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The overall objective of this study was to test the hypothesis that insects can vector F.
tumidum conidia to infect gorse plants with the aim of developing an alternative approach
to mycoherbicide delivery to control weeds. Four potential insect species (Apion ulicis,
Cydia ulicetana, Epiphyas postvittana and Sericothrips staphylinus) were assessed for
their ability to vector F. tumidum conidia. To achieve this, the external microflora
(bacteria and fungi) and the size and location of fungal spores on the cuticle of these
insect species were determined. In addition, the ability of the insects to pick up and
deposit F. tumidum conidia on agar was studied. Based on the results from these
experiments, E. postvittana was selected for more detailed experiments to determine
transmission of F. tumidum to infect potted gorse plants. The factors promoting
pathogenicity of F. tumidum against gorse and the pathogen loading required to infect and
kill the weed were also determined.
The external microflora of the four insect species were recovered by washing and plating
techniques and identified by morphology and polymerase chain reaction restriction
fragment length polymorphism (PCR-RFLP) and sequencing of internally transcribed
spacer (ITS) and 16S rDNA. A culture-independent technique (direct PCR) was also used
to assess fungal diversity by direct amplification of ITS sequences from the washings of
the insects. All insect species carried Alternaria, Cladosporium, Nectria, Penicillium,
Phoma, Pseudozyma spp. and entomopathogens. Ninety four per cent of the 178 cloned
amplicons had ITS sequences similarity to Nectria mauritiicola. E. postvittana carried the
largest fungal spores (mean surface area of 125.9 μm2) and the most fungal CFU/insect.
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About 70% of the fungi isolated from the insects were also present on the host plant
(gorse) and the understorey grass. The mean size of fungal spores recovered from the
insect species correlated strongly with their body length (R2 = 85%). Methylobacterium
aquaticum and Pseudomonas lutea were common on all four insect species.
Pseudomonas fluorescens was the most abundant bacterial species.
In the pathogenicity trials, the effectiveness of F. tumidum in reducing root and shoot
biomass of 16 and 8 wk old gorse plants was significantly increased with wounding of the
plants. Older plants (32 wk old) which were wounded and inoculated were significantly
shorter, more infected and developed more tip dieback (80%) than plants which were not
wounded (32%). This indicates that damage caused by phytophagous insect species
present on gorse through feeding and oviposition may enhance infection by F. tumidum.
Wounding may release nutrients (e.g. Mg and Zn) essential for conidia germination and
germ tube elongation and also provide easier access for germ tube penetration. Conidial
germination and germ tube length were increased by 50 and 877%, respectively when
incubated in 0.2% of gorse extract solution for 24 h compared with incubation in water.
Inoculum suspensions amended with 0.2% of gorse extract caused more infection and
significantly reduced biomass production of 24 wk old gorse plants than suspensions
without gorse extract. A minimum number of about 900 viable conidia/infection site of F.
tumidum were required to infect gorse leaves. However, incorporation of amendments
(which can injure the leaf cuticle) or provision of nutrients (i.e. gorse extract or glucose)
in the formulation might decrease the number of conidia required for lesion formation.
Scanning electron micrographs showed that germ tube penetration of gorse tissue was
limited to open stomata which partly explain the large number of conidia required for
infection. The flowers and leaves were more susceptible to F. tumidum infection than the
spines, stems and pods. An experiment to determine the number of infection sites
required to cause plant mortality showed that the entire plant needs to be inoculated in
order for the pathogen to kill 10 wk old plants as F. tumidum is a non systemic pathogen.
The number of infection sites correlated strongly with disease severity (R2 = 99.3%). At
least 50% of the plant was required to be inoculated to cause a significant reduction in
shoot dry weight.
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F. tumidum, applied as soil inoculant using inoculated wheat grains in three separate
experiments, significantly suppressed gorse seedling emergence and biomass production.
In experiments to determine the loading capacity of the insect species, E. postvittana, the
largest insect species studied, carried significantly more (68) and deposited significantly
more (29) F. tumidum conidia than the other species. Each E. postvittana, loaded with
5,000 conidia of F. tumidum, transmitted approximately 310 conidia onto gorse plants but
this did not cause any infection or affect plant growth as determined by shoot fresh
weight and shoot height. E. postvittana on its own did not cause any significant damage
to gorse and did not enhance F. tumidum infection. It also failed to spread the pathogen
from infected plants to the healthy ones. There was no evidence of synergism between the
two agents and damage caused by the combination of both E. postvittana and F. tumidum
was equivalent to that caused by F. tumidum alone.
This study has shown that E. postvittana has the greatest capacity to vector F. tumidum
since it naturally carried the largest and the most fungal spores (429 CFU/insect).
Moreover, it naturally carried Fusarium spp. such as F. lateritium, F. tricinctum and
Gibberella pulicaris (anamorph Fusarium sambucinum) and was capable of carrying and
depositing most F. tumidum conidia on agar. Coupled with the availability of pheromone
for attracting the male insects, E. postvittana may be a suitable insect vector for
delivering F. tumidum conidia on gorse using this novel biocontrol strategy. Although it
is a polyphagous insect, and may visit non-target plants, F. tumidum is a very specific
pathogen of gorse, broom and a few closely related plant species. Hence, using this insect
species to vector F. tumidum in a biological control programme, should not pose a
significant threat to plants of economic importance. However, successful control of gorse
using this “lure-load-infect” concept would depend, to a large extent on the virulence of
the pathogen as insects, due to the large size of F. tumidum macroconidia, can carry only
a small number of it.
Keywords: Fusarium tumidum, insect microflora, PCR-RFLP, ITS, 16S rDNA,
mycoherbicide, gorse, biological control, wounding, insect vectors, lure-load-infect.
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CHAPTER ONE
General Introduction
1.1 Research background
Gorse, Ulex europaeus L. (Fabaceae) is a serious weed in pastures and forest
plantations (Richardson, 1993). It is now considered as New Zealand’s worst weed
(Williams and Timmins, 2002) and one of the world’s 100 worst invasive weed species
(ISSG, 2006). Despite several measures implemented to control this weed, it continues
to spread annually with the loss in production to farming estimated at about $22
million per annum (Monsanto, 1984). This research investigated the possibility of
using insect species as vectors of the fungal pathogen Fusarium tumidum Sherb. to
cause infection in gorse.
Gorse originated from Europe and was introduced into New Zealand over a century
ago for hedging to constrain livestock. It has been declared a serious weed in many
countries where it has been introduced including New Zealand (Richardson and Hill,
1998). It quickly forms dense thickets that can effectively shade out forest plantations,
native vegetation and reduce biodiversity. It reduces the productivity of pastures and
plantation forests through competition for space, water, light and nutrients.
Furthermore, it impedes access for pruning and thinning in forest plantations, and
reduces harvestable volumes of timber (Morin et al., 1998). It is estimated to occupy
about 1 million ha of New Zealand’s agricultural land which has production,
ecological and aesthetic functions. The ability of gorse to produce large amounts of
seed (over 36,000 seeds/m2/year) that can remain viable in the soil for many years,
greatly accounts for its persistence (Rees and Hill, 2001). Moreover, since it fixes
atmospheric nitrogen through symbiotic association with Rhizobium spp., it is capable
of surviving on marginal lands where most plant species can not. These attributes,
coupled with favourable climatic conditions in New Zealand and the absence of some
of its natural enemies have enabled this weed to grow extremely well.
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In an attempt to control gorse, several programmes involving the application of
herbicides, mechanical removal, burning, grazing, mulching, over-sowing and classical
biological control agents have been implemented (Balneaves and McCord, 1990;
Harman et al., 1996; Hill and Gourlay, 1989; Prasad, 2002). Each of these control
measures has limitations that restrict long-term use. For instance, continuous use of
chemical herbicides can result in build up of resistance in weed populations and an
accumulation of toxic chemicals in the environment. On the other hand, mechanical
control is not always feasible due to inaccessibility of large populations of gorse along
hills and in valleys. Some researchers have reported success in using biological control
agents for controlling some weeds (Chandramohan and Charudattan, 2001;
Charudattan and Dinoor, 2000; Dinoor and Eshed, 1997).
In New Zealand, biological control of gorse has been undertaken mainly by Landcare
Research, and has mostly consisted of the release of exotic insect species which feed
on the weed. These phytophagous insects, to date, have not produced the high level of
control required to prevent the weed from adversely affecting productivity of desirable
plant species (Hill et al., 2000; Syrett et al., 1999).
Studies of Fusarium tumidum Sherb., a foliar pathogen which occurs naturally on
gorse and broom in New Zealand (Johnston et al., 1995) have shown that this pathogen
has the potential to be developed as a mycoherbicide for gorse control (Morin et al.,
1998; 2000). Research on the use of F. tumidum as a mycoherbicide has shown that the
fungus is capable of infecting the soft tissues and seedlings of gorse (Morin et al.,
1998). Host range tests of F. tumidum have shown it to cause significant damage to
plants in the same tribe as gorse and broom (Cytisus scoparius). These plants include
tree lucerne (Chamaecytisus palmensis), tree lupin (Lupinus arboreus) and one plant
from the same subfamily (young white clover) (Trifolium repens) (Barton et al., 2003).
The effect of F. tumidum on Sophora species (Kowhai); reported as part of the ‘core
genistoids’ (Wojciechowski et al., 2004) has not been reported. The pathogen had no
significant effect on economic crops such as pine (Pinus radiata) (Barton et al., 2003).
Attempts to develop an effective F. tumidum based mycoherbicide have met with some
difficulties as the pathogen requires free water during the initial phases of the infection
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process (Fröhlich and Gianotti, 2000). Using gorse-associated insect species as vectors
of F. tumidum conidia may be an alternative method of delivery as wounds created by
the insects on the plant through feeding and oviposition can release water or sap from
the plant tissues. Wounds can also provide easy access for penetration by pathogens as
reported for Sclerotinia sclerotiorum on the weed Cirsium arvense (Bourdôt et al.,
2004).
A new concept for biological control of weeds referred to as ‘lure-load-infect’ has been
proposed (Hee et al., 2004). In this approach, insects are used as vectors to transmit
pathogens to target weeds. The approach is made feasible by using auto-inoculation
systems baited with pheromones to attract insects to the inocula. The insects will carry
some of the pathogen inocula on their cuticle and deposit it on the target weed upon
visit. This research is part of a larger programme on developing smart auto-inoculation
systems for weed control. In this study, four potential vectors which are abundant on
gorse (Apion ulicis, Cydia ulicetana, Epiphyas postvittana and Sericothrips
staphylinus) were assessed. The insect species with the greatest potential for vectoring
F. tumidum was selected for further evaluation to determine transmission of conidia of
the pathogen to infect gorse.

1.2 Literature Review
1.2.1 Invasive weeds in New Zealand
Over 240 species of introduced plants have been listed as actual or potential invasive
weeds (Owen, 1997), adversely affecting agriculture, forestry, indigenous biota and
ecosystems of lands and water-bodies in New Zealand (Froude, 2002). Some of the
major invasive weeds are gorse (Ulex europaeus L.), broom (Cytisus scoparius),
alligator weed (Alternanthera philoxeroides), Californian thistle (Cirsium arvense) and
old man’s beard (Clematis vitalba). This literature review focuses mainly on biological
control of gorse. Both classical and inundative methods including insect-pathogen
interactions, are reviewed. Finally the natural surface microflora of insect species and
methods for microbial identification are briefly covered.
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1.2.2 Origin and distribution of gorse
Gorse belongs to the family Fabaceae, sub-family Faboideae and the tribe Genisteae. It
is a thorny, perennial, leguminous shrub. It is native to Great Britain and Central and
Western Europe, (Richardson and Hill, 1998). It was deliberately introduced to many
countries worldwide, including New Zealand, as a hedge and fodder for livestock.
However, gorse escaped from cultivation and has spread in almost every country it was
introduced. It has become a serious weed in New Zealand, Australia, USA (Oregon,
Northern California, Washington), Chile and Hawaii (Richardson and Hill, 1998).
Gorse was recognised as an important weed in New Zealand over a century ago. It is
found in both North and South Islands from sea level to an altitude of 800 m
(MacCarter and Gaynor, 1980) occupying about 1 million ha (Gourlay, 2005) (Fig.
1.1).

Figure 1.1. Severe gorse infestation in North Canterbury.

1.2.3 Biology of gorse
Gorse usually grows to a height of 2-4 m with a stem diameter of around 22 cm in
New Zealand (Lee et al., 1986; Shepherd and Lee, 2002). Leaves are present during
the seedling stage, but as the plants grow, the leaves are reduced to form spines or
4

Chapter 1

scales (Grime et al., 1988; Roy et al., 2004) (Fig. 1.2). Shoots produced during the
current growing season are green but turn brown the following season resulting in
bushes with a central volume of dry brown vegetation. The growth period typically
starts in spring, peaks in early summer and finishes in late summer. Individual plants
can live for up to 30 years (Lee et al., 1986). Gorse plants start flowering 2-3 years
after germination, flowering twice a year, with the heaviest flowering in spring
(Shepherd and Lee, 2002). The flowers are yellow and are pollinated by insects (Grime
et al., 1988). Seed set occurs about 2 months after flowering. The seeds have hard
testa, low germination rate and can maintain viability for more than 30 years
(Zabkiewicz, 1976). The seeds are approximately 2-3 mm in diameter and are
explosively discharged from the mature pod. Most pods mature and dehisce in midsummer (Hill, 1982). A small proportion of the seeds are dispersed by wind and water.
Several

researchers

have

reported

seed

production

estimates

of

500-

36,000seeds/m2/year (Ivens, 1978; Rees and Hill, 2001). This prolific seed production
characteristic combined with its ability to germinate at a low rate over a long period of
time, if undisturbed, is largely responsible for its persistence as a weed (Ivens, 1978;
Rees and Hill, 2001).

1.2.4 Economic importance of gorse
Gorse forms dense, impenetrable monocultures that compete and reduce the
productivity of pastures and plantation forests. In the early establishment phase of a
plantation forest, gorse can out-compete and kill tree seedlings, reducing stand
numbers (Richardson and Hill, 1998). Later in the rotation, it can compete with trees
for water, light and nutrients, impede access for pruning and thinning, and ultimately
reduce harvestable volumes of timber (Morin et al., 1998). Due to this thorny and
impenetrable characteristic, useful pasture plants growing under or beside gorse are
often avoided by grazing livestock, thus reducing the utilisation of pasture plants
(Matthews et al., 1999). In 1984, the loss in production to farming was estimated at
about $22 million per annum and the cost of controlling this weed was estimated at
approximately $27 million per annum to the forestry and farming industries
(Monsanto, 1984). Gorse can also pose a serious fire risk to forests and invade braided
riverbeds, destroy open feeding and nesting sites of native wading birds, and provide
cover for predators (Balneaves and Hughey, 1990).
5
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Figure 1.2. Gorse plants at flowing; spine with scales at its base (insert).

1.2.5 Gorse control options
Gorse control programmes include the application of herbicides, mechanical removal
(i.e. cutting), mulching, burning, grazing, over-sowing and introduction of both insect
and fungal biological control agents (Balneaves and McCord, 1990; Fröhlich et al.,
2000; Harman et al., 1996; Hill and Gourlay, 1989; Prasad, 2002; Zabkiewicz and
Balneaves, 1984).
Continuous application of chemical herbicides can result in build up of resistance in
weed populations and an accumulation of toxic chemicals in the environment,
especially, in the underground water. High levels of herbicides can be toxic to humans,
animals including aquatic life and soil fauna as they accumulate in groundwater. In
both the United States and in Europe there are now detectable levels of chemicals in
the domestic water supply (Deacon, 2006). The development of effective biocontrol
agents could provide at least a partial solution to some of these environmental
problems (Deacon, 2006). Until recently, fire was the most important technique used
to control gorse and reduce the number of seeds in the seed bank. However, burning
often leaves stumps that can re-sprout. Moreover, soon after burning a gorse
6
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infestation, a thick cover of gorse seedlings appears because fire helps to break the
dormancy of the seeds and provides nutrients for growth. Studies consistently show
that the seedlings compete poorly with perennial pasture plants such as ryegrass
(Lolium perenne) and white clover (Trifolium repens) (Davies et al., 2005; Ivens,
1983). As a result of this, gorse control in pastures after burning is often achieved by
over-sowing with perennial pasture plants and fertiliser to promote competition with
the emerging gorse seedlings.
Grazing with sheep and goats can also reduce gorse establishment (West and Dean,
1990). Ivens (1979) recorded 70-100% reduction in the number of gorse seedlings
because of competition, grazing and trampling by grazing livestock. Mechanical
control such as cutting is effective when combined with either mulching or herbicide
(e.g. triclopyr) application (Prasad, 2002). However, cutting is not always feasible due
to inaccessibility of large populations of gorse growing along hills and in valleys.
Recently, much attention has been focused on biological control of weeds as this
method is relatively safe to both humans and the environment. This study focuses on
biological control of gorse using both classical and inundative approaches.

1.3 Biological weed control
Biological control is a broad term used to describe the ability of a biological agent to
lower the size or vigour of the population of another organism. Biological agents
commonly used for weed control are insects and pathogens, especially, fungi. The two
broad approaches are inundative and classical biological control.

1.3.1 Inundative biological control (Mycoherbicide)
Inundative biological control involves the repetitive application of a large quantity of a
biological agent as a bioherbicide in order to create a disease epidemic in a weed
population. A mycoherbicide is a bioherbicide with a fungus as the active ingredient
and is used as a weed control agent through inundative and repeated applications of its
inoculum. The development of mycoherbicides has received much attention worldwide
in the last three decades. DeVine® (Kenney 1986) and Collego® (Bowers 1986) were
the first to be registered in 1981 and 1982, respectively. Recently registered
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mycoherbicides include Smolder (2005) in USA and Myco-TechTM paste (2004) in
Canada (Table 1.1). In New Zealand, mycoherbicide research for gorse control
included the development of GOB-stopper, based on F. tumidum and Chonquer, with
Chondrostereum purpureum as the active ingredient (Fröhlich and Gianotti, 2000).
Research on GOB-stopper was abandoned due to problems with producing a
formulated product for commercial use.
Mycoherbicides are often more selective in their mode of action so the risk of damage
to other plants is reduced. However, the potential of these products is often limited as
the growth, sporulation, dispersal and infection capability of the pathogen can be
affected by changes in the environment. McRae and Auld (1997) noted that the dew
period requirement of most fungi is perhaps the over-riding constraint to the
development of mycoherbicides. Moreover, after application, most fungal spores do
not usually persist at high levels for long enough to continue the infection process.
This means that, like chemical herbicides, mycoherbicides often need to be reapplied.
Although many potential mycoherbicides have been identified, success has been
limited using this approach.

Table 1.1. Registered mycoherbicides and their target weeds (Charudattan and Dinoor, 2000;
Landcare Research, 2005; Te Beest and Templeton, 1985).
Mycoherbicide

Active ingredient (fungus)
Common name

BioMal®

Colletotrichum gloeosporioides
f. sp. malvae
Colletotrichum gloeosporioides
f. sp. aeschynomene
Phytophthora palmivora

Collego®
DeVine®
Dr BioSedge®
ECOclear

®

LuBao 2®

Puccinia canaliculata
Chondrostereum purpureum

Round-leaved mallow

Malva pusilla

Northern joint vetch

Aeschynomene
virginica
Morrenia odorata

Stranglevine or
Milkweed vine
Yellow nutsedge

Cyperus esculentus

Black cherry and
Blackberries
Dodder

Prunus serotina and
Rubus spp.
Cuscuta spp.

