGAACTCTGTCTGAAGATTGCAGTCTGAGCATAAACTAAATAAGTTAAAAC
TTTCAACAACGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAACGAAATGCGATAACT
AATGTGAATTGCAGAATTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGG
TATTCCGGGGGGCATGCCTGTCCGAGCGTCATTGCTGCCCTCAAGCACGGCTTGTGTGTT
GGGCTCCGTCCCCCCGGGGACGGGTCCGAAAGGCAGCGGCGGCACCGAGTCCGGTCCTCA
AGCGTATGGGGCTTTGTCACCCGCTCTGTAGGCCCGGCCGGCGCCAGCCGACAACCAATC
ATCCTTTTTTCAGGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCA
ATAAGCGGAGGA
P. simplicissimum isolates Pen2 and Pen5: Internal transcribed spacer 1, 5.8S
ribosomal RNA gene, and internal transcribed spacer 2, complete sequence (653
bp). GenBank EST database accession number: DQ401549.1
TGGCAACGGAGGTGAGGGCCCTCTGGGTCCACCTCCCACCCGTGTTTATTGTACCTTGTT
GCTTCGGCGCGCCCGCCTCACGGCCGCCGGGGGGCATCCGCCCCCGGGCCCGCGCCCGCC
GAAGACACCATTGAACTCTTGTCTGAAGATTGCAGTCTGAGTAGATTAGCTAAATCAGTT
AAAACTTTCAACAACGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGA
TAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCC
CCTGGTATTCCGGGGGGCATGCCTGTCCGAGCGTCATTGCTGCCCTCAAGCACGGCTTGT
GTGTTGGGCTTCGCCCCCCGTTCATCGGGGGGCGGGCCCGAAAGGCAGCGGCGGCACCGC
GTCCGGTCCTCGAGCGTATGGGGCTTTGTCACCCGCTCTGTAGGCCCGGCCGGCGCCCGC
CGGCGACACCCAAATCAATCTATCCAGGTTGACCTCGGATCAGGTAGGGATACCCGCTGA
ACTTAAGCATATCAATAAGCAGGAGAATGAGTGAGGGCCTCTGGGTCAACTCCCACCCGT
GTTTATTGTACTTGTGCTTCGGGCCCCGCTCCGGCCGCCGGGGGGATCCGCCC

*

The Penicillium species DNA sequence were provided by Dr Nick Waipara from Landcare Research, Auckland
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Appendix 5: Complete statistical analysis tables
A5.1. Effect of crop rotation on the CFU numbers and diversity of
indigenous Trichoderma in the rhizosphere of onion and potato
A5.1.1. Analysis of Trichoderma CFU numbers
Table A5.1. Analysis of Variance (ANOVA) for Trichoderma CFU numbers (ODS g -1) in the bulk soil
of six crop rotation treatments (continuous onion (O-O-O), onion / potato rotation (O-O-P), onion mixed
rotation (O-P-Oat), continuous potato (P-P-P), potato / onion rotation (P-P-O) and potato mixed
rotation (P-O-Oat)) at three different sampling times (July 2004, October 2004 and February 2007).
Analysis

Source of variation

Log10 Trichoderma
CFU numbers

d.f.

s.s.

m.s.

F test

P value

treatment

5

2.01

0.40

2.25

0.054

time

2

5.64

2.82

15.77

< 0.001

treatment x time

10

2.27

0.23

1.27

0.256

residual

126

22.53

0.18

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; ODS = oven dry soil

Table A5.2. Analysis of Variance (ANOVA) of Trichoderma CFU numbers (ODS g -1) between the bulk
and rhizosphere soil in six crop rotation treatments (continuous onion (O-O-O), onion / potato rotation
(O-O-P), onion mixed rotation (O-P-Oat), continuous potato (P-P-P), potato / onion rotation (P-P-O)
and potato mixed rotation (P-O-Oat)) at two different sampling times (October 2004 and February
2007).
Analysis

Assessment

Source of variation

d.f.

s.s.

m.s.