Deciduous tree spp.

-

Myco-TechTM paste

Colletotrichum gloeosporioides
f. sp. cuscutae
Chondrostereum purpureum

Smolder

Alternaria destruens

Dodder spp.

Cylindrobasidium leave

Black wattle and
Golden wattle

®

Stumpout

Target weed
Scientific name

Acacia mearnsii and
A. pycnantha
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1.3.2 Classical biological control
Classical biological control involves the importation and release of co-evolved, exotic
biological agents from the centre of origin of the target weed with the aim of creating a
natural epidemic in a weed population. The agents are first quarantined until positively
identified, certified free from companion species, parasitoids, and symptoms of
diseases. They are also tested on plant materials not available in their country of origin
to ensure their specificity. Once permission to release the agents from quarantine is
granted, they are mass reared and distributed or released.
One of the most famous examples of successful biological control of weed is that of
prickly pear (Opuntia stricta Haworth) with a moth, Cactoblastis cactorum Berg
(Dodd, 1940). “Secondary parasites” (fungi and bacteria) were credited with aiding the
insect in causing the final death of the weed (Dodd, 1940). At the time the moth was
released in 1926, 24 million ha were infested with the weed. Thirteen years after the
introduction of the moth, the infestation of prickly pear in Queensland was reduced by
more than 99% (Landcare Research, 1996). The control of water-hyacinth (Eichhornia
crassipes) in Australia (Hatcher and Paul, 2001) and Uganda (Ogwang and Molo,
2004) are classic examples. The weevils Neochetina bruchi and N. eichhorniae
reduced plant density of water-hyacinth along Lake Victoria and Lake Kyoga by 80%
(Ogwang and Molo, 2004).

1.3.3 Advantages and disadvantages of biological control
Charudattan (2001) presented several justifications for biological control with
pathogens. These included the phasing out of several older herbicides, public
resistance towards genetically altered food crops (e.g. herbicide-tolerant transgenic
crops), increasing problems with herbicide-resistant weeds, government-instituted
mandates for reducing chemical pesticide usage and consumer preference for nonchemical alternatives in food production.
A successful biological control programme reduces or in some cases, removes the need
for conventional (often chemical) methods of control for a weed species that is
growing prolifically in the absence of its natural pests and pathogens. The benefit-to-
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cost ratio of successful control can be very high, especially when earlier successes in
one country form the basis for repeating the introductions elsewhere (Waterhouse,
1998). Crawley (1989) observed that while the overall success rate for biological weed
control may be relatively low, the successes are permanent and highly cost effective.
Furthermore, biological weed control is often target specific and, therefore, potentially
less harmful to non-target plant species in the ecosystem. Biological control agents
remove weeds gradually, allowing favourable plant species to replace them without
exposing large areas of land to erosion and limiting invasion by other undesirable
species. Moreover, the agents pose minimal or no health risk to handlers.
Disadvantages of biological control are that the level of control may vary from place to
place because of differences in climate, soil type, vegetation, management practices
etc. The weed is not usually eliminated but kept in equilibrium with the population of
the biocontrol agents and there could be non-target effects. In addition, classical
biological control is often perceived to be too slow and the development process is also
time-consuming (Charudattan and Dinoor, 2000). These issues may act as major
constraints to the widespread implementation of this control strategy.

1.4 Pathogens for gorse control
1.4.1. Fungal pathogens associated with gorse
In an attempt to look for fungal pathogens for biological control of gorse, a survey
across New Zealand of fungi associated with diseased stem and leaf tissues of gorse
and broom was conducted between 1991 and 1993 (Johnston et al., 1995; Johnston and
Parkes, 1994). Isolations were made from gorse collected at 115 sites throughout the
country. Table 1.2 is the list of fungi isolated or collected from gorse in New Zealand.

10

Chapter 1

Table 1.2. Fungi isolated from gorse in New Zealand (Dingley, 1969; Hughes, 1966; Johnston
et al., 1995; Johnston and Parkes, 1994; McKenzie and Johnston, 1999; Pennycook,
1989).
Isolates identified directly on gorse

Isolates obtained in culture

Amylostereum sacratum (= basidiomycete
macrofungus)
Arcyria ferruginea (myxomycete)
Bjerkandera fumosa (macrofungus)
Byssomerulius corium (macro)
Coniophora sp.
Coniothyrium sphaerospermum
Corticium utriculicum (macro)
Dacrymyces lacrymalis (macro)
Daldinia bakeri (macro)
Daldinia childiae (macro)
Diaporthe eres
Dichomitus leucoplacus (macro)
Eutypella stellulata
Flagellospora sp.
Gibberella cyanogena (= F. sulphureum)
Gibberella tumida (= F. tumidum)
Lachnum virgineum
Metacapnodium fraserae (sooty mold)
Monilia aurea
Nectria ochroleuca
Nodulisporium sp.
Periconia minutissima
Phaeosolenia densa (macro)
Phoma sp.
Phoma ulicis
Physarum cinereum (myxomycete)
Pleospora tarda (= Stemphylium)
Polyporus arcularius (macro)
Polyporus squamosus (macro)
Proliferodiscus dingleyae (macro)
Radulum sp. (macro)
Rhinocladiella sp.
Sphaerobolus stellatus (macro)
Stereum hirsutum (macro)
Podoscypha pergamena (macro)
Tomentella ferruginea (macro)
Trichocladium basicola (= Thielaviopsis
basicola)
Tritirachium sp.
Ulocladium sp.

Alternaria sp.
Alternaria alternata
Ascochyta sp.
Botryosphaeria lutea
Chaetomium sp.
Chondrostereum purpureum (macrofungus)
Cladosporium cladosporioides
Colletotrichum sp.
Cosmospora aurantiicola (= Fusarium lavarum)
Epicoccum purpurascens (= E. nigrum)
Fusarium graminum
Geotrichum sp.
Gibberella avenacea (= F. avenaceum)
Gibberella baccata (= F. lateritium)
Gibberella pulicaris (= F. sambucinum)
Marielliottia biseptata (= Dreschlera)
Microsphaeropsis spp.
Pestalotiopsis sp.
Phomopsis spp.
Pleiochaeta setosa
Pleospora herbarum
Septoria sp.
Septoria slaptonensis
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Among the fungal pathogens commonly found on gorse, F. tumidum has the greatest
potential for development as a mycoherbicide (Johnston and Parkes, 1994). Inoculation
of young gorse plants with F. tumidum resulted in high mortality under favourable
conditions (Fröhlich and Gianotti, 2000; Morin et al., 1998). However, since natural
infection was low, development of a mycoherbicide was considered a more suitable
approach to control the weed. Another fungal pathogen, Chondrostereum purpureum
(Fr) Pouzar causes silver leaf disease of gorse. This fungus is also a wound pathogen
of pipfruit trees, raspberries, roses, willows and eucalypts (Dye, 1972; Gadgil and
Bowden, 1982). A study by Bourdôt et al. (2006) found no evidence of synergism
between these two fungi. This present study only assessed the potential of F. tumidum
for gorse control since C. purpureum has a wide host range including economic and
native plants (Bishop, 1978).
1.4.2 The genus Fusarium
Fusarium is a form genus in the Hyphomycetes (subdivision Deuteromycotina) that
produces macroconidia, microconidia, and chlamydospores. All species form
macroconidia with a foot-shaped basal cell (that may not be distinct for some species)
(Gams and Nirenberg, 1989). Sclerotia may be produced but they are not important
taxonomically. The key taxonomic criteria are the shape and size of the macroconidia,
the presence or absence and the shape of microconidia and chlamydospores, and the
structure of conidiophores (Windels, 1992). Moreover, colony morphology,
pigmentation, and growth rates on agar are useful secondary characters for
identification. In the genus Fusarium, over 90 species are recognised, depending upon
the taxonomic system used (Windels, 1992). Fusarium is the anamorph (asexual state)
of Gibberella. Some species cause disease in humans and animals (Nelson et al.,
1990), and some species produce mycotoxins such as fumonisins, trichothecenes type
A (T-2 toxin), trichothecenes type B (nivalenol) and zearalenone (Bergers et al., 1985;
Kroschel and Elzein, 2004; Moss, 2002; Mule et al., 1997).
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1.4.3 Fusarium tumidum
Fusarium tumidum is a foliar, non-systemic pathogen that causes lesions on leaves,
spines, and stems of gorse as well as tip dieback (Broadhurst and Johnston, 1994). In
New Zealand, it was first isolated from lupin (Lupinus spp.) in 1976 by G.F. Laundon
and identified by Gerlach and Nirenberg (1982). This fungus has been found to
commonly infect gorse and broom and to form a Gibberella teleomorph in nature
(Broadhurst and Johnston, 1994).
F. tumidum produces macroconidia which are thick walled and distinctly septate,
curved, fusiform and somewhat irregular in shape (Fig. 1.3). The dorsal surface is
strongly curved while the ventral surface is less curved and are relatively large
measuring 28-122 x 6-12.5μm (Broadhurst and Johnston, 1994). Perithecial initials
develop in some cultures, but do not mature unless compatible isolates are crossed
(Brayford, 1997). The sexual stage of F. tumidum is Gibberella tumida. Under
favourable condition, the conidia germinate within 24 h (Fig. 1.4) and can grow well
on most agar media across a wide range of pH. The conidia are the active ingredient
for mycoherbicide preparation (Fröhlich and Gianotti, 2000).

Figure 1.3. Macroconidia of Fusarium tumidum (520 μm2).
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Figure 1.4. Germinating conidium and growing hyphae of Fusarium tumidum.

The most important constraint for infection by F. tumidum is available water during
the initial phases of the infection process (Fröhlich and Gianotti, 2000). Studies by
Morin et al. (1998; 1995) have shown that F. tumidum is capable of killing gorse only
when exposed to a moist environment during the initial infection phases. When gorse
plants were exposed to dew period immediately after inoculation, the mortality rate
was higher than when exposure of inoculated plants to dew was delayed. Delaying
exposure to dew by 48 h reduced disease severity, whilst F. tumidum killed all young
gorse exposed to a 24-h dew period immediately after inoculation. Additionally,
exposure to long dew period causes more infection than short dew period. Dry weight
of gorse was reduced significantly as the dew period was increased from 12 h to 48 h
after inoculation (Morin et al., 1998). The minimum dew period required for infection
also increases with age of the plant. For example, a 24-h dew period was needed to
infect 8-wk-old seedlings while twice that period was required to infect 12-wk-old
plants (Morin et al., 1995).
F. tumidum is able to infect gorse plants within a wide range of temperature (12-27oC),
and has been reported to infect the weed at temperatures as low as 5oC (Morin et al.,
1998). However, infection increases with temperature during the initial phase with
22oC reported as the optimum temperature for maximum reduction in gorse plant dry
weight (Morin et al., 1998).
Disease incidence in gorse generally increases with an increase in concentration of F.
tumidum conidia (Fröhlich et al., 2000; Morin et al., 1995) and the volume of
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application (Fröhlich et al., 2000). Both Fröhlich et al. (2000) and Morin et al. (1995)
recommended 1 x 106 conidia/mL as effective against gorse and found it sufficient to
kill 95% of 6-wk-old gorse (Morin et al., 1998). Application rates beyond and below
this level have been found to be uneconomical and ineffective, respectively (Fröhlich
et al., 2000). Furthermore, suspensions containing more than 1 x 106 conidia/mL are
viscous, due to the large size of the conidia and may be difficult to apply with
commonly used agricultural spray nozzles.
The ability of F. tumidum to kill gorse decreases as the age of the plant increases. For
example, the dry weight of 4 and 8-wk-old plants infected by the fungus was reduced
by 89 and 73%, respectively. In contrast, the dry weight of older plants (12 and 16 wk
old) was reduced by only 55% (Morin et al., 1998). In another study, F. tumidum
spores in invert emulsion failed to kill 72 wk old gorse despite causing more than 75%
tissue damage (Fröhlich and Gianotti, 2000). Bourdôt et al. (2006) reported a 45%
reduction in the density of regenerative gorse shoots by the pathogen.
F. tumidum spores are thought to germinate and infect plants through the stomata (P.
Johnston, pers. comm., 2003). There is however, no report on this in the literature.

Risk assessment
Host range tests of F. tumidum on 20 non-target plant species closely related to gorse
(within the family Fabaceae) or which are of commercial importance in New Zealand
have shown that tree lucerne, (Chamaecytisus palmensis) and tree lupin (Lupinus
arboreus) were most severely affected by the pathogen (Fröhlich and Gianotti, 2000).
These plant species are among the closest relatives of gorse and broom. The fungus
however, had less effect on more distantly related legumes that are native in New
Zealand, or are used as economic crops or as cover crops in plantation forests (Barton
et al., 2003). The tests also showed that susceptibility to infection decreased with
increasing age of the plants. Moreover, plants with woody stem were more resistant
than those with succulent stem. Pine species (Pinus radiata) of any age were not
significantly affected (Fröhlich and Gianotti, 2000).
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F. tumidum produces type A trichothecenes (neosolaniol and T-2 toxin) (Altomare et
al., 1995; Mule et al., 1997; Morin et al., 2000). Trichothecenes are a family of
tetracyclic sesquiterpenoid substances produced by several species of Fusarium. Being
phytotoxins, they can produce symptoms such as chlorosis, necrosis and wilting
(McClean, 1996). They inhibit the enzyme peptidyl transferase and therefore protein
synthesis (McCormick, 2003) and have been implicated in some human diseases
(Beardall and Miller, 1994; Cheeke, 1998). Reports indicate that trichothecenes play a
role in the pathogenesis of Fusarium spp. (Proctor et al., 1995; Zonno and Vurro,
2002). However, Morin et al. (2000) found no correlation between levels of T-2 tetraol
produced and pathogenicity of different F. tumidum isolates. The isolate of F. tumidum
used for this study, produces relatively low levels of trichothecenes (Morin et al.,
2000) and, therefore, is likely to be safer compared with other F. tumidum isolates.

There have been problems with the commercial formulation of F. tumidum. Field
application of the pathogen formulated in water and three invert emulsions failed to
induce severe disease epidemics (Fröhlich et al., 2000). Moreover, due to the large
populations of gorse growing at places difficult to reach, spraying is often considered
not feasible. These constraints have necessitated the need for an alternative method for
delivery of the pathogen. Using gorse-associated insect species as vectors of F.
tumidum is a novel strategy of mycoherbicide delivery.

1.5 Insects for gorse control
Several insect species have been released for classical biological control of gorse in
New Zealand. Two of these: Gorse seed weevil Apion ulicis Förster, (Coleoptera:
Apionidae) and Gorse pod moth Cydia ulicetana Denis and Schiffermüller
(Lepidoptera: Tortricidae) feed on seeds while the remaining insects feed on foliage.
The foliage feeding insects include Gorse spider mite Tetranychus lintearius Dufour,
Gorse thrips Sericothrips staphylinus Haliday (Thysanoptera: Thripidae), Gorse soft
shoot moth Agonopterix ulicetella (Stainton), Gorse colonial hard shoot moth
Pempelia genistella, and Gorse stem miner Anisoplaca ptyoptera. Anisoplaca
ptyoptera is a native insect and has never been considered for the biocontrol of gorse
in New Zealand because it attacks the rare native brooms. The light brown apple moth
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Epiphyas postvittana Walker (Lepidoptera: Tortricidae) has been accidentally
introduced into the country through imports and is abundant on gorse and broom
throughout the country. Four of these insects (A. ulicis, C. ulicetana, E. postvittana and
S. staphylinus) were chosen for this study based on their establishment in this country
and availability.

1.5.1 Gorse seed weevil (Apion ulicis)
Apion ulicis was released in Nelson and Alexandra in February 1931 with the aim of
destroying gorse seeds. It is now widespread and common in both North and South
Islands (Kuschel, 1972). The adult weevil is about 1.8-2.5 mm long (Fig. 1.5). It is
grey, pear shaped and can be found throughout the year, but is more common in spring
and early summer. The female weevil oviposits through a hole in the side of an
immature gorse pod that has not been previously attacked by other females (Hoddle,
1991). Several eggs and larvae (up to 30) can be found in a single pod (Hill et al.,
1991). The eggs take about a month to hatch into white larvae with brown heads,
which feed on the seeds for about 6-8 wk and then pupate for about a month. The new
adults emerge from the pods and hibernate on gorse during winter. There is only one
generation each year, and the adults live for 12 months.
A. ulicis can reduce the number of viable seeds considerably. In a study by Sixtus et al.
(2003), only 11% of gorse seeds damaged by the weevil remained viable. Gorse sets a
significant amount of seed in autumn and winter and since the weevil is reproductively
active only during spring, the autumn-winter seeds escape predation (Cowley, 1983).
Consequently, only 36% of the annual seed crop is destroyed (Cowley, 1983) although
the weevils infect 60-90% of the spring seeds (Hill et al., 1993).

1.5.2 Gorse pod moth (Cydia ulicetana)
Cydia ulicetana was first imported from England by the Department of Scientific and
Industrial Research (DSIR) in 1989, mass reared and released throughout New Zealand
in 1992. The adults are 5-8 mm long, and pale brown in colour (Fig. 1.5). The female
moths are bigger than the males and they lay shiny white eggs. The eggs hatch 2 wk
after laying, into white larvae (caterpillars) with black heads, which chew their way
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into the pods and feed on the seeds. Each larva destroys at least two seedpods during
its development, consuming all seed present inside each pod. The larvae consume A.
ulicis larvae encountered in pods although, less than 20% of pods contain both species
(Hill, 1982). The larvae feed for about 1 month and then leave the pods to pupate on
the gorse stems. The new adult moth emerges after about 2 wk, thus, one generation
from egg to adult takes about 2 months. C. ulicetana has two generations each year
and in conjunction with the seed weevil, removes up to 100% of the spring seed and
15% of the autumn seed crop of gorse. Assessment at one site showed that the two
seed-feeding insects: A. ulicis and C. ulicetana together destroyed about 50% of the
annual seed crop (Hill et al., 2000). Non-target plants attacked by C. ulicetana are
broom, Russell lupin, tree lupin and lotus (Landcare Research, 2004).

1.5.3 Light brown apple moth (Epiphyas postvittana)
Epiphyas postvittana is native to Australia and has been introduced accidentally to
New Zealand. The males have a forewing length of 6-10 mm with a light brown area at
the base distinguishable from a much darker, red-brown area at the tip (Fig. 1.5).
Females (7-13 mm) are bigger than the males. The larvae cause damage to gorse
foliage and pods (Thomas, 1984) and have been shown to transmit spores of Botrytis
cinerea on grapes (Bailey et al., 1997). As the moth is cool-adapted, its pest status is
most severe in the cooler regions of New Zealand. E. postvittana is polyphagous and is
known to feed on over 250 host species in New Zealand. Host plants include gorse,
apples, pears, grapes, citrus varieties, kiwifruit, lucerne and lupin.