F test

P value

5

0.66

0.13

3.25

0.011

1

16.21

16.21

397.31

< 0.001

5

0.37

0.075

1.84

0.116

residual

72

2.94

0.041

-

-

treatment

5

5.19

1.04

3.93

0.003

1

1.22

1.22

4.61

0.035

5

0.92

0.18

0.69

0.629

72

19.03

0.26

-

-

treatment
time
October 2004:
Bulk and rhizosphere
soil
treatment x time
Log10
Trichoderma
CFU
numbers

time
February 2007:
Bulk and rhizosphere
soil
treatment x time
residual

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; ODS = oven dry soil
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Table A5.3. Analysis of Variance (ANOVA) for Trichoderma CFU numbers (ODS g -1) in the
rhizosphere soil of six crop rotation treatments (continuous onion (O-O-O), onion / potato rotation (OO-P), onion mixed rotation (O-P-Oat), continuous potato (P-P-P), potato / onion rotation (P-P-O) and
potato mixed rotation (P-O-Oat)) at six different sampling times spanning three growing seasons (from
October 2004 to February 2007).
Analysis

Log10 Trichoderma
CFU numbers

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

5

5.61

1.12

2.60

0.026

time

5

32.00

6.40

14.84

< 0.001

treatment x time

25

21.60

0.86

2.00

0.004

residual

216

93.15

0.43

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; ODS = oven dry soil

Table A5.4. Analysis of Variance (ANOVA) for Trichoderma CFU numbers (ODS g -1) in the rhizoplane
soil of six crop rotation treatments (continuous onion (O-O-O), onion / potato rotation (O-O-P), onion
mixed rotation (O-P-Oat), continuous potato (P-P-P), potato / onion rotation (P-P-O) and potato mixed
rotation (P-O-Oat)) at four different sampling times spanning two growing seasons (from October 2004
to February 2006).
Analysis

Log10 Trichoderma
CFU numbers

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

5

82.26

16.45

9.87

< 0.001

time

3

35.89

11.96

7.18

< 0.001

treatment x time

15

37.29

2.49

1.49

0.131

residual

72

119.97

1.67

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; ODS = oven dry soil
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A5.1.2. Analysis of Trichoderma species presence frequency
Table A5.5. General linear model regression analysis for T. asperellum, T. atroviride, T. hamatum, T.
harzianum and T. koningii presence frequency (likelihood of recovering this species in a given
treatment or at a given time) in the rhizosphere soil of six crop rotation treatments (continuous onion
(O-O-O), onion / potato rotation (O-O-P), onion mixed rotation (O-P-Oat), continuous potato (P-P-P),
potato / onion rotation (P-P-O) and potato mixed rotation (P-O-Oat)) at six different sampling times
spanning three growing seasons (from October 2004 to February 2007).

Analysis

T.asperellum
species frequency

T. atroviride
species frequency

T. hamatum
species frequency

T. harzianum
species frequency

T. koningii
species frequency

Source of variation

d.f.

s.s.

m.s.

F test

P value

regression

10

5.95

0.59

2.26

0.048

treatment

5

1.47

0.29

1.12

0.374

time

5

4.47

0.89

3.40

0.018

residual

55

6.57

0.26

-

-

regression

10

4.10

0.41

1.68

0.142

treatment

5

1.62

0.32

1.33

0.285

time

5

2.48

0.49

2.03

0.110

residual

25

6.12

0.24

-

-

regression

10

7.06

0.71

4.51

< 0.001

treatment

5

1.57

0.31

2.01

0.112

time

5

5.48

1.10

7.01

< 0.001

residual

25

3.91

0.16

-

-

regression

10

4.92

0.49

2.06

0.069

treatment

5

1.12

0.22

0.94

0.471

time

5

3.79

0.76

3.18

0.023

residual

25

5.97

0.24

-

-

regression

10

10.15

1.01

5.37

< 0.001

treatment

5

0.99

0.20

1.05

0.410

time

5

9.15

1.83

9.70

< 0.001

residual

25

14.87

0.42

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square
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A5.2. Effect green manure amendments on CFU numbers and
diversity of indigenous Trichoderma in the rhizosphere of onion
plants
A5.2.1. Analysis of Trichoderma CFU numbers
Table A5.6. Analysis of Variance (ANOVA) for Trichoderma CFU numbers (ODS g -1) in the
rhizosphere soil of four green manure amendment treatments at five different sampling times spanning
a 16 week period (green manure experiment 1). The treatments consisted of a control treatment with
no green manure added, an onion residue (1 t ha-1) treatment and two oat residue (4 t ha-1 and 8 t
ha-1) treatments.
Analysis

Source of variation
treatment

Log10 Trichoderma
CFU numbers

d.f.

s.s.

m.s.