1.5.4 Gorse thrips (Sericothrips staphylinus)
Sericothrips staphylinus is a short, robust thrips that appears black except for
distinctive white rudimentary wing pads and a layer of shiny adpressed hairs on the
abdomen (Fig. 1.5). It was introduced from England in 1991 and has established
readily. A second population of thrips, originating from Europe and imported from
Hawaii, was released in 2001. Females are longer (1.02-1.17 mm) than males (0.740.87 mm) and lay white to pale yellow eggs which hatch after an average of 20 days
(Hill et al., 2001). The larvae pass through two larval stages, a prepupal stage and a
pupal stage before the adult stage. The mean developmental time from eggs to adult at
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19oC is 42 days with life-time fecundity averaging 76.2 eggs (Hill et al., 2001). S.
staphylinus is normally brachypterous although winged adults occur occasionally;
hence, its spread is very slow. It sucks the watery sap from gorse shoots, stunting shoot
growth and reducing both flowering and seeding. Davies et al. (2005) reported 57%
reduction of gorse shoot dry weight by S. staphylinus attack. Studies indicate that
thrips prefer young new foliage and are capable of significant damage to gorse
regrowth and seedlings (Fowler and Griffin, 1995). Hill et al. (2001) observed heavy
damage to potted gorse under laboratory conditions with visible damage present at
release sites in the field. This damage was caused by larval and adult gorse thrips
feeding on the mesophyll tissue.
Despite the important role played by phytophagous insects in controlling gorse, the use
of insects alone is not sufficient to completely control the weed (Hill et al., 2000;
Syrett et al., 1999). The interaction between these insect species and F. tumidum will
be studied in this project.

Apion ulicis

Epiphyas postvittana

Cydia ulicetana

Sericothrips staphylinus

Figure 1.5. Four gorse-associated insect species. Apion ulicis, Bar = 500 μm; Cydia ulicetana,
Bar = 500 μm; Epiphyas postvittana, male: left (photograph courtesy of Hortnet);
Sericothrips staphylinus, Bar = 100 μm.
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1.6 Insect-Pathogen interactions
Fungi and insects form the major groups of agents used in biological control of weeds.
While some studies have shown positive interactions between these organisms, others
have reported negative interactions. Hatcher (1995) provided a range of examples
demonstrating varying types of insect-pathogen interactions. These include synergism
(where the effect of the interaction is greater than the sum of the individual effects),
additive (where the effect of the interaction is equivalent to that obtained from adding
the damage from insect and fungus alone) and inhibitory (interaction causes a
reduction in a plant variable significantly less than that caused by the weaker of the
two agents alone). Equivalent interaction causes a reduction in a plant variable
equivalent to the damage obtained from either insect or fungus alone (usually the agent
causing the greater damage).

1.6.1 Positive effect of insects on plant pathogenic fungi
Insects may facilitate fungal infection by two main actions: first by acting as vectors
for spore transmission (Bradbury, 1998; Morrison et al., 1998; Suckling et al., 1999)
and secondly, by providing wound sites for fungal entry (Friedli and Bacher, 2001 a, b;
Kluth et al., 2001). Insect’s attack on weeds may also create a suitable environment for
the growth and development of fungi (Hatcher, 1995; Klein and Auld, 1996).

1.6.1.1 Vectoring of pathogens
Several insects have been shown to disseminate pathogens from infected plants to
healthy ones thereby helping to spread diseases. Thrips obscuratus Crawford treated
with spores of a fungicide-resistant strain of Monilinia fructicola Wint. infected the
flowers and fruit of peaches in the field by dispersing the spores (Ellis, 1993).
Dissemination of Fusarium oxysporum f. sp. radicis-lycopersici and sorghum ergot
Claviceps africana from diseased plants to healthy plants by adult fungus gnat and
corn earthworm moths Helicoverpa zea, respectively have been reported (Gillespie and
Menzies, 1993; Prom et al., 2003). In an experiment on transmission of Puccinia
carduorum by three coleopteran insect species; Cassida rubiginosa, Müller,
Trichosirocalus horridus (Panzer) and Rhinocyllus conicus Froelich, Kok and Abad
(1994) confirmed spore dispersal by these insects. Most of the urediniospores were
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observed on setae of legs of all the insects. The study also found that the insects could
carry large numbers (> 20 per leg) of rust spores and were not adversely affected by
the fungus. In an experiment to control Botrytis fruit rot (caused by B. cinerea) in
strawberry fields, Kovach et al. (2000) showed that bumble bees and honey bees could
successfully disseminate Trichoderma harzianum spores to control the disease. Other
examples of the vectoring of pathogenic fungi by insects include reports by Guadelupe
et al. (1999) and Paine et al. (1997). However, studies by Hill et al. (2003) showed
low transmission of the fungal pathogen, Phoma clematidina by inoculated fly,
Phytomyza vitalbae Kaltenbach (Diptera: Agromyzidae) to infect the old man’s beard
Clematis vitalba. Only 10% of leaflets of the weed developed P. clematidina infection
caused by flies sprayed with conidial suspension of the pathogen.
Transmission of propagules on the cuticle is more important in fungal dispersal by
insects than through the gut. This is due to the fact that, passage through the gut causes
damage to propagules and reduces their viability. In addition, the abundance and
diversity of fungal propagules is greater on the cuticle than in the faeces (Ingham,
1992; Williams et al., 1998). Consequently, this study focused on the external
microflora of four insect species in a bid to determine their potential to vector F.
tumidum to infect gorse plants.

1.6.1.2 Provision of wound sites for pathogens
Insects cause various degrees of physical damage to plant tissues through feeding,
oviposition and seeking shelter. Extensive damage is caused by the larvae which feed
on the foliage and seed. Studies have shown that damaged plant tissues are generally
more susceptible to fungal infection than healthy ones as they provide easy access for
fungal penetration (Dillard and Cobb, 1995; de Nooij, 1988). For instance, the injured
tissue of cabbage caused by both artificial damage and insect feeding (Lepidoptera
larvae) was colonised by Sclerotinia sclerotiorum (Dillard and Cobb, 1995). The
weevil Ceutorhynchidius troglodytes provided an entry wound for the pathogenic
fungus Phomopsis subordinaria in the plant tissue of Plantago lanceolata. The weevils
were indispensable for the infection to occur, with no infection occurring in the
absence of the weevil (de Nooij, 1988). It appears that insect damage enhances
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susceptibility of weeds to infection not only by providing entry for the pathogen but,
by increasing stress on the weed (Leath and Byers, 1977; Moellenbeck et al., 1992).

1.6.1.3 Provision of suitable environment for pathogens
Insect attack on weeds may create a suitable environment for the growth and
development of pathogens. For example, Klein and Auld (1996) observed that
Colletotrichum orbiculare, had enhanced infection of Bathurst burr (Xanthium
spinosum), after wounding as a result of ruptured plant cells releasing moisture and
possibly, nutrients, which facilitated the growth of the fungus. Insect damage could
provide similar moisture and release nutrient promoting fungal infection. The
mealybug Rastrococus invadens Williams, deposits honey dew providing nutrients and
results in the development and growth of Metacapnodium fraserae covering leaves of
fruit trees and ornamental plants (Agounké et al., 1980). A similar interaction exists
between the whitefly and M. fraserae. The nymphs and the adult whiteflies feed on the
cell sap and excrete the excess sugar as honey on the leaves. The fungus grows on the
honeydew deposits and forms sooty mold on the leaves and fruits (Hatcher, 1995)
thereby reducing the leaf photosynthetic capacity (Murray and Walters, 1992) and
plant growth.

1.6.2 Effect of plant pathogenic fungi on insects
Plant pathogenic fungi can affect insects either directly or indirectly. In direct effects,
the insect is affected by fungus-produced toxins. Indirect effects include those whereby
the fungus alters host-plant quality for the insect (Hatcher, 1995).
Some insects prefer infected plant leaves to healthy ones. For instance, the spotted
cucumber beetles, Diabrotica undecimpunctata, preferred feeding on leaf discs from
cucumber with necrotic lesions caused by Cladosporium cucumerinum infection,
rather than healthy leaves (Moran, 1998). In another study, adults of the weevil Apion
onopordi emerging from Puccinia punctiformis infected stems were significantly
larger than those developing in healthy stems (Friedli and Bacher, 2001a, b). Scriber
and Slansky (1981) noted that when confronted with a nutritionally inferior food,
phytophagous insects often eat more of it in order to compensate for its poor quality.
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Gastrophysa viridula feeding on Uromyces rumicis-infected Rumex crispus consumed
up to 2.5 times as much plant material as those feeding on healthy R. crispus (Hatcher
et al., 1994). This increased food consumption can have a long-term effect on the
target weed by reducing biomass production.

1.6.3 Negative insect-pathogen interactions
Studies have shown that most insects do not serve as vectors for plant pathogens. For
example, 94% of 53 species of insects reported as pests of bean were found to be nonvectors of plant pathogens (Vega et al., 1995). Some insects may vector fungal
pathogens but only for a short period (i.e. less than 24 h) (Hill et al., 2003).
The main negative effect of insects on pathogenic fungi is caused by mycophagy, the
consumption of pathogen tissues (i.e. mycelia, spores or exudates) by insects (Hatcher
and Paul, 2000; Padgett et al., 1994). Fungal tissue contains 75-95% water. By dry
weight, the nitrogen content of fungal mycelia generally ranges from 1 to 7%;
carbohydrate and protein contents are 50 and 20-40%, respectively (Hatcher, 1995).
Fungal tissue is also a good source of B vitamins, choline and sterols, and is free of
condensed tannins (Martin, 1979). These features make mycophagy an attractive
proposition.
Toxic metabolites of some fungi, can affect insects feeding on them or feeding on
infected plant tissues. For example, Heliothis virescens (Lepidoptera) had reduced
larval weight, inhibited pupation and increased larval development time by feeding on
plants infected with Fusarium moniliforme, F. oxysporum and Alternaria alternata
(Abbas and Mulrooney, 1994). In another study, Kruess (2002) showed that the
chrysomelid beetle Cassida rubiginosa, consumed more, developed faster, survived
better and was larger when fed on leaves from healthy Cirsium arvense, rather than
leaves from plants infected by Phoma destructiva. This may explain the avoidance of
certain fungal-infected tissue by insects (Wilson et al., 2000).
Any negative interaction between the proposed insects and F. tumidum needs to be
determined to improve the efficiency of the smart auto-inoculation system to control
gorse.
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1.6.4 Smart auto-inoculation systems
Smart auto-inoculation systems are a promising complementary strategy to be used in
combination with mycoherbicides. In this approach, insects are used as vectors to
transmit pathogens to target weeds. The approach is made feasible by using autoinoculation systems baited with pheromones or kairomones to attract insects to the
inocula. The insects will carry some of the pathogen inocula on their body (cuticle)
and deposit them on the target weed upon visit to infect the weed (Fig. 1.6). Moreover,
male insects may transmit spores on their cuticle to female insects during mating. This
will increase the chances of spreading the spores among the weed population. Under
favourable environmental conditions, the spores will germinate and infect the weed.
This ‘lure-load-infect’ concept proposed in this research is a new area of research in
biological control of weeds.

Stage 1
Insect
visits
baited
inoculum
station &
picks up
spores

Stage 2
Insect exits
carrying the
spores
Attractant-baited
inoculum station (e.g.
modified delta trap)

Stage 3
Auto-contaminated insect goes to
weed &/or insect

Stage 4
Fungal infection initiated by insect
visits

Stage 5
Weed is infected, weakened & dies (most ideal!)

Figure 1.6. Proof of concept: Lure-load-infect. (Diagram courtesy of Dr A.K.W. Hee).
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1.7 Natural surface microflora on insects
Insects host numerous bacterial and fungal populations on their cuticle and in their gut
with interactions ranging from pathogenesis to symbiosis. In order to use insects as
vectors of F. tumidum in a biocontrol programme, it is important to select insect
species that do not naturally carry microflora that might inhibit the efficacy of the
mycoherbicide. To assess the potential of the insect species chosen for this study to
vector F. tumidum conidia, the natural surface microflora of the insects need to be
determined. A detailed review of insect microflora is presented in Chapter Two.

1.8 Microbial identification
Until recently, microbial identification has been based on morphological characters
such as spore shape and arrangement of mycelium. However, this method can be timeconsuming and often requires a specialist. Moreover, results can be confusing with
certain species. Of late, molecular techniques such as random amplification of
polymorphic DNA (RAPD) (Paavanen-Huhtala et al., 1999), restriction fragment
length polymorphism of Polymerase Chain Reaction amplified rDNA (RFLP-PCR)
and DNA sequence of gene fragments (Steenkamp et al., 1999) have provided valuable
additional characters that enable the distinction of fungi (Cubeta et al., 1991; Chen,
1992).
A growing number of studies have also reported the use of 16S rRNA sequencing for
the identification of bacteria and their phylogenetic relationships, associated with
insects (Moran et al., 2003; Peloquin and Greenberg, 2003). For example, the
endosymbionts of mealybugs (Munson et al., 1991), whiteflies (Clark et al., 1992),
weevils (Campbell et al., 1992), ants (Haiwen et al., 2005), aphids (Haynes et al.,
2003), and wasps (Breeuwer et al., 1992) have been determined. Using PCR-RFLP
and sequence of bacterial 16S rDNA gene, 10 different bacteria from the red imported
fire ant (Solenopsis invicta), nine Leuconostoc species and acetic acid bacteria have
been identified (Haiwen et al., 2005; Jang et al., 2003; Ruiz et al., 2000).
Another method for assessing the functional diversity of bacterial communities is the
Biolog system. The Biolog MicroPlate tests the ability of bacterial isolates or of
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microbial communities to utilise or oxidise a pre-selected panel of different carbon
sources. The test yields a characteristic pattern of purple wells, which constitutes a
“Metabolic Fingerprint” of the capacities of the inoculated organisms (Bochner, 1989).
Molecular techniques can identify individual bacteria to the species level whereas the
Biolog system is more suitable for characterisation of bacterial microbial communities.
Consequently, molecular techniques were used for this study.

1.9 Overall aim of the Ph.D.
The overall aim of this study was to test the hypothesis that insects can vector F.
tumidum to infect gorse. The objective was to investigate the feasibility of using
insects as vectors of F. tumidum to gorse and for the fungus to cause sufficient
infection to significantly weaken or kill the weed. This has been sub-divided into the
following specific objectives:
•

To determine the external microflora of four potential insect vectors.

•

To determine the factors influencing pathogenicity of F. tumidum on gorse.

•

To determine the effect of F. tumidum on gorse seedling emergence and growth.

•

To determine the ability of the four insect species to vector F. tumidum spores.

•

To assess the combined effect of both F. tumidum and the insect species with the
greatest potential to vector F. tumidum and to provide information on the type of
interaction between the two biocontrol agents.

1.10 Thesis format
This thesis comprises six chapters; four of which are experimental chapters. Each
experimental chapter comprises a summary, introduction, materials and methods,
results, discussion and reference sections and is presented as a manuscript for
publication. This has resulted in some repetition although this has been kept to a
minimum.
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CHAPTER TWO
External microflora of four phytophagous insect species

2.1 SUMMARY
Fungi and bacteria on the external surfaces of four gorse-associated insect species, Apion
ulicis (Coleoptera), Cydia ulicetana (Lepidoptera), Epiphyas postvittana (Lepidoptera)
and Sericothrips staphylinus (Thysanoptera) were recovered by washing and plating
techniques. The isolates were identified by morphology and polymerase chain reaction
restriction fragment length polymorphism (PCR-RFLP) and sequencing of internally
transcribed spacer (ITS) and 16S rDNA. A culture-independent technique (direct PCR)
was also used to assess fungal diversity by direct amplification of ITS sequences from the
washings of the insects. The washing technique isolated most microbes and was efficient
at removing approximately 90% of the bacteria and 62% of the fungi after the first
washing. The colony forming units (CFU) data of fungi showed no difference for
temperature of incubation (15 or 25oC).
All insect species carried Alternaria, Cladosporium, Nectria, Penicillium, Phoma,
Pseudozyma spp. and entomopathogens. Additionally, fungi from the genera
Acremonium,

Aspergillus,

Aureobasidium,

Beauveria,

Epicoccum,

Pithomyces,

Sclerotinia, and Verticillium were isolated from all insect species except S. staphylinus.
Fusarium spp. were isolated only from the lepidopteran insects. Cladosporium and yeast
were the most abundant fungal microbes identified. Most microbes identified in the first
sampling were observed in the second sampling. Ninety four per cent of the 178 cloned
amplicons had ITS sequence similarity to Nectria mauritiicola. While fewer taxa were
detected using the direct PCR method than were detected using the culturing method, the
direct PCR method enabled identification of two non culturable fungi.

36

Chapter 2

About 70% of the fungi isolated from the insects were also present on the host (gorse)
plant and the understorey grass. The mean size of fungal spores recovered from the insect
species correlated strongly with their body length (R2 = 85%). E. postvittana carried the
largest fungal spores (mean surface area of 125.9 μm2) and the most fungal CFU/insect
while C. ulicetana carried the most bacterial CFU/insect. Most of the 121 bacterial
isolates (72%) were gram negative and were divided into 33 RFLP groups. Pseudomonas
fluorescens was the most abundant bacterial species. Methylobacterium aquaticum and
Pseudomonas lutea were common on all four insect species. This study presents the
diversity of microbial taxa carried on insect exoskeletons and provides the basis for
developing a novel mycoherbicide delivery strategy for biological control of gorse using
insects as vectors.

2.2 INTRODUCTION

Gorse (Ulex europaeus L.) is an economically important pasture and forest plantation
weed occupying about one million ha of New Zealand’s land. In developing a novel
biocontrol strategy for gorse, insects would be used to pick up and transport conidia of a
fungal pathogen, Fusarium tumidum to the targeted gorse plants. Part of this strategy
requires using pheromones to attract specific insect vectors to a bait station where they
will be loaded with F. tumidum conidia. As the attraction strategy will target specific
vectors, it is important to select insect species that possess a high capability to transport
the pathogen to the weed and that do not naturally carry microflora that might inhibit the
efficacy of the mycoherbicide. Significant inhibition of fungal growth by the bacterium
Stenotrophomonas maltophilia has been reported (Kerr 1996). For this reason, a survey of
the external microflora of selected insect species was undertaken.
There are two factors that could impede the successful delivery of F. tumidum spores by
insect vectors to gorse. The first is the relatively large size of F. tumidum conidia
(Broadhurst and Johnston, 1994). This may limit the number of F. tumidum conidia the

37

Chapter 2

insects can carry. The size and the number of microbes naturally carried by potential
insect vectors are therefore of interest. Secondly, F. tumidum produces mycotoxins
(Morin et al., 2000) which may be detrimental to certain insect species. Hence, insect
species naturally carrying Fusarium spp. may be more adaptable to vectoring this
pathogen.
Several insect species are naturally abundant on gorse and are well distributed in both the
North and South Islands of New Zealand. Two of these insect species; gorse seed weevil
Apion ulicis Förster, (Coleoptera: Apionidae) and gorse pod moth Cydia ulicetana Denis
and Schiffermüller (Lepidoptera: Tortricidae) are well established biocontrol agents (Hill
et al., 2000). These two insect species, along with light brown apple moth Epiphyas
postvittana Walker (Lepidoptera: Tortricidae) which is abundant on gorse (Suckling et
al., 1998) and gorse thrips Sericothrips staphylinus Haliday (Thysanoptera: Thripidae)
have been selected as potential insect vectors for this biocontrol strategy.
There are no specific reports detailing the external microflora of gorse-associated insects.
Apart from the report on yeast communities on stingless bees (Rosa et al., 2003), studies
on insect microflora have mainly focused on microorganisms within the gut. Reports
suggest that insects and other arthropods such as ticks generally harbour multiple
microbial taxa (Gilliam, 1997a; Harada and Ishikawa, 1997; Haynes et al., 2003; Yoder et
al., 2003). Aureobasidium pullulans, Candida sp., Pseudozyma and Rhodotorula spp.
have been isolated from the external surfaces of the stingless bees, Tetragonisca
angustula and Melipona quadrifasciata (Rosa et al., 2003). Acremonium sp.,
Aureobasidium pullulans, Cladosporium cladosporioides, Aspergillus spp. Penicillium
spp., Chaetomium sp. and Paecilomyces lilacinus have been isolated from the guts of
honeybees, Apis mellifera (Gilliam and Morton, 1977). Eleven types of bacteria were
isolated from organs of two species of fruit flies, viz., Bactrocera tau and B. cucurbitae.
Five bacteria; Pseudomonas putida, Erwinia herbicola, Cedacea davisae, Arthrobacter
spp. and Xanthomonas maltophilia were common to both species (Sood and Nath, 2002).
Mycoflora of gorse-associated insect species is likely to include host plant (gorse)
epiphytes, entomopathogens and a random assortment of unrelated air-borne taxa.
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The study of insect microflora requires an efficient and reliable method of identifying
both culturable and unculturable microorganisms as only a small fraction (< 1%) of
naturally occurring microorganisms can be cultured by standard techniques (Amman et
al., 1995). As a result, the standard techniques of culturing natural populations can
underestimate microbial biodiversity (Van Tuinen et al., 1998). Furthermore, the
conventional morphological identification techniques of microbes to the species level can
sometimes be difficult, often time-consuming and inaccurate (Ruiz et al., 2000; Souza et
al., 2004). Recently, molecular techniques such as Polymerase Chain ReactionRestriction Fragment Length Polymorphism (PCR-RFLP) of internal transcribed spacers
(ITS) have been used to detect and characterise microorganisms and to estimate fungal
diversity in soil without in vitro growth (Viaud et al., 2000). This technique has proven to
be a suitable and rapid method for taxonomic studies of fungi (Hermosa et al., 2004;
Kullnig-Gradinger et al., 2002) and bacteria (Haiwen et al., 2005; Moran et al., 2003).
The ITS nucleotide variability has been used to distinguish different species in many
fungal genera such as Beauveria, Fusarium, Pythium, Trichoderma and Verticillium
(Bridge and Arora, 1998; Hermosa et al., 2004; Morton et al., 1995; Neuvéglise et al.,
1994; Rafin et al., 1995).
The 16S rDNA sequence-based bacterial identification method is superior to the
conventional phenotypic methods (Bosshard et al., 2003). Recently, this method has been
widely used for the identification of bacteria down to species level (Jang et al., 2003;
Ogier et al., 2002; Sacchi et al., 2002). Research on insect-associated bacteria has centred
on endosymbiotes (Haiwen et al., 2005; Lau et al., 2002; Sauer et al., 2002) with no
known reports on insect surface inhabiting bacteria to date.
In this study, the microbial populations, the mean size of fungal spores and the location of
the spores on the surfaces of A. ulicis, C. ulicetana, E. postvittana and S. staphylinus were
determined. Additionally, the diversity of fungi on the exoskeletons of these insect
species was studied by culture-dependent and culture-independent techniques with the
fungal species identified both morphologically and by PCR-RFLP of ITS and by direct
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sequencing. The culturable bacterial diversity was determined by sequencing of the 16S
rDNA. The overall aim of this study was to gain an insight into the microflora naturally
carried by the studied insects and to identify an insect species which might be suitable as
a vector of F. tumidum conidia for biological control of gorse.

2.3 MATERIALS AND METHODS

2.3.1. Natural microflora on insects (Sampling 1)
2.3.1.1 Insect collection and storage
Gorse pod moth Cydia ulicetana (Denis & Schiffermüller), gorse seed weevil Apion ulicis
(Förster), gorse thrips Sericothrips staphylinus (Haliday) and light brown apple moth
Epiphyas postvittana (Walker) were used for this study. Except for S. staphylinus, all
insect species were collected from two sites (McLeans Island and Tai Tapu) in
Canterbury (Latitude 43° 00' S, Longitude 172° 42' E) and from Reefton in the West
Coast (Latitude 43° 49' S, Longitude 169° 90' E). S. staphylinus was collected from
Lincoln (Canterbury) due to its unavailability at the other sites, in three separate
samplings over a period of 2 years. C. ulicetana and E. postvittana were collected with a
sweep net (Fig. 2.1A) between October and December 2003 and between April and May
2004. Additionally, sticky traps with pheromone, Desire®, provided by HortResearch,
Lincoln, were used for trapping the lepidopteran insects (Fig. 2.1B). A. ulicis and S.
staphylinus were shaken off the gorse plants onto white paper spread in trays beneath the
plants. All insects were kept in a refrigerator after trapping and assessed as soon as
possible (within 2 weeks). Live insects required for determining the location of spores on
the insects were kept in a cold cabinet at 10oC.

A preliminary study was conducted using 50 insects each of A. ulicis and C. ulicetana
sourced from Tai Tapu.
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A

B

Figure 2.1. Collecting lepidopteran insects using (A) sweep net and (B) sticky trap with
pheromone (indicated by arrow).

2.3.1.2 Insect washing technique
Bacteria and fungi on the surfaces of A. ulicis, C. ulicetana, E. postvittana and S.
staphylinus were recovered by washing the insects and plating the washings on agar
medium. For A. ulicis, C. ulicetana and E. postvittana, 15 individual insects were
sampled for each replicate. For the smaller insect species, S. staphylinus, 100 individuals
were sampled. The insects were placed in sterile Universal bottles in 3 ml of 100 mM
potassium phosphate buffer (pH 7.0) + 0.01% Tween 80 Analar® (BDH Chemicals Ltd,
Poole, England) (Appendix 2.1) and shaken for 3 min on Griffin flask shaker (Griffin and
George Ltd, Manchester, UK) at room temperature. Each insect species was washed
separately. There were three replicate bulk samples for each insect species per site. A
dilution for each of the washed insect samples was conducted, up to 100 fold under
standard aseptic technique. A 100 μL aliquot of each dilution series (0, 10-1, 10-2) was
plated onto Petri dishes containing Nutrient agar (NA; Difco Labs, Detroit, MI)
(Appendix 2. 2) amended with 200 μg/mL cyclohexamide (Sigma-Aldrich Co., St. Louis,
MO, USA) for total bacterial counts. Potato dextrose agar (PDA; Difco Labs) (Appendix
2.3) amended with 250 μg/mL chloramphenicol (Sigma-Aldrich Co.) was used for fungal
counts. There were two NA and four PDA replicate plates for each dilution. Half of the
PDA plates for the fungal cultures were incubated at each of two different temperatures
(15 and 25oC) for 7-12 days and all NA plates for bacterial cultures at 28oC for 3 days
under a 12-h photoperiod (Larkin, 2003). The colony forming units per insect
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(CFU/insect) of each microbe was counted. One millilitre of each washed sample was
stored at -80oC for subsequent molecular analysis.

2.3.1.3 Insect plating technique
A total of 36 insects of each of the four insect species were rolled across the surface of
PDA or NA for fungal and bacteria counts, respectively, using sterile tweezers. Twenty
four insects of each species were assessed for fungal counts and 12 for bacterial counts at
one insect per agar plate. Care was taken not to squash the insects. Insects were removed
from the plate after plating and the plates were incubated as previously described in
section 2.3.1.2.

2.3.1.4 Efficiency of washing technique
As a test of the efficiency of the washing technique, the insects were dried under a
constant flow of sterile air in a laminar flow hood for 10 min after washing and then
rolled on PDA or NA at one insect per plate. In another experiment, 15 A. ulicis
individuals in three replicates (i.e. 45 in total) were washed four times successively.
Samples of the washings were plated on appropriate agar media for fungal and bacterial
colony counts as described in section 2.3.1.2.

2.3.2 Natural microflora on insects and host plants (Sampling 2)
The study of the natural microflora of the insect species was repeated using C. ulicetana
and E. postvittana, collected from Tai Tapu between April and May 2005. The insects
were washed in potassium phosphate buffer as previously described. Host (gorse) plant
shoots (cut into 1-2 cm long segments) and understorey grass were collected and washed
separately in 100 mL phosphate buffer. After serial dilution (10-3) in sterile water,
aliquots (100 μL ) of each dilution (0, 10-1, 10-2, 10-3) were plated onto PDA amended
with 10 μg/mL chlorotetracycline (Sigma-Aldrich Co.) for fungal counts and NA medium
amended with 200 μg/mL cycloheximide for bacterial counts. The plates were incubated
as described previously. Based on differing colony morphology, 15 bacterial isolates from
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C. ulicetana and 10 from E. postvittana were selected and identified by sequencing of
16S rDNA. Distinct fungal cultures were selected (based on colony morphology) and
identified by either ITS rDNA sequencing or by morphology. All fungal isolates from the
gorse plants and understorey grass were identified by morphology.

2.3.3 Morphological identification of microbes
Representative fungal colonies (based on distinct colony morphology on PDA plates)
were taken from plates incubated at 25oC (from washing, plating and plating after
washing techniques), subcultured onto low strength Potato Carrot Agar (Appendix 2.4)
and Hay Agar (Appendix 2.5) (International Mycological Institute, UK) and incubated at
25oC under a 12-h photoperiod to produce pure sporulating cultures (Fig. 2.2). Using
standard taxonomic keys, fungal cultures were morphologically identified to genus level.
Bacterial colonies were selected from the 10-1 dilution plate based on differing colony
morphology and streaked on NA plates to produce pure cultures. Gram stain tests
(described in section 2.3.4) and colony morphology were used for preliminary
categorisation of bacterial isolates.

2.3.4 Gram staining of bacterial isolates
For each bacterial isolate, a small amount of bacterial cells from a single colony were
mixed with a few drops of tap water on separate glass slides and allowed to dry. The
bacteria were fixed by running the slides rapidly through a Bunsen flame 4-6 times. The
slides were flooded with crystal violet for 1 min which was washed off with iodine for 1
min and then washed briefly with water. The samples were decolourised with
alcohol/acetone 50:50 for 3 s, washed with water, flooded with safranine for 2-4 min and
then washed again. The slides were blotted dried with paper towels and warmed gently
over a flame and examined under a light microscope for red/pink (Gram negative) or
blue/purple (Gram positive) colouration.

43

Chapter 2

(A)

(B)

(C)
Fusarium lateritium

Epicoccum purpurascens

Aspergillus niger

Figure 2.2. (A) Original dilution plate of insect washing on potato dextrose agar (PDA); (B)
subcultures produce pure cultures on PDA; (C) spores produced on sporulating cultures
on potato carrot agar or hay agar.
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2.3.5. Genomic DNA isolation
2.3.5.1 Isolation of genomic DNA from insect’s washings
The PowerSoilTM DNA Isolation Kit (MO BIO Laboratories, CA, USA) was used to
extract DNA from the washings of the insects as per manufacturer’s instructions. One
millilitre of three replicate washings per insect species per site was centrifuged at 7,000 x
g for 2 min and the supernatant was discarded. Aliquots (200 μL) of the suspension were
added to 2 mL PowerBead tubes containing an aqueous solution of acetate and salts
which protects nucleic acid from degradation. The tubes were gently vortexed to mix the
spores with the beads and the buffer solution. Aliquots (60 μL) of solution C1 containing
SDS (required for cell lysis and for the breaking down of fatty acids and lipids associated
with the cell membrane) were added and inverted several times to mix. The tubes were
vortexed vigorously for 10 min and then centrifuged at 10,000 x g for 45 s at room
temperature. Five hundred microlitres of supernatant from each sample was transferred to
new tubes and 250 μL aliquots of solution C2 were added to precipitate non-DNA organic
and inorganic material including humic acid, cell debris and proteins, vortexed for 5 s and
incubated at 4ºC for 5 min. The tubes were centrifuged at 10,000 x g for 75 s and 600 μL
of the supernatants were transferred to new tubes. Aliquots of 200 μL of solution C3 were
added to precipitate non-DNA materials, vortexed briefly and incubated as previously.
The tubes were centrifuged at 10,000 x g for 75 s and 1,200 μL aliquots of solution C4 (a
high concentration salt solution which allows the binding of DNA) were added to 750 μL
of the supernatants and vortexed for 5 s. These were filtered through a spin filter by
centrifugation at 10,000 x g for 75 s leaving the DNA bound to the silica membrane in the
filter. Aliquots (500 μL) of solution C5 (an ethanol based wash solution) were used to
further clean the DNA of contaminants by centrifugation twice at 10,000 x g for 45 and
75 s consecutively. The flow-through was discarded after each washing. The spin filters
were transferred to clean tubes and 100 μL aliquots of solution C6 (10 mM Tris pH 8)
were transferred by pipette to the centre of the filter membranes to release the DNA by
centrifugation as previously stated for 45 s. The DNA was stored at -20ºC prior to PCR
analysis.
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2.3.5.2 Isolation of DNA from culturable fungi and bacteria
DNA of cultured fungal isolates and bacteria were extracted using the Chelex 100 Resin
(Bio-Rad Laboratories, CA, USA) method. A small sample of a 2-5 day old mycelium
cultured on PDA or a single colony of bacteria picked from a fresh culture on NA were
suspended separately in 50 μL sterile 5% (wt/vol) Chelex Resin which had been preheated to 92ºC. The samples were incubated at 92ºC for 20 min and then frozen at -20ºC.
The heating breaks open the cells, releasing the DNA while the Chelex binds other
cellular components. The samples were thawed, vortexed vigorously for 30 s and
centrifuged at 10, 000 x g for 2 min to remove the Chelex resin. Aliquots of 20 μL of the
resulting supernatant containing the DNA were stored at -20ºC for PCR analysis. DNA
was extracted from sporulating cultures with the PowerSoilTM DNA Isolation Kit (MO
BIO Laboratories, CA, USA) using manufacturer’s procedure as described in section
2.3.5.1. PowerSoilTM extraction was used because the Chelex method proved inefficient
for DNA extraction from spores.

2.3.5.3 PowerSoilTM DNA Isolation Kit sensitivity test
The ability of the PowerSoilTM DNA Isolation Kit (MO BIO) to extract DNA from a
small number of spores was tested. DNA was extracted from F. tumidum suspensions
containing 50,000, 5,000, 500, 40, 25, 12.5 and 5 spores/mL. The spore number was
quantified using a hemocytometer from a suspension of 1 x 106 conidia/mL followed by
serial dilution. DNA was extracted with the PowerSoilTM DNA Isolation Kit (MO BIO) as
described in section 2.3.5.1 and quantified using the NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, USA). Spore numbers were transformed with the
logarithmic transformation [log10 (x)] and the relationship between the transformed spore
number and DNA concentration was determined using linear regression. Three
microliters of DNA obtained from each suspension was PCR amplified in a 25 μL volume
reaction as described in subsequent section 2.3.6.

46

Chapter 2

2.3.6 Amplification of ITS:
2.3.6.1 PCR amplification: Fungal ITS
The fungal nuclear rRNA genes consists of both highly conserved and variable regions,
which include the genes for the 18S, 5.8S and 28S rRNA subunits (White et al., 1990).
The internal transcribed spacers (ITS) consist of two non-coding variable regions located
between the 18S and 5.8S subunits (ITS1) and between the 5.8S and 28S subunits (ITS2)
(Fig. 2.3).
ITS1

18S rDNA

ITS4

ITS1

5.8S
rDNA

PN3

28S rDNA

ITS2

PN34

Figure 2.3. Diagrammatic representation of the positions of PCR primers on fungal rDNA genes.
Amplified regions by each primer combination are indicated by arrows.

The ITS regions and the 5.8S rDNA gene of each fungus were amplified by PCR using
primers PN3 (5′-CCGTTGGTGAACCAGCGGAGGGATC-3′), which hybridises to
conserved sites at the 3′ end of the 18S subunit (Neuvéglise et al., 1994) and PN34 (5′TTGCCGCTTCACTCGCCGTT-3′), which hybridises to conserved sites at the 5′ in the
28S

region

(Raffin

et

al.,

1995).

The

universal

ITS

primers

ITS1

(5’-

TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5’-TCCTCCGCTTATTGATATGC-3’)
(White et al., 1990) which amplify the same region as PN3/PN34 primers were used for
amplifying DNA samples which the PN3/PN34 primer combination did not amplify well.
Each PCR amplification of 15-30 ng of DNA sample was carried out in a total volume of
50 μL containing 10 mM Tris HCl (pH 8.0), 1.5 mM MgCl2, 50 mM KCl, 0.2 mM each
of dATP, dCTP, dGTP (Advanced Biotechnologies Ltd, UK), 1.5 U of HotMasterTM Taq
DNA polymerase (Eppendorf, Brinkmann Inc., NY, USA) and 0.4 μM of each primer in a
PTC200 thermal cycler (Bio-Rad Laboratories, CA, USA). Control amplifications
included all reagents except DNA to test for contamination of reagents (PCR mix outlined
in Appendix 2.6). The PCR cycling protocol was one cycle of 94ºC for 2 min, 35 cycles
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of 94ºC for 1 min, 50ºC for 1.5 min, 65ºC for 1 min and one cycle of 72ºC for 7 min.
Aliquots (5 μL) of the amplified products were mixed with 1 μL of loading buffer
(Appendix 2.7) and size fractionated by electrophoresis in 1% (wt/vol) agarose gels
(Appendix 2.8). Electrophoresis was carried out at 90V for 60 min in 1 x TAE buffer (40
mM Tris, 4 mM sodium acetate, 1 mM EDTA) (Appendix 2.9). The 1 kb-plus DNA
ladder (Invitrogen Corp., CA, USA) was size fractionated alongside the DNA samples in
order to estimate the size of the amplified nucleotides. The gels were stained with 0.5
μg/mL of ethidium bromide for 30 min, and the PCR products were visualised with a UV
transilluminator (Bio-Rad Laboratories, CA, USA).