F test

P value

3

25.58

8.52

12.38

< 0.001

time

4

8.00

2.00

2.91

0.024

treatment x time

12

18.60

1.55

2.25

0.012

residual

140

96.39

0.69

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; ODS = oven dry soil

Table A5.7. Analysis of Variance (ANOVA) for Trichoderma CFU numbers (ODS g -1) in the rhizoplane
soil of four green manure amendment treatments at four different sampling times spanning a 16 week
period (green manure experiment 1). The treatments consisted of a control treatment with no green
manure added, an onion residue (1 t ha-1) treatment and two oat residue (4 t ha-1 and 8 t ha-1)
treatments.
Analysis

Log10 Trichoderma
CFU numbers

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

3

2.59

0.863

0.46

0.708

time

3

22.25

7.42

4.00

0.013

treatment x time

9

14.85

1.65

0.89

0.542

residual

48

89.06

1.85

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; ODS = oven dry soil

Table A5.8. Analysis of Variance (ANOVA) for Trichoderma CFU numbers (ODS g -1) in the
rhizosphere soil of three green manure amendment treatments at four different sampling times
spanning a 16 week period (green manure experiment 2). The treatments consisted of a control
treatment with no green manure added, an onion residue (1 t ha-1) treatment and an oat residue (9 t
ha-1) treatment.
Analysis
Log10 Trichoderma
CFU numbers

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

2

199.99

99.99

113.86

< 0.001

time

3

5.09

1.70

1.93

0.126

treatment x time

6

2.89

0.48

0.55

0.770

180

158.08

0.88

-

-

residual

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; ODS = oven dry soil
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A5.2.2. Analysis of Penicillium CFU numbers abundance
Table A5.9. Analysis of Variance (ANOVA) for Penicillium CFU numbers (ODS g -1) in the rhizosphere
soil of four green manure amendment treatments at five different sampling times spanning a 16 week
period (green manure experiment 1). The treatments consisted of a control treatment with no green
manure added, an onion residue (1 t ha-1) treatment and two oat residue (4 t ha-1 and 8 t ha-1)
treatments.
Analysis
Log10 Penicillium
CFU numbers

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

3

7.33

2.44

204.05

< 0.001

time

4

4.89

1.22

102.07

< 0.001

treatment x time

12

5.68

0.47

39.52

< 0.001

residual

100

1.20

0.012

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; ODS = oven dry soil

Table A5.10. Analysis of Variance (ANOVA) for Penicillium CFU numbers (ODS g -1) in the rhizoplane
soil of four green manure amendment treatments at four different sampling times spanning a 16 week
period (green manure experiment 1). The treatments consisted of a control treatment with no green
manure added, an onion residue (1 t ha-1) treatment and two oat residue (4 t ha-1 and 8 t ha-1)
treatments.
Analysis
Log10 Penicillium
CFU numbers

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

3

time

3

14.40

4.80

61.90

< 0.001

0.77

0.25

3.22

0.027

treatment x time

9

residual

80

1.45

0.16

2.08

0.041

6.20

0.077

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; ODS = oven dry soil

Table A5.11. Analysis of Variance (ANOVA) for Penicillium CFU numbers (ODS g -1) in the
rhizosphere soil of three green manure amendment treatments at four different sampling times
spanning a 16 week period (green manure experiment 2). The treatments consisted of a control
treatment with no green manure added, an onion residue (1 t ha-1) treatment and an oat residue (9 t
ha-1) treatment.
Analysis
Log10 Penicillium
CFU numbers

Source of variation

d.f.

s.s.

m.s.

F test

treatment

2

72.12

36.06

1980.44

< 0.001

time

3

15.60

5.20

285.67

< 0.001

treatment x time

6

5.67

0.94

51.88

< 0.001

180

3.27

0.018

-

-

residual

P value

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; ODS = oven dry soil
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A5.2.3. Analysis of Trichoderma species presence frequency in green manure
experiment 1

Table A5.12. General linear model regression analysis for T. asperellum, T. atroviride, T. hamatum, T.
harzianum and T. koningii presence frequency (likelihood of recovering this species in a given
treatment or at a given time) in the rhizosphere soil of four green manure amendment treatments at
five different sampling times spanning a 16 week period (green manure experiment 1). The treatments
consisted of a control treatment with no green manure added, an onion residue (1 t ha-1) treatment
and two oat residue (4 t ha-1 and 8 t ha-1) treatments.
Analysis

T.asperellum
species frequency

T. atroviride
species frequency

T. hamatum
species frequency

T. harzianum
species frequency

T. koningii
species frequency

Source of variation

d.f.

s.s.

m.s.

F test

P value

regression

7

0.72

0.10

1.51

0.254

treatment

3

0.55

0.18

2.67

0.095

time

4

0.17

0.044

0.64

0.646

residual

12

0.82

0.069

-

-

regression

7

1.05

0.15

1.80

0.177

treatment

3

0.25

0.083

1.00

0.426

time

4

0.80

0.20

2.40

0.108

residual

12

1.00

0.083

-

-

regression

7

3.72

0.53

1.57

0.236

treatment

3

1.30

0.43

1.28

0.327

time

4

2.42

0.61

1.79

0.197

residual

12

4.07

0.34

-

-

regression

7

6.81

0.97

3.05

0.043

treatment

3

3.74

1.24

3.91

0.037

time

4

3.075

0.77

2.41

0.367

residual

12

3.82

0.32

-

-

regression

7

3.20

0.46

1.44

0.275

treatment

3

1.70

0.56

1.79

0.203

time

4

1.50

0.37

1.18

0.367

residual

12

3.80

0.31

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square
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A5.2.4. Analysis of Trichoderma species presence frequency in green manure
experiment 2
Table A5.13. General linear model regression analysis for T. asperellum, T. atroviride, T. hamatum, T.
harzianum and T. koningii presence frequency (likelihood of recovering this species in a given
treatment or at a given time) in the rhizosphere soil of three green manure amendment treatments at
four different sampling times spanning a 16 week period (green manure experiment 2). The treatments
consisted of a control treatment with no green manure added, an onion residue (1 t ha-1) treatment
and an oat residue (9 t ha-1) treatment.
Analysis

T.asperellum
species frequency

T. atroviride
species frequency

T. hamatum
species frequency

T. harzianum
species frequency

T. koningii
species frequency

Source of variation

d.f.

s.s.

m.s.

F test

P value

regression

5

3.19

0.64

5.56

0.030

treatment

2

0.81

0.41

3.55

0.096

time

3

2.37

0.79

6.91

0.023

residual

6

0.69

0.11

-

-

regression

5

9.39

1.88

7.03

0.017

treatment

2

7.31

3.66

13.68

0.006

time

3

2.08

0.69

2.60

0.148

residual

6

1.60

0.27

-

-

regression

5

3.73

0.74

1.57

0.298

treatment

2

2.89

1.45

3.04

0.122

time

3

0.83

0.28

0.58

0.647

residual

6

2.85

0.47

-

-

regression

5

8.094

1.62

6.76

0.019

treatment

2

7.31

3.66

15.26

0.004

time

3

0.78

0.26

1.09

0.424

residual

6

1.44

0.24

-

-

regression

5

11.01

2.20

11.97

0.004

treatment

2

8.89

4.44

24.17

0.001

time

3

2.11

0.70

3.83

0.076

residual

6

1.10

0.18

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square

A5.2.5. Analysis of onion plant dry weight (g)
Table A5.14. One-way Analysis of Variance (ANOVA) of the mean aboveground dry weight (g) of
onion plants after 16 weeks growth in soil amended with four different green manure treatments
(green manure experiment 1). The treatments consisted of a control treatment with no green manure
added, an onion residue (1 t ha-1) treatment and two oat residue (4 t ha-1 and 8 t ha-1) treatments.
Analysis
Onion weight (g)

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

3

6.87

2.29

5.54

0.013

residual

12

4.96

0.41

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square
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Table A5.15. One-way Analysis of Variance (ANOVA) of the mean aboveground dry weight (g) of
onion plants after 16 weeks growth in soil amended with three different green manure treatments
(green manure experiment 2). The treatments consisted of a control treatment with no green manure
added, an onion residue (1 t ha-1) treatment and an oat residue (9 t ha-1) treatment.
Analysis

Source of variation

Onion weight (g)

d.f.

s.s.

m.s.

F test

P value

treatment

2

6.67

3.33

24.75

< 0.001

residual

21

2.83

0.13

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square

A5.2.6. Trichoderma species saprophytic growth in the soil-sandwich bioassay
Table A5.16. Analysis of Variance (ANOVA) on the mean area of cellulose nitrate membrane covered
by hyphal growth (mm2) by four Trichoderma species in two different soil types. The Trichoderma
species were: T. atroviride, T. hamatum, T. harzianum and T. koningii. Soil types were: bulk Pukekohe
soil (fallow soil) and Pukekohe soil amended with two crops of green oat.
Analysis

Source of variation
Soil type

Trichoderma
CFU numbers

Trichoderma sp.

d.f.

s.s.

m.s.