2.3.6.2 PCR Amplification: Bacteria 16S rDNA
Each 25 μL PCR reaction was carried out with 10-20 ng of bacterial genomic DNA as
template, 10 mM Tris HCl (pH 8.0), 1.5 mM MgCl2, 50 mM KCl, 0.2 mM each of dATP,
dCTP, dGTP (Advanced Biotechnologies Ltd), 1.5 U of HotMasterTM Taq DNA
polymerase

(Eppendorf),

0.4

μM

CATGGCTCAGATTGAACGCTGGCG-3’

of
and

forward
reverse

primer
primer

(B16S-5’)

5’-

(B16S-3’)

5’-

CCCCTACGGTTACCTTGTTACGAC-3’. Primer B16S-5’ corresponds to positions 1841 and primer B16S-3’ corresponds to positions 1494-1517 of the Escherichia coli
numbering system (Chen et al., 1996). These “universal” primers have been reported to
amplify 16S rDNA from a phylogenetically wide range of eubacteria (Chen et al., 1996).
Control amplifications were as previously described in section 2.3.6.1. The thermocycle
programme was: 95ºC for 5 min, followed by 35 cycles of 95ºC for 40 s, 55ºC for 40 s,
72ºC for 2 min, and a final extension at 72ºC for 10 min (Chen et al., 1996). The
annealing temperature was raised from 55 to 62ºC when non-specific bands were
produced with 55ºC annealing. The size of the amplified product was determined as
previously described in section 2.3.6.1.
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2.3.7 Restriction fragment analysis:
2.3.7.1 RFLP of amplified fungal ITS rDNA
The amplified ITS products were digested independently with four restriction enzymes:
Hin6I, MboI, BsuRI and HinfI (Fermentas Inc., Hanover, USA). Both Edel et al. (1996)
and Viaud et al. (2000) found four restriction enzymes to be enough for distinguishing
fungal species. For each reaction, 75 ng of amplified DNA was digested in 20 μL total
volume containing 2.5 U of restriction enzyme for 2 h at 37ºC as per manufacturer’s
instructions. The restriction fragments were size fractionated by electrophoresis in 1 x
TAE buffer through 2% agarose gels at 80 V for 90 min.
The lengths of the restriction fragments were estimated by comparison against a 50 bp
DNA ladder (Invitrogen). Samples with identical RFLPs for all restriction enzymes were
identified as belonging to the same RFLP group. Representative samples from each RFLP
group were sequenced for identification.

2.3.7.2 RFLP of amplified bacterial 16S rDNA
The amplified 16S rDNA products were digested with three restriction endonucleases:
EcoRI, BsuRI, and AluI (Fermentas Inc.) according to Azevedo et al. (2005). Amplified
products which produced similar restriction patterns for all three restriction enzymes were
further digested with a fourth enzyme, Hin6I. For each reaction, 75 ng of amplified 16S
rDNA was digested in 20 μL total volume containing 2.5 U of restriction enzyme for 3 h
at 37ºC as per manufacturer’s instructions. The restriction fragments were size
fractionated as previously described in section 2.3.7.1. The 1 Kb-plus DNA ladder
(Invitrogen) was used for the estimation of the lengths of the restriction fragments.

2.3.8 Cloning
2.3.8.1 Cloning of fungal ITS amplicon
The PCR products amplified from the washing of the insects were cloned into the
bacterial plasmid pGEM-T Easy using the manufacturer’s ligation system (Promega
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Corp., Madison, USA). This system takes advantage of the overhanging adenine residues
added by Taq polymerase to the ends of PCR products to anneal the product to
complementary thymine residues on the pGEMT Easy vector. Six replicate samples of
washing (two samples from each site) were cloned per insect species and three replicates
for S. staphylinus. Each ligation of 1 μL of PCR product was carried out in a total volume
of 10 μL, ligated to 50 ng of vector DNA using the manufacturer’s buffer and ligase. The
ligation mix composition is listed in Appendix 2.10. Control insert DNA (Promega) or
sterile distilled water were used instead of the PCR product in positive and negative
control ligations. Ligations were carried out for 16 h at 4ºC. Aliquots of 1 μL of the
ligation mix were used to transform electro-competent Escherichia coli strain INVαF’
(Invitrogen) by electroporation.
Fresh competent cells were prepared (Appendix 2.11) from the INVαF’ (Invitrogen) stock
and stored at -80ºC until use. The competent cells were thawed on ice. Aliquots (1 μL) of
ligation were mixed with 40 μL of the competent cells and the mixture was transferred to
a sterile 0.2 cm electrode cuvette (Bio-Rad Laboratories, CA, USA) on ice. The cuvette
was inserted into the chamber of a Gene Pulser® apparatus (Bio-Rad Laboratories, CA,
USA) and given an electric pulse at 2.5 kV for 5.6 ms (setting EC2) to facilate DNA
uptake. The cuvette was removed and the cells were immediately resuspended in 700 μL
SOC medium (Appendix 2.12). The cells were incubated at 37ºC for 1 h to allow
ampicillin resistance gene expression. Aliquots (150 μL) of the transformation were
spread on two plates of Luria Bertani (LB-ampicillin) agar (Appendix 2.13) amended
with 100 μg/mL of ampicillin, to select for pGEMT Easy-transformed cells, and
incubated for 16 h at 37ºC. Thirty minutes prior to the plating, 20 μL of 50 mg/mL 5bromo-4-chloro-3-indolyl-β-D galactopyranoside (X-Gal) was spread on the LB plates for
blue-white selection of vectors containing insert DNA.
Clones containing the inserted PCR product were selected on the basis of white colony
formation. All clones were maintained in LB medium supplemented with ampicillin and
stored in 40% glycerol at -80oC as described in Appendix 2.14.
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2.3.8.2 PCR-RFLP of cloned ITS DNA from insect washings
The E. coli cells carrying ITS clones were added directly to a PCR mix and each ITS
clone was amplified using PN3/PN34 primers as described in section 2.3.6.1. For A.
ulicis, C. ulicetana, E. postvittana and S. staphylinus 47, 51, 43 and 37 clones,
respectively were amplified and digested. The digestion was done with the four restriction
enzymes (Hin6I, MboI, BsuRI and HinfI) and as described in section 2.3.7.1 for the
fungal ITS rDNA. ITS clones with identical RFLP patterns for all restriction enzymes
were grouped together and compared with those from the culturable isolates.
Representative samples from each RFLP group were sequenced.

2.3.8.3 Isolation of plasmid DNA from Escherichia coli
Plasmid DNA from each clone was prepared using the Wizard® Plus SV Minipreps DNA
purification kit (Promega) as per manufacturer’s instructions. A single colony of each
cloned sample was cultured in 5 mL LB broth amended with 100 μL/mL of ampicillin for
16 h at 37oC in a shaking incubator. The cultures were centrifuged at 10,000 x g for 5 min
and the supernatants were discarded. The cells were resuspended in 250 μL of cell
resuspension solution by vortexing and 250 μL of cell lysis solution was added and mixed
by inverting the tubes gently four times. The cells were then incubated for 5 min at room
temperature after which, 10 μL of alkaline protease solution was added, mixed and
incubated as previously stated.
Aliquots (350 μL) of Wizard® Plus SV Neutralisation solution were added, mixed and
centrifuged at 11,000 x g for 10 min. The supernatants were decanted into spin columns
inserted in 2 mL tubes and centrifuged as previously described for 1 min. Two
consecutive washings were carried out using 750 and 250 μL of column wash solution
and centrifuged as previously described for 1 and 2 min, respectively. Plasmid DNA was
eluted by adding 75 μL of nuclease-free water to the spin columns and centrifuging for 1
min at 11,000 x g. To confirm the vector contained the appropriate insert, 2 μL of a 1/200
dilution of the purified plasmid DNA was amplified using PN3/PN34 primer combination
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as described in section 2.3.6.1. PCR products were size fractionated by 1% agarose gel
electrophoresis alongside the original PCR product used in the ligation.

2.3.9 Sequencing
Sequencing reactions were carried out by the dideoxy chain termination method using the
ABI PRISMTM Dye Terminator Cycle Ready Reaction kit with AmpliTaq® DNA
Polymerase (Perkin-Elmer) and the ABI PRISMTM 3100 Genetic Analyser (Applied
Biosystems). All PCR products were purified using the Quantum Prep® PCR Kleen Spin
columns as per manufacturer’s instructions (Bio-Rad Laboratories, CA, USA) to remove
PCR reagents. The NanoDrop spectrophotometer (NanoDrop Technologies) was used to
quantify DNA of all samples prior to sequencing.
For the fungal cultures, 17 ng of DNA from representative samples of each RFLP group
were sequenced in a 10 μL total volume (Appendix 2.15) using the PN3/PN34 or
ITS1/ITS4 primers. The two sequences obtained were compared using SequencherTM
(Gene Codes Corporation, Michigan, USA) and the ITS sequence deduced. These ITS
fragments were compared with those of known origin by searching GenBank
(http://www.ncbi.nlm.nih.gov) with the BLAST search programme (Altschul et al.,
1997). Thirty nanograms of representative samples from each RFLP group of the bacteria
cultures were sequenced as described previously using the B16S forward and reverse
primers. Plasmid DNA was sequenced directly using 300 ng in 15 μL reaction volume
with primers T7 and SP6 promoters flanking the multi-cloning site in the pGEM-T easy
vector. To establish identity of the DNA inserts, the vector sequences were removed prior
to BLAST search.

2.3.10 Measurement of fungal spores and insect sizes
The size of fungal spores isolated from the insects was determined using a DP12 digital
camera system connected to a light microscope (BX51, Olympus New Zealand Ltd,
Auckland, New Zealand). Images were analysed using AnalySIS® software (Soft-imaging
System GmbH, Münster, Germany). This programme measured the surface area of
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approximately 60 spores from each sporulating fungal isolate from three replicate slides.
The 15 isolates with the largest spores from each insect species were selected and the
mean spore size was determined. The size of each insect species was determined by
measuring the body length of ten insects with a ruler. Due to its small size, S. staphylinus
was measured using the software AnalySIS®.

2.3.11 Location of fungal spores on the surface of the insects
Scanning electron microscope (SEM) techniques (Biological Science Department,
Canterbury University) were used to determine the location of fungal spores on the body
of the insects. Six insects per species from each site were examined by placing them on
aluminium stubs with double-sided sticky tape and coated with gold palladium at 1.2 kEv
at 20 mA on a Polaron 5000 coater. A Leica S440 SEM was used to examine all external
parts of each insect species body for fungal spores.

2.3.12 Experimental design and data analyses
The experiment was set up as a 3x3 factor Completely Randomised Design consisting of
three insect species (A. ulicis, C. ulicetana and E. postvittana) sourced from three sites.
There were three replicates. Counts of CFU were log transformed to satisfy the
assumption of normality for analysis of variance (ANOVA) and to stabilise the variance.
The data was analysed by ANOVA using the GenStat statistical package and compared
with S. staphylinus data since this species was sourced from only one site. Mean
separation was based on Fisher’s protected least significant difference (LSD) tests at the
P < 0.05 level. Linear regression model was used to correlate the body length of the insect
species and the mean size of fungal spores they carried.
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2.4 RESULTS

2.4.1 Microbial population on insects
2.4.1.1 Fungal and bacterial CFU (Sampling 1)
Among the insect species, E. postvittana generally carried the highest fungal CFU/insect
and S. staphylinus the lowest as determined by the mean CFUs obtained by the washing
and direct plating techniques (Table 2.1). For both washing and plating results, insects
sourced from Reefton carried more fungal CFU than those sourced from the other two
sites. Generally, insects from McLeans Island had the lowest fungal and bacterial
CFU/insect (Fig. 2.4). The temperature of incubating the fungal cultures (15 and 25oC)
did not have any significant effect on the CFU obtained from either washing or plating
(Fig. 2.5). Similar fungi were isolated on agar at the two temperatures so only isolates
incubated at 25oC were used for fungal identification. More surface microbes were
recovered from all insect species using the washing technique than was obtained by the
direct plating technique. In general, washing the insects almost doubled the number of
fungi and more than doubled the number of bacterial colonies recovered compared with
the plating technique.
All insect species carried significantly higher numbers of bacteria than fungi with C.
ulicetana carrying the most bacterial CFU/insect. This was observed at both McLeans
Island and Tai Tapu. At Reefton, all species had similar numbers of bacterial CFU/insect.
S. staphylinus carried the least bacterial CFU/insect. Plating the insects after washing
recovered the lowest microbial CFU/insect for both fungi and bacteria.
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Table 2.1. Microbial population (log10 CFU/insect) recovered from the surfaces of Cydia
ulicetana, Apion ulicis and Epiphyas postvittana sourced from three sites; McLeans
Island, Reefton, Tai Tapu and Sericothrips staphylinus sourced from Lincoln in
Sampling 1 (n = 6).
Treatment

Fungi
Log10 CFU/insect
Washing
Plating
Plating after
washing

Insect spp.
C. ulicetana
A. ulicis
E. postvittana
S. staphylinus y
Site
McLeans
Tai Tapu
Reefton
LSD
Interaction (P)
z
y

Bacteria
Log10 CFU/insect
Washing
Plating
Plating after
washing

2.271 a z
2.295 a
2.632 b
1.033

1.149 a
1.283 b
1.313 b
0.220

0.847 a
0.876 a
1.108 b
0.401

4.088 c
2.670 a
3.383 b
2.033

1.415 b
1.555 b
0.903 a
0.541

1.274
1.191
1.339
0.000

2.169 a
2.508 b
2.521 b

1.332 b
1.020 a
1.393 b

1.019 a
0.822 a
0.990 a

2.729 a
3.585 b
3.827 b

1.168 a
1.338 ab
1.367 b

1.189
1.317
1.298

0.2752
0.030

0.1027
< 0.001

0.2533
0.027

0.3849
< 0.001

0.1799
0.010

0.1919
0.316

Values followed by the same letter within a column are not significantly different.
Data for S. staphylinus was excluded from the ANOVA.
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Figure 2.4. Recovery of fungi (A) and bacteria (B) from three insect species [log10 colony
unit counts (CFU)/insect]. Insects collected from three sites were washed and
dilutions plated onto agar. Error bars indicate standard error; n = 6.
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15 C

Log 10 CFU/insect
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2.0

1.5

1.0

0.5

0.0

E. postvittana C. ulicetana

A. ulicis

S. staphylinus

Insect species

Figure 2.5. Recovery of fungi from four insect species (log10 CFU/insect). Insects
were washed and dilutions plated onto agar and the plates were
incubated at 25 or 15oC. Error bars indicate standard error; n = 18.

2.4.1.2 Efficiency of washing technique
To test the efficiency of the washing technique in removing microbes from the surfaces of
the insects, A. ulicis were washed in four successive washings with each washing plated
on agar media. The first washing removed about 90% of bacteria and 62% of fungi from
the surfaces of the insects compared with the total population recovered from all four
washings (Fig. 2.6). Fungal species recovered at the first washing were representative of
the ones subsequently recovered.
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5.0

Washing level

Figure 2.6. Efficiency of washing technique for removing surface bacteria and fungi from A.
ulicis in four consecutive washings (n = 6).

2.4.2 Microbial diversity on insects
2.4.2.1 Morphological identification of fungi
Fungal groups were identified to genus level based on morphological characteristics.
Most fungal groups recovered by washing the insects were also recovered by plating them
directly on agar.
Based on morphology on the isolation plates, the most prevalent isolates were
Cladosporium spp. (accounting for about 50%), yeasts of white, red, yellow and orange
colour (37%), Penicillium spp. (2.4%), Phoma herbarum (2.4%) and Alternaria spp.
(2%). The remaining fungal species isolated occurred rarely (< 0.5%). Cladosporium
spp., Penicillium spp., Phoma herbarum and yeasts spp. were recovered from all insect
species and from all sites (Table 2.2). In general, most fungi were isolated from more than
one insect species and from more than one site. Most fungal groups were recovered from
E. postvittana and C. ulicetana (moths) and least from S. staphylinus. Only the moths
carried Fusarium spp. The number of fungal groups on C. ulicetana, E. postvittana and A.
ulicis did not vary among the three sites the insects were collected from (Fig. 2.7). Few
isolates could not be morphologically identified mostly due to inability to make them
sporulate in culture.
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Table 2.2. Morphological identification of fungal groups on the external surface of Cydia
ulicetana, Epiphyas postvittana and Apion ulicis sourced from three sites; McLeans
Island (M), Reefton (R), Tai Tapu (T) and Sericothrips staphylinus sourced from
Lincoln (L) in Sampling 1.
Fungal species
Acremonium strictum
Alternaria alternata
Aspergillus niger
Aureobasidium pullulans
Beauveria bassiana
Candida sp.
Chaetomium globosum
Cladosporium spp.
Epicoccum purpurascens
Fusarium spp.
Helicomyces sp.
Humicola sp.
Hyaline hyphomycete
Hyalondendron sp.
Leptodontidium spp.
Mucor hiemalis
Paecilomyces lilacinus
Penicillium spp.
Pestalotiopsis guepinii
Pithomycetes chartarum
Phoma herbarum
Sclerotinia sp.
Staphylotrichum sp.
Sterile mycelium
Trichoderma sp.
Ulocladium spp.
Verticillium lecanii
Yeast spp.
Unidentified

C. ulicetana
RT
M
M
T
MR
MRT
MRT
T
MRT
RT
MRT
R
R
MRT
R
MRT
MR
M
T
MRT
M T

Insect species
E. postvittana
A. ulicis
RT
T
T
T
M
T
MRT
R
R
R
T
M
MRT
MRT
MT
M
MRT
T
M
MRT
R
R
R
MRT

MRT

T
MRT
M T
M
MRT

M
MRT
R

T
M
MRT
T

MRT
R
MRT
R

S. staphylinus
L

L

L
L
L
L
L
L
L
L
L
L
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Reefton

Number of fungal groups

15

12

9
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A. ulicis
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Figure 2.7. Distinct fungal groups recovered from C. ulicetana, E. postvittana and A. ulicis
sourced from McLeans, Tai Tapu and Reefton (sampling 1) and identified by
morphology.

2.4.2.2 Molecular identification of fungi (Sampling 1)
2.4.2.2.1 PCR amplification: Fungal ITS rDNA
All the fungal cultures were identified by ITS polymorphism except for cultures identified
morphologically as being: Epicoccum purpurascens, Paecilomyces lilacinus, Verticillium
lecanii and Aspergillus niger. These cultures failed to yield DNA after several attempts
using the two extraction methods. Amplified ITS rDNA products of the fungal isolates
ranged between 425 and 800 bp in length (Fig. 2.8). Both the shortest (Metschnikowia
pulcherrima) and the longest amplified regions (Pseudozyma fusiformata) were amplified
from yeast. Most amplified ITS regions were approximately 650 bp and were mainly
from ascomycetes.
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Figure 2.8. PCR products of amplified ITS rDNA obtained from pure cultures of fungi
recovered from the surfaces of insects. Lanes L: molecular weight markers (1 Kbplus ladder; Invitrogen); lanes 1-19: PCR amplified ITS from a selection of fungi
identified in the study, lane C: negative control.

2.4.2.2.2 RFLP analysis of fungal ITS rDNA
Thirty eight cultured fungal isolates recovered from C. ulicetana, 20 from A. ulicis, 48
from E. postvittana and 14 from S. staphylinus were digested with four restriction
enzymes. Twenty five, 14, 30 and 12 RFLP groups were formed from isolates recovered
respectively from C. ulicetana, A. ulicis, E. postvittana and S. staphylinus. Members of
each group had identical RFLP patterns for all four enzymes (Appendix 2.16). The
restriction digest produced between one and four visible bands for each isolate, with
Hin61 producing most bands and BsuRI the least. Restriction fragments less than 25 bp
were not taken into consideration because they were not visible by electrophoresis in 2%
agarose gels. As a result, some of the PCR products estimated by adding the sizes of the
restriction fragments were slightly less than the size of the undigested PCR products.
Within a pattern, bands showing stronger intensity than bands of higher molecular weight
were considered as two restriction fragments of the same size (doublet).

2.4.2.2.3 Fungi identified on insects by ITS rDNA
ITS sequences of representative RFLP groups were determined by comparing the
sequences with that on GenBank (Table 2.3). The E value is the expected value given by
the BLAST database search programme. The closer the E value is to "0" the more
significant the match is (Altschul et al., 1997). Alternaria alternata, Alternaria triticina,
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Cladosporium cladosporioides, Cladosporium herbarum, Phoma herbarum, and
Pseudozyma fusiformata were present on all four insect species. Acremonium strictum,
Aureobasidium pullulans, Beauveria spp., Cordyceps bassiana, Pithomyces chartarum
and Sclerotinia sclerotiorum were isolated from all insect species except S. staphylinus.
In addition, Aspergillus niger, Epicoccum purpurascens and Verticillium lecanii
(morphologically identified only), were isolated on all insect species except S.
staphylinus.
Cladosporium spp. and yeast were the most prevalent fungal microbes on all the insects.
Pseudozyma fusiformata was the most abundant yeast on all the insect species. Additional
yeast species included Metschnikowia pulcherrima, Rhodotorula mucilaginosa and
Sporobolomyces ruberrimus. Fusarium lateritium was the most common Fusarium
species on both moths and was isolated in both sampling periods. Of the three species of
Alternaria identified, A. alternata and A. triticina were most common on S. staphylinus
and E. postvittana. Only the moths carried Fusarium spp., Beauveria bassiana and
Acrodontium crateriforme. Pictures of spores of selected fungal species are presented in
Appendix 2.17.

2.4.2.2.4 RFLP analysis of Fusarium spp.
Sequences of ITS gene fragments obtained from fungi on the moths, showed three species
belonging to the genus Fusarium. The organisms with most similar sequences in the
GenBank database to these sequences were Gibberella pulicaris (anamorph Fusarium
sambucinum), Fusarium lateritium and F. tricinctum. Figure 2.9 is digestion products of
amplified ITS rDNA of the three Fusarium species using four restriction enzymes Hin6I,
MboI, BsuRI and HinfI. All Fusarium species recovered from the moths produced similar
restriction patterns with BsuRI and HinfI digestion. Gibberella pulicaris was recovered
from E. postvittana sourced from Reefton. Macroconidia of this isolate are similar in
shape and size to that of F. tumidum (Fig. 2.10) and showed similar restriction pattern to
that of F. tumidum (Fig. 2.11).
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Table 2.3. Comparison of ITS sequences obtained from fungal isolates recovered from Cydia
ulicetana, Apion ulicis and Epiphyas postvittana sourced from three sites; McLeans
Island (M), Reefton (R), Tai Tapu (T) and Sericothrips staphylinus sourced from
Lincoln (L) in Sampling 1.
Closest match in
GenBank database

Source of
insect

Alignment
length (bp)

E value a

% ITS
similarity

GenBank
accession
no.

1067
692
1125
785
210
1051
1025
928
1015
1090
1158
1045
944
559
864
1003
1027
983
954
1247
1068
1027
1070
813
858
nd
nd
nd
nd
nd

0
0
0
0
1e-51
0
0
0
0
0
0
0
0
2e-156
0
0
0
0
0
0
0
0
0
0
0

99
94
99
95
94
99
99
100
100
100
99
100
99
96
98
99
99
98
99
99
99
100
100
98
98

AY138846
AY843112
AY154682
AY154695
AF138814
AY185811
AJ560686
AY463365
AF455517
AB079126
AY004790
AF310979
AF455512
AY301026
AB096264
AY787844
AY373903
AY337712
AY433807
AB089366
AF444614
AF455526
AF444581
L14524
AB188679

1067
1125
785
993
1051
1007
928
1015
1090
559
983
954
1247
1027
nd
nd
nd

0
0
0
0
0
0
0
0
0
2e-156
0
0
0
0

99
99
95
99
99
97
100
100
100
96
98
99
99
100

AY138846
AY154682
AY154695
AF493984
AY185811
AB027381
AY463365
AF455517
AB079126
AY301026
AY337712
AY433807
AB089366
AF455526

Cydia ulicetana

Acremonium strictum (1) b
Acrodontium crateriforme (1)
Alternaria alternata (3)
Alternaria triticina (1)
Arthothelium spectabile (1)
Aureobasidium pullulans (1)
Beauveria bassiana (3)
Cladosporium cladosporioides (3)
Cladosporium herbarum (2)
Cordyceps bassiana (1)
Drechslera dematioidea (1)
Fusarium lateritium (2)
Lewia infectoria (1)
Metschnikowia pulcherrima (1)
Paraphaeosphaeria sp. (1)
Penicillium cecidicola (1)
Penicillium chrysogenum (1)
Phoma herbarum (5)
Pithomyces chartarum (1)
Pseudozyma fusiformata (2)
Rhodotorula mucilaginosa (1)
Sclerotinia sclerotiorum (1)
Sporobolomyces ruberrimus (1)
Talaromyces intermedius (1)
Valsa sordida (1)
Aspergillus niger c
Epicoccum purpurascens c
Pestalotiopsis guepinii c
Trichoderma sp. c
Verticillium lecanii c

T
R
M
T
T
T
M,R
M,R,T
M
M
M
T
M
T
T
M
M
M,R
R
M, T
M
R
M
M
T
M
M,R,T
R
M
T

Apion ulicis
Acremonium strictum (1)
Alternaria alternata (1)
Alternaria triticina (2)
Apiosporina morbosa (1)
Aureobasidium pullulans (1)
Beauveria brongniartii (1)
Cladosporium cladosporioides (2)
Cladosporium herbarum (2)
Cordyceps bassiana (2)
Metschnikowia pulcherrima (1)
Phoma herbarum (1)
Pithomyces chartarum (1)
Pseudozyma fusiformata (3)
Sclerotinia sclerotiorum (1)
Aspergillus niger c
Epicoccum purpurascens c
Verticillium lecanii c

T
T
T
M
R
R
M, T
R,T
R
T
R
M
M,R,T
R
T
M
R

62

Chapter 2
Table 2.3 cont.
Epiphyas postvittana
Acremonium strictum (2)
Acrodontium crateriforme (1)
Alternaria alternata (1)
Alternaria sp. (1)
Alternaria triticina (2)
Aphanocladium aranearum (1)
Apiosporina morbosa (1)
Arthrinium sacchari (1)
Aureobasidium pullulans (3)
A. pullulans isolate wb149 (1)
Beauveria bassiana (2)
Chaetomium globosum (1)
Cladosporium cladosporioides (2)
Cladosporium herbarum (2)
Cordyceps bassiana (1)
Foliar endophyte of Picea glauca (2)
Fusarium lateritium (1)
Fusarium tricinctum (2)
Gibberella pulicaris (1)
Metschnikowia pulcherrima (2)
Mucor hiemalis f. corticola (1)
Nectria mauritiicola (2)
Paraphaeosphaeria michotii (3)
Phaeosphaeriaceae sp. (2)
Phoma herbarum (3)
Phomopsis sp. PHAg (1)
Pithomyces chartarum (1)
Pseudozyma fusiformata (2)
Sclerotinia sclerotiorum (2)
Sporobolomyces ruberrimus (1)
Aspergillus niger c
Epicoccum purpurascens c
Verticillium lecanii c

M,R
R
T
T
M, T
T
T
M
M,R,T
R
R,T
M
M, T
R
R
M, T
M
T
R
R,T
R
M, T
M,R
M, T
M,R,T
T
T
M,R
M, T
R
M
M, T
M

1067
692
1125
311
785
1078
993
1061
1051
997
1025
1017
928
1015
1090
839
1045
1031
1011
559
1102
489
910
617
983
924
954
1247
1027
1070
nd
nd
nd

0
0
0
8e-82
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2e-156
0
3e-135
0
1e-173
0
0
0
0
0
0

99
94
99
91
95
100
99
99
99
99
99
99
100
100
100
98
100
100
99
96
99
98
99
96
98
96
99
99
100
100

AY138846
AY843112
AY154682
AY762947
AY154695
AF455489
AF493984
AF455478
AY185811
AF455533
AJ560686
AY429056
AY463365
AF455517
AB079126
AY566890
AF310979
AF008921
AY188921
AY301026
AY243950
AJ558115
AF250829
AY465459
AY337712
AY620999
AY433807
AB089366
AF455526
AF444581

L
L
L
L
L
L
L
L
L
L
L
L
L
L

1125
311
785
928
1015
1102
694
967
983
1247
1068
1136
nd
nd

0
8e-82
0
0
0
0
0
0
0
0
0
0

99
91
95
100
100
99
99
100
98
99
99
99

AY154682
AY762947
AY154695
AY463365
AF455517
AY243950
AY157489
AB194281
AY337712
AB089366
AF444614
AF045867

Sericothrips staphylinus
Alternaria alternata (1)
Alternaria sp. (1)
Alternaria triticina (1)
Cladosporium cladosporioides (1)
Cladosporium herbarum (2)
Mucor hiemalis f. corticola (1)
Penicillium citreonigrum (1)
Penicillium pinophilum (1)
Phoma herbarum (2)
Pseudozyma fusiformata (1)
Rhodotorula mucilaginosa (1)
Tranzscheliella hypodytes (1)
Paecilomyces lilacinus c
Trichoderma sp. c
a

The E value is the expected value given by the BLAST database search programme. The closer this number is to zero,
the greater the certainty of the identification (Altschul et al., 1997).
b
Figures in parenthesis indicate number of isolates in the RFLP group.
c
Organisms were only identified by morphology; nd: not determined.
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Figure 2.9. Restriction fragment patterns of PCR amplified rDNA, digested with 1: Hin6I, 2:
MboI, 3: BsuRI and 4: HinfI and analysed in 2% agarose gel. Lane M: molecular weight
marker (50 bp ladder; Invitrogen); lane U: undigested rDNA.

20 μm
2

G. pulicaris (700 μm )

2

2

*F. tumidum (520 μm )

F. lateritium (156 μm )

F tricinctum (151 μm2)

Figure 2. 10. Fusarium species and Gibberella pulicaris recovered from the lepidopteran
insects. *F. tumidum was provided by Landcare Research, Auckland.
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Figure 2.11. Restriction fragment patterns of PCR amplified rDNA, digested with 1: Hin6I, 2:
MboI, 3: BsuRI and 4: HinfI and analysed in 2% agarose gel. Lane M: molecular
weight marker (50 bp ladder; Invitrogen); lane U: undigested rDNA.
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2.4.2.2.5 PowerSoilTM DNA Isolation Kit sensitivity test
The sensitivity of the PowerSoilTM DNA Isolation Kit was determined using varying
numbers (5-50,000) of F. tumidum spores. DNA was extracted from spore samples as low
as 12.5 spores whereas spore numbers of 5 did not have enough DNA for amplification
(Fig. 2.12). There was a positive and linear correlation (R2 = 85%) between the log10 of
the number of spores used for the extraction and the concentration of DNA (Fig. 2.13).

M 50,000 5,000 500

40

25

12.5

5

C

1,000bp
650bp

Figure 2. 12. PCR products amplified from 50000, 5000, 500, 40, 25, 12.5 and 5 spores of
F. tumidum using the PowerSoilTM DNA Isolation Kit for genomic DNA
extraction. Lane M: molecular weight marker (1 Kb-plus ladder; Invitrogen);
lane C: control.

DNA concentration (ng/uL)

7

6

5

4

3

2
0

1

2

3

Spore number (Log10)

4

5

Figure 2.13. Relationship between number of F. tumidum spores (log10) and concentration of
DNA (ng/μL) extracted with PowerSoilTM DNA Isolation Kit. (Y = 0.5x + 3.4; R2 = 85%).
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2.4.2.2.6 Cloned amplicon
Digestion of ITS amplified products (Fig. 2.14) of 47 transformed clones obtained from
A. ulicis, 51 from C. ulicetana, 43 from E. postvittana and 37 from S. staphylinus
produced a total of 17 RFLP groups. Ten of these RFLP groups had ITS sequences close
to Nectria mauritiicola which constituted 94% of the 178 cloned amplicons. The
dominant N. mauritiicola strain on all insect species was NHRC-FC042 (GenBank
database accession # AJ558114). Three of the RFLP groups had ITS sequences close to
Cordyceps bassiana, an uncultured soil fungus and Nectria mauritiicola (Fig. 2.15). The
fungal species identified by direct PCR are listed in Table 2.4 with two uncultured fungi
(GenBank accession # DQ421003 and AM260859). Except for S. staphylinus, all insect
species carried an uncultured fungus with ITS sequence similarity to GenBank accession
# DQ421003. Sequences of three clones from the washings of C. ulicetana were close to
Claviceps purpurea.

M
4

1

2

3

4

5

6

7

8

9

10

11

12

C

ML

650bp
200bp

Figure 2.14. PCR products of plasmid DNA obtained from washings of insects and separated in
1% agarose gel. Lane M: molecular weight markers (1 Kb-plus ladder; Invitrogen); lanes
1-12: PCR products, lane C: control, lane ML: low mass ladder (Invitrogen).
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Figure 2.15. Restriction fragment patterns of PCR amplified rDNA, digested with 1: Hin6I, 2:
MboI, 3: BsuRI and 4: HinfI and analysed in 2% agarose gel. Lane M: molecular weight
marker (50 bp ladder; Invitrogen).

Table 2.4. Similarities of sequences of ITS gene fragments obtained by the PCR cultureindependent approach from Cydia ulicetana, Epiphyas postvittana, Apion ulicis, sourced
from three sites; McLeans Island (M), Reefton (R), Tai Tapu (T) and Sericothrips
staphylinus sourced from Lincoln (L) in Sampling 1.
Closest match in
GenBank database

Source of
insect

Alignment
length (bp)

E value a

% ITS
similarity

GenBank
accession no.

T
T
T
M,R,T
M

763
1146
1045
1124
1013

0
0
0
0
0

100
99
100
100
99

AJ853771
AB160991
AF310979
AJ558114
DQ421003

T
M,R,T
R
M
T

662
1124
1007
979
1013

0
0
0
0
0

99
100
94
97
99

AY532052
AJ558114
AY228352
AM260859
DQ421003

M,R,T
M

1124
1013

0
0

100
99

AJ558114
DQ421003

L

1124

0

100

AJ558114

Cydia ulicetana

Acremonium kiliense (1) b
Claviceps purpurea (3)
Fusarium lateritium (1)
Nectria mauritiicola (45)
Uncultured soil fungus (1)

Epiphyas postvittana
Cordyceps bassiana (1)
Nectria mauritiicola (39)
Psathyrella cf. gracilis (1)
Uncultured fungus (1)
Uncultured soil fungus (1)

Apion ulicis
Nectria mauritiicola (46)
Uncultured soil fungus (1)

Sericothrips staphylinus
Nectria mauritiicola (37)
a
b

footnote same as Table 2.3.
Figures in parenthesis indicate number of clones.
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2.4.2.3 Bacteria identification (Sampling 1)
Most of the bacterial isolates (72%) were gram negative. Results from a preliminary trial
showed 86% gram negative out of 22 bacterial colonies randomly selected from cultures
obtained from washings of C. ulicetana and A. ulicis with almost equal proportion of
cocci to rod shaped bacteria.

2.4.2.3.1 RFLP analysis of 16S rDNA
The 16S rDNA of 34 (E. postvittana), 32 (A. ulicis), 29 (C. ulicetana) and 26 (S.
staphylinus) isolates were amplified. All 16S rDNA amplified regions were
approximately 1,500 bp (Fig. 2.16). Digestion of the amplified 16S rDNA with a set of
restriction enzymes (Fig. 2.17) grouped the 121 isolates into 33 RFLP groups. Of these,
17 RFLP groups were for bacteria isolated from E. postvittana, 13 from C. ulicetana, 18
from A. ulicis and 8 from S. staphylinus. Amplified sequences were compared with the
GenBank database using the BLAST search programme for the closest matching
organism (Altschul et al., 1997) (Table 2.5). Bacteria isolated from C. ulicetana and E.
postvittana were from 12 and 13 genera, respectively. Isolates from A. ulicis constituted
14 bacterial genera while isolates from S. staphylinus were from eight genera.
Pseudomonas fluorescens and Stenotrophomonas maltophilia were most frequently
isolated from C. ulicetana. P. fluorescens was the most common bacterium on E.
postvittana while Moraxella osloensis was the dominant bacterium on A. ulicis.
Methylobacterium aquaticum, Providencia rustigianii and Escherichia coli accounted for
approximately 77% of all bacterial species on S. staphylinus. Pseudomonas spp. were
identified on all four insect species from most of the collection sites.
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1,650bp

Figure 2.16. PCR products of amplified 16S rDNA obtained from bacteria recovered from the
surfaces of four insect species. Lanes M: molecular weight markers (1 Kb-plus ladder;
Invitrogen); lanes 1-20: PCR products, lane C: negative control.
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Figure 2.17. Restriction fragment patterns of PCR amplified 16S rDNA of five bacterial isolates
(A, B, C, D, E) digested with 1: EcoRI; 2: BsuRI and 3: AluI and analysed in 2% agarose
gel. Lane M: molecular weight marker (1 Kb-plus ladder; Invitrogen).

Methylobacterium aquaticum and Pseudomonas lutea were isolated from all four insect
species. P. fluorescens was the most abundant species and accounted for 12% of the 121
isolates. P. fluorescens, P. lutea and Actinobacterium sp. (isolate MSB2127) were
identified on E. postvittana from all three collection sites while Moraxella osloensis was
isolated from C. ulicetana from all three sites. Nine bacterial species were common on C.
ulicetana and E. postvittana. Of these, Actinobacterium sp. (isolate MSB2127),
Aeromonas allosaccharophila, Bacillus pumilus and Stenotrophomonas maltophilia were
present only on the moths. E. postvittana carried three Rhodococcus species. (i.e.
Rhodococcus corynebacterioides, Rhodococcus erythropolis and Rhodococcus fascians)
whilst only A. ulicis carried Sphingomonas spp. All three Sphingomonas spp. were found
on A. ulicis sourced from Reefton. Methylobacterium aquaticum and Pseudomonas spp.
were recovered from A. ulicis from the three sites.
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Table 2.5. Comparison of 16S rDNA sequences obtained from bacterial isolates recovered from
Cydia ulicetana, Epiphyas postvittana, Apion ulicis, sourced from three sites; McLeans
Island (M), Reefton (R), Tai Tapu (T) and Sericothrips staphylinus sourced from Lincoln
(L) in Sampling 1.
Closest match in
GenBank database

Alignment
length (bp)

E
value a

% 16S
similarity

GenBank
accession no.