1

2.18 x 105

2.18 x 105

3

7

4.84 x 10

6

4

1.07 x 10

4

7

1.06 x 105

1.45 x 10

Soil type x Trichoderma sp.

3

3.22 x 10

residual

32

3.40 x 10

F test

P value

2.06

0.161

45.54

< 0.001

0.10

0.959

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; sp. = species

A5.3. Laboratory assay on interactions between Trichoderma,
Penicillium and onion extract
A5.3.1. Effect of onion extract on hyphal growth and spore germination of four
Trichoderma species
Table A5.17. Analysis of Variance (ANOVA) on the mean hyphal growth (mm) of four Trichoderma
species grown on agar amended with three onion extract concentrations after 48 h incubation at 20°C.
The Trichoderma species were: T. atroviride, T. hamatum, T. harzianum and T. koningii. The onion
extract (OX) treatments were: Control (unamended), OX (1 g L-1) and OX (5 g L-1).
Analysis

Hyphal growth (mm)

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

2

257.80

128.90

10.38

< 0.001

Trichoderma sp.

3

7152.74

2384.25

191.98

< 0.001

treatment x
Trichoderma sp.

6

101.95

16.99

1.37

0.229

204

2533.49

12.42

-

-

residual

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; sp. = species
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Table A5.18. Analysis of Variance (ANOVA) on the mean hyphal growth (mm) of three T. atroviride
isolates (A1, A3, A5), three T. hamatum isolates (C1, C2, C3), three T. harzianum isolates (D1, D2,
D3) and three T. koningii isolates (E1, E2, E5) grown on agar amended with three onion extract
concentrations after 48 h incubation at 20°C. The onion extract (OX) treatments were: Control
(unamended), OX (1 g L-1) and OX (5 g L-1).
Analysis

Source of variation

T. atroviride isolates
hyphal growth (mm)

T. hamatum isolates
hyphal growth (mm)

T. harzianum isolates
hyphal growth (mm)

T. koningii isolates
hyphal growth (mm)

d.f.

s.s.

m.s.

F test

P value

treatment

2

7.34

3.67

4.26

0.020

Trichoderma isolate

2

304.03

152.01

176.63

< 0.001

treatment x
Trichoderma isolate

4

12.04

3.01

3.50

0.014

residual

45

38.73

0.86

-

-

treatment

2

49.79

24.89

3.39

0.43

Trichoderma isolate

2

177.71

88.85

12.09

< 0.001

treatment x
Trichoderma isolate

4

46.16

11.54

1.57

0.199

residual

45

330.66

7.35

-

-

treatment

2

141.35

70.68

80.31

< 0.001

Trichoderma isolate

2

64.07

32.03

36.40

< 0.001

treatment x
Trichoderma isolate

4

6.81

1.70

1.94

0.121

residual

45

39.60

0.88

-

-

treatment

2

161.27

80.63

17.87

< 0.001

Trichoderma isolate

2

1019.03

509.52

112.91

< 0.001

treatment x
Trichoderma isolate

4

291.57

72.89

16.15

< 0.001

residual

45

203.06

4.51

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square

Table A5.19. Analysis of Variance (ANOVA) on the germination rate (%) of four Trichoderma species
grown in broth amended with three onion extract concentrations after 48 h incubation at 20°C. The
Trichoderma species were: T. atroviride, T. hamatum, T. harzianum and T. koningii. The onion extract
(OX) treatments were: Control (unamended), OX (1 g L-1) and OX (5 g L-1).
Analysis

Germination
rate (%)

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

2

5.85

2.93

0.50

0.607

Trichoderma sp.

3

430.67

143.56

24.50

< 0.001

treatment x Trichoderma sp.

6

353.85

58.97

10.07

< 0.001

204

1827.85

5.86

-

-

residual

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; sp. = species
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A5.3.2. Effect of onion extract on hyphal growth of five Penicillium isolates
Table A5.20. Analysis of Variance (ANOVA) on the mean hyphal growth (mm) of five Penicillium
isolates (Pen 1, Pen 2, Pen 3, Pen 4, Pen 5) grown on agar amended with three onion extract
concentrations after 7 d incubation at 20°C. The onion extract (OX) treatments were: Control
(unamended), OX (1 g L-1) and OX (5 g L-1).
Analysis

Source of variation

Hyphal
growth (mm)

d.f.

s.s.

m.s.

F test

P value

treatment

2

18.28

9.14

4.65

0.015

Penicillium isolates

4

122.74

30.68

15.62

< 0.001

treatment x Penicillium isolates

8

65.85

8.23

4.19

< 0.001

residual

45

88.39

1.96

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square

A5.3.3. Trichoderma-Penicillium dual plate assay
Table A5.21. Analysis of Variance (ANOVA) for the mean width (mm) of the inhibition zone between
two T. koningii isolates (E1 and E2) and two Penicillium isolates (Pen 1 and Pen 3) grown on agar
amended with three onion extract concentrations after 6 d of incubation at 20°C. The onion extract
(OX) treatments were: Control, OX (1 g L-1) and OX (5 g L-1).
Analysis

Inhibition
zone width
(mm)

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

2

8.42

4.21

2.37

0.102

T. koningii isolates

1

0.44

0.44

0.25

0.618

Penicillium isolates

1

0.011

0.011

0.01

0.937

treatment x T. koningii iso.

2

2.73

1.37

0.77

0.467

treatment x Penicillium iso.

2

1.06

0.53

0.30

0.743

T. koningii iso. x Penicillium iso.

1

0.07

0.07

0.04

0.841

treatment x T. koningii x Penicillium iso.

2

0.05

0.03

0.01

0.986

residual

60

106.47

1.77

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; iso. = isolates

Table A5.22. Analysis of Variance (ANOVA) for the mean width (mm) of the inhibition zone between
two T. harzianum isolates (D1 and D3) and one Penicillium isolate (Pen 3) grown on agar amended
with three onion extract concentrations after 6 d of incubation at 20°C. The onion extract (OX)
treatments were: Control (unamended), OX (1 g L-1) and OX (5 g L-1).
Analysis

Inhibition zone width
(mm) for Penicillium
isolate (Pen3)

Source of variation

d.f.

s.s.

m.s.

F test

P value

treatment

2

9.64

4.82

5.96

0.007

T. harzianum iso.

1

0.007

0.007

0.01

0.927

treatment x T. harzianum iso.

2

0.67

0.33

0.42

0.664

residual

30

24.26

0.81

-

-

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; sp. = species; iso. = isolates
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A5.4. Trichoderma species rhizosphere competence experiment
Table A5.23. Analysis of Variance (ANOVA) on the mean CFU numbers (ODS g -1) of six Trichoderma
inoculation treatments in the rhizosphere soil of 6 weeks old onion seedlings at two soil depths. The
Trichoderma species were: T. atroviride, T. hamatum, T. harzianum and T. koningii, a control (no
Trichoderma) and a Trichoderma “mixed” treatment where the four species were inoculated in equal
amount. Soil depths were: 1-3 cm and 6-8 cm.
Analysis

Trichoderma
CFU numbers

Source of variation

d.f.

s.s.

m.s.
16

P value

17.78

< 0.001

Trichoderma sp. treatment

4

2.51 x 10

soil depth

1

2.36 x 1016

2.36 x 1016

66.80

< 0.001

4

16

3.53 x 10

15

10.01

< 0.001

3.53 x 10

14

-

-

Trichoderma sp. x soil depth
residual

90

1.41 x 10
3.18 x 10

16

6.28 x 10

F test
15

NB: d.f. = degrees of freedom; s.s. = sum of the squares; m.s. = mean square; sp. = species

Table A5.24. Chi-squared (χ2) test on the proportions of four Trichoderma species in the Trichoderma
“mixed” treatment, in the rhizosphere of 6 weeks old onion seedlings, at two different soil depths (1-3
cm and 6-8 cm).
Soil depth (1-3 cm)
O

E

O-E

(O-E)2

(O-E)2 / E

T. atroviride

16

25

9

81

3.2

T. hamatum

40

25

5

25

1.0

T. harzianum

11

25

14

196

7.8

T. koningii

33

25

8

64

2.6

Trichoderma sp.

χ2

d.f.

P value

14.6

3

< 0.01

χ2

d.f.

P value

22.8

3

< 0.001

Soil depth (6-8 cm)
O

E

O-E

(O-E)2

(O-E)2 / E

T. atroviride

29

25

4

16

0.6

T. hamatum

15

25

5

25

1.0

T. harzianum

12

25

13

169

6.8

T. koningii

44

25

19

361

14.4

Trichoderma sp.
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