+
+
-

406
1495
1709
1059

1e-110
0
0
0

99
99
99
99

AY275511
S39232
DQ105967
DQ337556

R
R
M,R,T
T
M, T
T
M, T

+
+
+
+
-

2734
1241
1883
1530
1889
1768
1425
1259
1691

0
0
0
0
0
0
0
0
0

99
100
100
98
99
99
100
99
100

AJ312209
AF061013
AY439250
AJ785572
AF005190
X77440
DQ207731
AY364537
AY367030

R
M,R,T
T
M
M,R
M, T
M
M
R
M,R,T
M,R,T
M
R
M
T

+
+
+
+
+
+
-

1957
406
1495
1709
1453
1530
1889
894
1768
1425
1259
2531
1586
1065
1183

0
1e-110
0
0
0
0
0
0
0
0
0
0
0
0
0

99
99
99
99
97
98
99
98
99
100
99
98
100
99
99

AF078766
AY275511
S39232
DQ105967
BX950851
AJ785572
AF005190
AM040489
X77440
DQ207731
AY364537
NC16SR2
AY822047
AY730713
AF286867

T
T

-

1084
1691

0
0

99
100

AY040208
AY367030

T

+

1923

0

100

AJ717381

T
M,R
M,R
R
M,R,T
T
M,R
T
R
M,R
R,T
M
R
R
R

+
+
+
+
+
+
+
-

2734
1453
1612
973
1530
1154
1889
2648
1768
1425
1259
1586
2488
837
977

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

99
97
99
100
98
99
99
99
99
100
99
100
99
100
99

AJ312209
BX950851
DQ182324
AM180731
AJ785572
AY635868
AF005190
AM062684
X77440
DQ207731
AY364537
AY822047
AF409014
AY336556
DQ166180

Source
of insect

Gram
reaction

Cydia ulicetana

Actinobacterium MSB2127 (2) b
Aeromonas allosaccharophila (1)
Bacillus pumilus (2)
Chryseobacterium sp. BBCT14 (1)
Curtobacterium flaccumfaciens pv.
flaccumfaciens (1)
Enterococcus mundtii (2)
Frigoribacterium sp. GIC43 (1)
Methylobacterium aquaticum (2)
Moraxella osloensis (3)
Pseudoclavibacter helvolus (1)
Pseudomonas fluorescens (7)
Pseudomonas lutea (1)
Stenotrophomonas maltophilia (5)

M,R
T
M
T
T
M

Epiphyas postvittana
Acidovorax temperans (1)
Actinobacterium MSB2127 (3)
Aeromonas allosaccharophila (1)
Bacillus pumilus (1)
Erwinia carotovora (2)
Methylobacterium aquaticum (3)
Moraxella osloensis (1)
Providencia rustigianii (2)
Pseudoclavibacter helvolus (2)
Pseudomonas fluorescens (6)
Pseudomonas lutea (3)
Rhodococcus corynebacterioides (1)
Rhodococcus erythropolis (2)
Rhodococcus fascians (1)
Serratia proteamaculans subsp.
quinovora (2)
Serratia proteamaculans (1)
Stenotrophomonas maltophilia (2)

Apion ulicis
Bacillus megaterium (1)
Curtobacterium flaccumfaciens pv.
flaccumfaciens (1)
Erwinia carotovora (3)
Escherichia coli (2)
Frigoribacterium sp. ULA1 (1)
Methylobacterium aquaticum (3)
Microbacterium sp. BM-25 (1)
Moraxella osloensis (5)
Paenibacillus polymyxa (1)
Pseudoclavibacter helvolus (1)
Pseudomonas fluorescens (2)
Pseudomonas lutea (2)
Rhodococcus erythropolis (3)
Rhodococcus sp. Ellin172 (1)
Sphingomonas sp. pfB27 (2)
Sphingomonas sp. TSBY-34 (1)

70

Chapter 2
Table 2.5 cont.
Sphingomonas sp. XT-11 (1)
Staphylococcus xylosus (1)

R

+

2603
1980

0
0

100
99

DQ115797
AF515587

L

-

1124

0

99

AY626394

L
L
L
L
L
L
L

+
+
-

2734
1612
973
1530
1110
894
1259

0
0
0
0
0
0
0

99
99
100
98
100
98
99

AJ312209
DQ182324
AM180731
AJ785572
AJ310417
AM040489
AY364537

T

Sericothrips staphylinus
Agrobacterium rubi (1)
Curtobacterium flaccumfaciens pv.
flaccumfaciens (1)
Escherichia coli (8)
Frigoribacterium sp. ULA1 (2)
Methylobacterium aquaticum (7)
Plantibacter flavus (1)
Providencia rustigianii (5)
Pseudomonas lutea (1)
a
b

footnote same as Table 2.3.
Figures in parenthesis indicate number of isolates in the RFLP group.

2.4.2.4 Microbes identified on insects (Sampling 2)
2.4.2.4.1 Fungal species
Only C. ulicetana and E. postvittana were assessed for their surface microbes in sampling
2. Fungi identified on the moths, the host (gorse) plants and understorey (grass) are listed
in Table 2.6. Acremonium, Alternaria, Aureobasidium, Cladosporium, Epicoccum,
Penicillium, Phoma and yeast spp. were common on all plant and insect species assessed.
Additionally, Arthrinium sacchari, Beauveria bassiana and Fusarium lateritium were
identified on both insect species. Based on morphology, Cladosporium and yeast spp.
were the most abundant fungal colonies (accounting for about 85%) on each insect
species and were the most abundant colonies on the gorse and grass. Newly identified
fungi on C. ulicetana included Apiospora montagnei, Drechslera biseptata and Fusidium
spp. Additional fungi on E. postvittana were Botrytis cinerea and Paecilomyces carneus.
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Table 2.6. Fungal species identified on Cydia ulicetana, Epiphyas postvittana and associated plant
species using either morphology or ITS sequencing (Sampling 2).
Fungal species (GenBank accession no.)
Acremonium spp. a
Alternaria alternata (AY154682) b
Apiospora montagnei
Aspergillus spp.
Arthrinium sacchari (AF393679)
Aureobasidium pullulans
Beauveria bassiana (AB027382)
Botrytis cinerea
Cladosporium cladosporioides (AY463365)
Cladosporium herbarum
Claviceps purpurea (AB160991)
Drechslera biseptata (AY004787)
Epicoccum purpurascens
Fusarium lateritium (AF310979)
Fusarium tricinctum (AF008921)
Fusidium sp.
Paecilomyces carneus
Penicillium spp.
Phoma herbarum
Pithomyces chartarum
Sclerotinia sp.
Sterile mycelium
Yeast spp.

% ITS similarity
99
98
99
100
99
100
100
100

C. ulicetana
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Insect spp.
E. postvittana
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Plant spp.
Gorse
Grass
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

a

Species with no GenBank accession number were identified by morphology.
Species with GenBank accession number were identified by ITS sequencing; all had an E value of “0” which means
that the alignment between sequences is very significant (Altschul et al., 1997).
+: isolated from host; -: not isolated from host.
b

2.4.2.4.2 Bacterial species
Four bacterial species (Arthrobacter chlorophenolicus, Curtobacterium flaccumfaciens
pv. flaccumfaciens, Pseudomonas lutea and Rhodococcus sp.) were common on both
moths in Sampling 2 (Table 2.7). Four bacterial species belonging to the genera Bacillus,
Curtobacterium, Methylobacterium, and Pseudomonas were recovered from C. ulicetana
in sampling 1 and 2 while Erwinia, Methylobacterium, Pseudomonas and Rhodococcus
were recovered from E. postvittana from both samplings. Additional bacteria genera on
C. ulicetana included Arthrobacter, Erwinia, Microbacterium and Rhodococcus. Bacteria
belonging to the genera Arthrobacter, Chryseobacterium, Curtobacterium and
Microbacterium were additional bacteria recovered from E. postvittana.
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Table 2.7. Comparison of 16S rDNA sequences obtained from bacterial isolates recovered from
Cydia ulicetana and Epiphyas postvittana collected from Tai Tapu (Sampling 2).
Closest match in
GenBank database

Gram
reaction

Alignment
length (bp)

E
value a

% 16S
similarity

GenBank
accession no.

C. ulicetana

Arthrobacter chlorophenolicus (2) b
Bacillus pumilus (1)
Curtobacterium flaccumfaciens pv.
flaccumfaciens (2)
Erwinia cypripedii (2)
Methylobacterium sp. Enf3 (1)
Methylobacterium sp. PB176 (1)
Microbacterium sp. KV-492 (2)
Pseudomonas lutea (1)
Rhodococcus sp. (3)

+
+
+

690
1709
2734

0
0
0

98
99
99

AF102267
DQ105967
AJ312209

+
+

1053
821
1013
862
1259
847

0
0
0
0
0
0

99
99
99
99
99
99

AJ233413
DQ322592
AB220098
AB234028
AY364537
AY660692

+
+

690
1068
2734

0
0
0
0

98
99
99

AF102267
AY468448
AJ312209

+
+

1108
1530
862
1259
847

0
0
0
0
0

100
98
99
99
99

DQ288876
AJ785572
AB234028
AY364537
AY660692

E. postvittana
Arthrobacter chlorophenolicus (1)
Chryseobacterium indoltheticum (1)
Curtobacterium flaccumfaciens pv.
flaccumfaciens (1)
Erwinia billingiae (1)
Methylobacterium aquaticum (1)
Microbacterium sp. KV-492 (1)
Pseudomonas lutea (3)
Rhodococcus sp. (1)
a
b

footnote same as Table 2.3.
Figures in parenthesis indicate number of isolates in the RFLP group.

2.4.3 Fungal spore size and insect size
A large number of fungal spores recovered from E. postvittana (40%) were larger than
100 μm2 (Appendix 2.18). Only 13 and 6%, respectively from A. ulicis and S. staphylinus
were over 100 μm2. The largest fungal spore identified, Gibberella pulicaris (Fig. 2.18)
was recovered from E. postvittana which also carried the largest mean fungal spore size
of 125.9 μm2 (Table 2.8). This insect species is the largest while S. staphylinus is the
smallest in terms of body length. The majority of the fungal spores borne by S.
staphylinus were small, indicated by overall mean size of approximately 15 μm2. The
mean size of fungal spores recovered from the insect species correlated strongly with
their body length (R2 = 85%).
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Table 2.8. The largest and the mean size (μm2) of fungal spores recovered from four gorseassociated insect species.
Insect species
Name
E. postvittana
C. ulicetana
A. ulicis
S. staphylinus
a

Largest fungal spore
Size (μm2)

Gibberella pulicaris
Pestalotiopsis guepinii
Epicoccum purpurascens
Alternaria alternata

Mean spore size (μm2)
(n=15) a

700
202
213
106

125.9
62.7
38.3
14.9

Insect body
length (mm)
9.5
7.4
2.5
1.8

Mean spore size of the 15 fungal species with the biggest spores for each insect species.

A

C

B

D

Figure 2.18. The largest fungal spores recovered from four insect species. A: Gibberella pulicaris
recovered from E. postvittana; B: Pestalotiopsis guepinii from C. ulicetana; C: Epicoccum
purpurascens from A. ulicis; D: Alternaria alternata from S. staphylinus.

2.4.4 Spore location on insects
The SEM studies revealed microbes on all insect species especially S. staphylinus and A.
ulicis. While spores were found over the entire surfaces of S. staphylinus and A. ulicis,
they were restricted to the legs, antennae and ventral abdomen of the moths (Fig. 2.19).
Microbes were rarely found on the scales of the moths.
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A

C

E

B

D

F

Figure 2.19. Scanning electron micrographs of external parts of insects showing their surface
microflora. A-D: S. staphylinus (A: compound eye, B: dorsal part of head; C: legs; D:
lower abdomen). E-H = A. ulicis (E: dorsal part of abdomen; F: lateral view of
abdomen;
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Fig. 2.19 cont.

H

G

I

K

J

L

Figure 2.19. cont. G: proboscis; H: dorsal part of thorax), I-J: C. ulicetana (I: (antenna, Bar = 20
μm; J: upper leg, Bar = 10 μm), K-L: E. postvittana: (antenna, Bar = 2 μm, L: scales).
Arrows indicate some of the microbial spores.
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2.5 DISCUSSION

In this study, a higher level of fungal diversity on the external surface of insects was
detected than has previously been reported (Rosa et al., 2003) however, that study
reported on the yeast communities only on bees. The bacterial diversity reported in this
study is comparable to the 11 groups reported in organs of fruit flies by Sood and Nath
(2002). Results from this study indicate that while the insects harbour multiple microbial
taxa on their exoskeleton, most fungi isolated from the insects were gorse epiphytes
(Johnston et al., 1995) with few air-borne and soil-borne organisms and
entomopathogens.
All insect species studied carried some entomopathogenic fungi although the number of
entomopathogens detected was low. Beauveria bassiana was the most common
entomopathogenic fungus on the Lepidoptera while Beauveria brongniartii was present
on the gorse seed weevil, A. ulicis only. B. brongniartii has been reported on the Andean
potato weevil, Premnotrypes sp. (Cisneros and Vera, 1999-2000). Both species of
Beauveria are obligate parasitic fungi used in biological control of insect pests (Cisneros
and Vera, 1999-2000; Mander et al., 2006). In addition, entomopathogenic fungi
Cordyceps bassiana and Verticillium lecanii were isolated from all insect species except
S. staphylinus. Close association of C. bassiana with the insect Triphosa dubitata has
been reported (Kubátová and Dvořák, 2005). Other entomopathogenic fungi included
Paecilomyces carneus (found on E. postvittana) and Paecilomyces lilacinus (found on S.
staphylinus). Paecilomyces lilacinus has been isolated from the gut of honeybees, Apis
mellifera (Gilliam and Morton, 1977). Reports have shown that entomopathogens
parasitise several insect species and as a result, regulate their natural population (Deacon,
2006). Apart from E. postvittana, all insect species (used for this study) are classical
biological control agents of gorse. It is therefore important to maintain high populations
of these species on the weed. Entomopathogens isolated from the insects were of low
prevalence and therefore may pose only a limited threat to these insect species.
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Some of the most common air-borne fungal species on the insects were Alternaria
alternata, Cladosporium spp. and Penicillium spp. These fungal species were most
probably transient mycota on the insects, representing their abundance in the surrounding
environment as were observed on the gorse plants and the understorey grass. Common
yeast on the insects was Pseudozyma fusiformata while Sporobolomyces ruberrimus was
the least prevalent. Some yeast spp. have antifungal effects (Yao et al., 2004) and may be
involved in a mutualistic relationship with insects (Rosa et al., 2003) thereby, protecting
them against infection. Metschnikowia spp. have been isolated from beetles in the genus
Conotelus (Lachance et al., 2003) while Rhodotorula mucilaginosa has been reported to
be common on a wide range of insects including Diptera and Hymenoptera (Zacchi and
Vaughan-Martini, 2002). Pseudozyma and Rhodotorula spp. have been isolated from the
surfaces of the stingless bees, Tetragonisca angustula and Melipona quadrifasciata (Rosa
et al., 2003). The latter report suggests that these yeasts may be transient mycota vectored
by the bees.
The lepidopteran insects or moths carried more microbes than the other insect species. C.
ulicetana carried the most CFU of bacteria whereas E. postvittana carried most fungal
CFU/insect. Generally, insects sourced from Reefton carried the most external microflora
and those from McLeans Island carried the least. This could be as a result of higher
annual rainfall in 2004 (when the insects were collected) at Reefton (2,148 mm; NIWA
Instrument Systems) compared with only 675 mm recorded at McLeans Island in
Canterbury. High rainfall favours the growth, development and sporulation of most
microorganisms. Other factors such as relative humidity might contribute to this (Kaaya
et al., 2000 cited in Yoder et al., 2003). Canterbury has lower humidity compared with
Reefton. The sites did not differ in the mean annual temperature for the same period and
were 10.9 and 10.6oC for Canterbury and Reefton, respectively (NIWA).
The SEM studies revealed more microbes on S. staphylinus and A. ulicis than on the
moths. Handling of the moths during SEM preparation could result in shedding of their
scales as it was observed that the moths shed their scales easily. S. staphylinus and A.
ulicis on the other hand are covered with hairs and this might have contributed to the
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retention of microbes during the preparation for SEM. E. postvittana, the largest insect
species studied, carried the largest fungal spores averaging 125.9 μm2 in surface area. The
biggest fungal spore (Gibberella pulicaris, 700 μm2) identified on E. postvittana is bigger
than F. tumidum-the fungal pathogen to be vectored by the insects. The ability to carry
large spores may be an attribute of larger insects. Larger insects, such as E. postvittana,
therefore may have the greatest capacity to vector F. tumidum spores which are large (520
μm2). Conversely, S. staphylinus, by virtue of its small size, carried the least fungal and
bacterial CFU/insect and the smallest sizes of fungal spores and may have limited
potential for vectoring F. tumidum.
Most fungi recovered from the insects in the first sampling were also isolated in the
second sampling on the moths. For instance Acremonium spp., Alternaria spp.,
Aureobasidium

pullulans,

Beauveria

bassiana,

Cladosporium

spp.,

Epicoccum

purpurascens, Fusarium spp., Penicillium spp., Phoma herbarum and yeast species were
isolated from both moths in both samplings. Apart from B. bassiana, these fungal species
were also recovered from the insects in a preliminary trial in addition to Aspergillus spp.
which were isolated from C. ulicetana only in the second sampling. Acremonium sp.,
Aureobasidium pullulans, Cladosporium cladosporioides, Aspergillus spp., Penicillium
spp., Chaetomium sp. and Paecilomyces sp. have been isolated from the gut of honeybees,
Apis mellifera (Gilliam and Morton, 1977). All these fungi were isolated from E.
postvittana in this study. The majority of fungal species isolated from the insects were
anamorphs of ascomycetes which is a reflection of the host plant epiphyte diversity
(Johnston et al., 1995). Four basidiomycetes and one zygomycete were also isolated. The
cultured basidiomycetes which were all yeasts included Metschnikowia pulcherrima,
Pseudozyma fusiformata, Rhodotorula mucilaginosa and Sporobolomyces ruberrimus.
The single zygomycete species (Mucor hiemalis f. corticola) was isolated both from E.
postvittana and S. staphylinus.
Fusarium lateritium was the most common Fusarium spp. and was consistently isolated
from the moths at both samplings. This fungus together with Gibberella pulicaris
(isolated from E. postvittana only) has been reported on gorse in New Zealand (Johnston
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et al., 1995). Other Fusarium spp. such as F. tricinctum, were only isolated from E.
postvittana and the host plant (gorse). Previous studies have recovered Fusarium spp. and
Penicillium spp. from the external surfaces of the American dog tick, Dermacentor
variabilis (Yoder et al., 2003) by direct culturing. The fact that only the moths carried
Fusarium spp. indicates that they could be more adaptable to vectoring F. tumidum spores
than the other two insect species. F. tumidum was not recovered from any of the insects or
the host plant in this study which is most likely due to the limited sampling of the gorse in
the present study. Only gorse plants sampled from one site (Tai Tapu) were assessed for
their microflora and no diseased plants were observed with the possibility that F. tumidum
may not have been present at a high enough population to be picked up by the insects.
Another reason could be the absence of this fungus in Canterbury where most of the
sampling was done. A survey of six sites in Canterbury found no F. tumidum at any of the
sites although it was commonly isolated from gorse on the West Coast (Johnston and
Parkes, unpublished).
The morphological characteristics permitted the identification of most fungal isolates to
the genus level only. Isolates which did not produce spores could only be identified as
sterile mycelium or hyaline hyphomycetes. Most sterile isolates were found to be
Alternaria alternata or a foliar endophyte of Picea glauca by ITS sequencing. Moreover,
all isolates identified as Ulocladium spp. using morphological keys were found to have
sequences closely matched with Lewia infectoria or Alternaria triticina. This reflects the
fact that Ulocladium and Alternaria share most morphological and cultural characters,
distinguished from one another primarily by Alternaria species having beaked conidia
whereas the conidia of Ulocladium species do not. However, Ulocladium species can
sometimes produce “false” conidial beaks leading to incorrect identification (Simmons,
1967). Due to these limitations, molecular techniques for microbial identification are
often preferred to morphological techniques (Ruiz et al., 2000; Souza et al., 2004).
However, precise, molecular identification ultimately relies on correct morphological
identification. More detailed identification to species level was therefore based on ITS
sequences. On the other hand, Pithomyces chartarum could only be identified
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morphologically because the BLAST search identified all Pithomyces spp. as fungal
endophyte OTm-4.
The fact that N. mauritiicola was abundant in the direct PCR although rarely isolated in
culture suggests either the insects carried many unviable or unculturable N. mauritiicola
spores or the molecular technique had a high bias towards amplifying N. mauritiicola
ITS. Using similar primers Viaud et al. (2000) reported Nectria vilior as the dominant
cloned amplicon from soil samples although it was rarely (2 out of 67 colonies) isolated
in culture. A related fungus, Nectria ochroleuca has been isolated from gorse plants in
New Zealand (Dingley, 1969 cited in Johnston et al., 1995). In contrast to reports by
Viaud et al. (2000), fewer fungal taxa were obtained by the direct PCR technique than the
culturing technique. Moreover, only 2.2% of the 178 cloned amplicons were found to be
uncultured species despite reports that a large percentage of naturally occurring
microorganisms cannot be cultured by standard techniques (Amman et al., 1995; Viaud et
al. 2000). The possibility should not be excluded, however, that additional fungal taxa in
the washings might have yielded poor or no ITS rDNA PCR amplification products with
the PowerSoilTM DNA Isolation Kit used due to low template abundance or primer bias
(Suzuki and Giovannoni, 1996; Von Wintzingerode et al., 1997). As a result, the
culturing method is considered more sensitive than direct PCR for studying diversity of
external mycoflora of insects because a colony can be produced from a single spore. It is
important that both culture-dependent and culture-independent techniques be used in
conjunction.
Most of the bacterial isolates (72%) were gram negative. Grouping these isolates by
genus showed higher percentages of gram negative bacteria on E. postvittana (65%) and
S. staphylinus (75%), with an almost equal ratio of gram negative: gram positive on both
A. ulicis and C. ulicetana. Pseudomonas spp. and Methylobacterium spp. were isolated
from all four insect species and were consistently isolated from the moths in both
samplings. Pseudomonas spp. are found abundantly as free-living organisms in soils,
fresh water and marine environments, and in many other natural habitats.
Methylobacterium can be found mostly in soils, on leaves, and in other parts of plants
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(Lidstrom and Christoserdova, 2002). Both Erwinia and Staphylococcus, isolated from A.
ulicis, have been reported to be present in the gut of the pea aphid, Acyrthosiphon pisum
(Haynes et al., 2003). Bacillus has frequently been isolated from the frass of some bee
species (Gilliam, 1997b) and it was isolated from all insect species except S. staphylinus
in this study. Erwinia, Pseudomonas and Arthrobacter were isolated from the moths and
have been reported to be common in the fruit flies, Bactrocera tau and B. cucurbitae
(Sood and Nath, 2002).
The results in this study provide insights into the external microflora of insects that will
be useful for employing insects as vectors of pathogens for biological control
programmes. All four insect species have been shown to carry diverse fungal and
bacterial taxa on their exoskeleton with Cladosporium, Nectria, Pseudozyma and
Pseudomonas the most abundant. Some of these microbes may antagonise F. tumidum
and warrants further investigation. The fact that the insects carried some of the gorse
phylloplane species indicates that they may pick up F. tumidum conidia if the pathogen is
present in high population on the weed.
E. postvittana, the largest insect species studied, carried the most fungal CFU per insect
and the largest fungal spores. Additionally, this insect species naturally carried Fusarium
spp. including G. pulicaris. The conidia of this fungus are morphologically similar to that
of F. tumidum and both fungi produce the mycotoxin trichothecene (Desjardins et al.,
1987; Morin et al., 2000). Coupled with the availability of pheromone for attracting the
male insects (Bellas et al., 1983), E. postvittana may be a suitable insect vector for
delivering F. tumidum conidia on gorse using this novel biocontrol strategy. The ability of
each insect species to carry and deposit F. tumidum conidia will be investigated in
Chapter Five.
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CHAPTER THREE
Factors influencing pathogenicity of Fusarium tumidum on gorse

3.1 SUMMARY
Factors promoting pathogenicity of Fusarium tumidum Sherb., were determined as part of
an overall objective of using insects as vectors of F. tumidum conidia for biological
control of gorse (Ulex europaeus L.). Maximum infection was caused with inoculum
concentration of 106 conidia/mL. A minimum number of approximately 900 viable
conidia/infection site were required to form lesions in the leaves, indicative of low
pathogenicity against gorse. The flowers and leaves were more susceptible to infection
than the pods, spines and stem.
To determine if wounding enhances infection, gorse plants aged 4, 8, 16 and 32 wk were
wounded and inoculated with a 106 conidia/mL suspension of F. tumidum. All the 4 wk
old wounded plants died while 83% of the non wounded plants died from F. tumidum
infection (P > 0.05). Eight and 16 wk old plants which were wounded and inoculated had
significantly greater infection, were shorter in height, produced less biomass (P < 0.05)
and developed more tip dieback compared with non wounded plants treated with the
fungus. Eighty per cent of wounded inoculated 32 wk old plants developed tip dieback
compared with only 32% of non wounded 32 wk old plants from two experiments.
Wounding of gorse tissues may release nutrients that enhance conidia germination, germ
tube growth and provide easier access for penetration by the pathogen as it normally
enters only through the stomata as indicated by scanning electron micrographs. Conidial
germination (93%) and germ tube length (407 μm) were significantly greater when
incubated in 0.2% gorse extract solution for 24 h than in water (62% germination, germ
tube length 42 μm). Inoculation of gorse plants with F. tumidum conidial suspension
supplemented with 0.2% gorse extract resulted in similar shoot dry weight reduction (P =
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0.012) as wounded and inoculated plants. To determine the number of infection sites
required to cause plant mortality, 10 wk old plants were sprayed to cover 0, 25, 50, 75
and 100% of the plant’s surface with a F. tumidum suspension of 106 conidia/mL. Only
the 100% spray cover caused plant mortality. The percentage of plant surface inoculated
correlated strongly (R2 = 99.3%) with severity of infection. At least 50% of the plant was
required to be inoculated for a significant reduction in shoot dry weight. The results
indicate that wounding of gorse plants facilitates significant infection. However,
supplementing F. tumidum suspension with gorse extract at the appropriate concentration
could provide a similar effect on gorse as wounding.

3.2 INTRODUCTION
Gorse (Ulex europaeus L.) is a major weed adversely affecting native vegetation,
biodiversity and productivity of forest plantations in New Zealand. It is estimated to
occupy about 1 million ha with seed production of over 36,000 seeds/m2/year (Rees and
Hill, 2001). It is found on a wide variety of terrain including hill slopes, agricultural
areas, coastland, disturbed areas and forests. In pastures and forest plantations, it can
reduce establishment and production of desirable plant species by competing for light,
nutrients and water. Due to its thorny and impenetrable characteristics, useful pasture
plants growing under or beside gorse are often avoided by grazing livestock, thus
reducing the utilisation of pasture plants (Matthews et al., 1999). In 1984, the loss in
production to farming was estimated at about $22 million per annum and the cost of
controlling this weed was estimated at approximately $27 million per annum to the
forestry and farming industries (Monsanto, 1984).
In plantation forestry, herbicides and fire are the main tools used against this weed (Rees
and Hill, 2001). Seed and foliage feeding insect species such as Apion ulicis, Cydia
ulicetana and Sericothrips staphylinus have also been introduced for classical biological
control (Hill et al., 2000; Syrett et al., 1999). These insects acting alone, to date, have not
significantly reduced the population of gorse (Hill et al., 2000; Syrett et al., 1999).
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Studies of foliar pathogens naturally found on gorse in New Zealand have shown
Fusarium tumidum Sherb., has potential to be developed as a mycoherbicide for gorse
(Johnston et al., 1995; Morin et al., 1998; 2000). To date, no study has investigated the
combined effect of insects and pathogens against gorse, using the insects as vectors of the
pathogens.
Control of gorse using insect-vectored F. tumidum requires information on the conditions
favouring F. tumidum pathogenicity especially, against mature gorse plants. The
seedlings however, are very susceptible to F. tumidum infection (Morin et al., 1998).
Since gorse can grow for up to 30 years (Lee et al., 1986), it is important to find
conditions under which mature plants could succumb to F. tumidum infection. One of the
methods to achieve this may be through wounding of the plant tissues. Wounding
provides easier access for fungi and provides the nutrients for germ tube growth (Hale
and Griffin, 1976; Klein and Auld, 1996). The feeding or oviposition of some gorseassociated insect species such as A. ulicis, C. ulicetana S. staphylinus and Epiphyas
postvittana Walker (Lepidoptera: Tortricidae) may provide wound sites for F. tumidum.
Insect feeding (Lepidoptera larvae), oviposition and artificial wounding of Cirsium
arvense (Californian thistle) provided wound sites for the rust fungus Puccinia
punctiformis (Kluth et al., 2001) and enhanced infection caused by the fungal pathogen
Sclerotinia sclerotiorum (Dillard and Cobb, 1995). There is no report on susceptibility of
injured gorse tissues to F. tumidum infection.
Potential limiting factors to the success of this strategy of mycoherbicide delivery may be
the number of F. tumidum conidia required to infect and kill the weed. In addition, the F.
tumidum conidia are large (Broadhurst and Johnston, 1994) and this may limit the number
the insects will carry. Reports indicate that Fusarium blight of gorse generally increases
with pathogen inoculum density and the volume of application (Fröhlich et al., 2000;
Morin et al., 1998). In order to use insects as vectors of F. tumidum, it is essential to
determine the minimum number of conidia required for infection. This will provide
information about the number of insects required to facilitate successful Fusarium
infection.
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In this chapter, 12 experiments are reported that were carried out to determine the factors
that would enhance pathogenicity of F. tumidum on gorse. The optimum inoculum
concentration, minimum number of F. tumidum conidia required for infection and the
number of infection sites required for plant mortality were determined. The effect of
wounding of gorse plants and the susceptibility of the various morphological structures of
gorse to infection were also determined. The effect of exogenous nutrients on F. tumidum
conidia germination, germ tube elongation and pathogenicity against mature gorse plants
were also evaluated.

3.3 MATERIALS AND METHODS

3.3.1 Seed germination and growth
Gorse seeds were collected from Auckland (Latitude 36° 51' S, Longitude 174° 46' E) and
three sites (Gebbies Pass, Springston and Tai Tapu) in Canterbury (Latitude 43° 00' S,
Longitude 172° 42' E) in New Zealand. The seeds were germinated according to Morin et
al. (1998) with slight modifications. Seeds were surface sterilised in 5% sodium
hypochlorite (NaOCl) for 5 min, rinsed in tap water, scarified between two layers of sand
paper and soaked in distilled water for 24 h. They were then placed on moistened paper
towels in trays, covered with plastic bags to maintain high humidity and incubated at
16oC, 8 h photoperiod for about 1 wk until germination has occurred. During this period,
the paper towels were kept moist using sterile distilled water to prevent desiccation of the
seeds. Germinated seeds were sown in a standard potting mix and kept under a controlled
environment cabinet at 25:16oC day: night, 16-h photoperiod. Three weeks after
germination, the seedlings were planted into larger plastic pots (1.0 or 1.4 L) at one
seedling per pot and kept in a greenhouse for all subsequent experiments. Watering was
done on a regular basis and weeds were uprooted from the pots by hand.
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3.3.2 F. tumidum source and maintenance
F. tumidum isolates G34-34M, G34-34T and G34-34V, provided by Landcare Research,
Auckland were used for Experiment 1. For all other experiments in this chapter, G34-34V
was used. These isolates were recovered from gorse growing near the highway between
Katikati and Tauranga, Bay of Plenty, New Zealand. Inoculum for the experiments was
prepared by transferring pieces of freeze-dried conidia and mycelium onto glucose
cornmeal agar (GCMA) (Appendix 3.1) or Fleming’s oatmeal agar (FOMA) (Appendix
3.2) in Petri plates. The plates were incubated under natural light supplemented with
white and blue light at 23:18 ± 2oC day: night, 16-h photoperiod for 14 days. Conidia
produced were stored in 30% sterilised glycerol at -80oC (Appendix 3.3) and routinely
used for mass inoculum production by transferring a few conidia onto FOMA plates and
incubating the plates under similar conditions as stated previously.
Spore production on FOMA plates was about 10 times that produced on GCMA and was
therefore used for spore production in the experiments. Conidia were harvested by
flooding each plate with 15 mL of sterile distilled water amended with 0.01% Tween 80
(polyoxythylene sorbitan monooleate) and dislodging the conidia with a sterile glass rod.
The resulting suspensions were then filtered through a layer of sterile Miracloth
(Calbiochem®, EMD Biosciences, Inc., CA, USA) to remove mycelial fragments,
quantified using a haemocytometer and adjusted to the required concentration. Respective
concentrations of viable conidia were verified by plating 0.1mL of 102 and 103
conidia/mL onto GCMA and counting the number of F. tumidum colonies formed.

3.3.3 General procedures for inoculation of plants and data collection
In each of the 12 experiments in this chapter, all plants were sprayed to run-off with a
suspension of F. tumidum conidia using a hand-sprayer. Control plants were sprayed with
distilled water-Tween 80 solution. All plants were subjected to the following standard
post-inoculation conditions (unless stated otherwise): plants were placed in a mist
chamber at 20oC, 92% humidity for 24 h (Morin et al., 1998) and then transferred to the
glasshouse at 18-21oC. Disease severity on each plant was visually assessed by scoring
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the amount of necrotic foliage using the following index: 1, no visible symptoms; 2, 125% necrosis; 3, 26-50% necrosis; 4, 51-75% necrosis and 5, 76-100% necrosis. In all
experiments, lesioned tissue from infected plants were plated onto GCMA to confirm the
cause of infection. Plant mortality, shoot height and dry weight (shoot and root) of the
surviving plants were assessed at 4 wk after inoculation (WAI) (unless stated otherwise).
Shoot height was measured from the soil level to the tip of the plant. The shoot dry
weight was determined by cutting each stem just above the soil surface (discarding all
necrotic portions unless stated otherwise) and oven drying it in a separate paper bags to a
constant weight at 70oC. The roots were washed under running tap water to remove all
soil particles before drying to a constant weight. All experiments were set up as a
randomised complete block (RCBD).

3.3.4 Pathogenicity experiments
3.3.4.1 Experiment 1: F. tumidum isolate comparison
To determine the pathogenicity of three F. tumidum isolates against gorse, 8 wk-old
plants were sprayed with a 105 conidia/mL suspension of F. tumidum isolates G34-34M,
G34-34T, G34-34V or 106 conidia/mL of G34-34V and exposed to the standard postinoculation conditions. The higher inoculum concentration was included for comparison
with the 105 conidia/mL concentration. There were eight replicate plants per treatment.
Disease severity was assessed twice a week over 4 wk using the disease severity index
outlined in section 3.3.3.

3.3.4.2 Experiment 2: Susceptibility of gorse from four different sites
This experiment was conducted to assess the pathogenicity of F. tumidum against gorse
plants sourced from four sites in New Zealand (Auckland, Gebbies Pass, Springston and
Tai Tapu). Eight weeks old gorse plants grown from seeds obtained from each of the four
locations were sprayed with 105 conidia/mL of G34-34V suspension produced as
described in section 3.3.2 and exposed to the standard post-inoculation conditions. There
were eight replicate plants per treatment. Disease severity was assessed at weekly interval
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for 4 wk and the shoot dry weight of all surviving plants was determined. The number of
plants with tip dieback symptoms was counted.
3.3.4.3 Experiment 3: Inoculum concentration
This experiment was conducted to determine the inoculum concentration of F. tumidum
conidial suspension required to cause maximum infection of gorse plants. A conidial
suspension of 106 conidia/mL was prepared as described in section 3.3.2. Five serial
dilutions made of 101, 102, 103, 104 and 105 conidia/mL. Respective concentrations of
viable conidia were verified by dilution plating onto GCMA plates and counting the
number of F. tumidum colonies formed after 2 days of incubation as previously described.
Plants aged 16 wk were sprayed with each inoculum concentration and exposed to the
standard post-inoculation conditions. Six replicates per treatment were used. Disease
severity was assessed weekly for 4 wk. The number of plants showing tip dieback
symptoms and plant mortality was counted at 4 WAI. Root and shoot dry weight (DM)
were determined at 4 and 6 WAI (three plants harvested at each sampling). Both dead and
living plant tissues were included in dry weight determination. The shoot and root growth
rate (GR) were calculated from the DM using the Gardner et al. (1985) equation:
GR=(DM2–DM1)/(t2–t1), where t2–t1 is the time interval (i.e. 14 days) between two
successive sampling periods. This experiment was also conducted in separate experiments
using 12 and 8 wk old gorse plants with F. tumidum suspensions of 104, 105 and 106
conidia/mL (12 wk old) and 105 and 106 conidia/mL (8 wk old) with eight replicate
plants.

3.3.4.4 Experiment 4: Infection sites required for plant mortality
Gorse plants (10 wk old) were sprayed to cover 0, 25, 50, 75 or 100% of the plant surface
(beginning from the top of the plant) with a F. tumidum suspension of 106 conidia/mL and
exposed to the standard post-inoculation conditions. There were six replicate plants for
each treatment. Disease severity was scored every other day for 14 days. Plant mortality,
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height and shoot dry weight were determined as outlined in the general procedures
(section 3.3.3).

3.3.4.5 Experiments 5, 6 & 7: Minimum number of conidia required for infection
Three experiments were conducted to determine the minimum number of F. tumidum
conidia required to create a lesion on a gorse leaf. In Experiment 5, 10 μL aliquot of
conidial suspensions containing 12,000, 1,200, 120, 60, 12 and 0 F. tumidum conidia
(prepared as described in section 3.3.2) were deposited on the upper surfaces of ten of the
leaflets of each of eight replicate 12 wk old potted plants. The germination percentage of
the spores was determined by plating 0.1 mL of the lower dilutions on GCMA plates and
counting the number of conidia germinating after 2 days incubation. The plants were
exposed to the standard post-inoculation conditions for 48 h and then transferred to a
glasshouse. The lesions per plant were counted and their diameters were measured at 1
WAI.
In Experiment 6, F. tumidum conidial suspensions containing 1,200, 800, 400, 200 and 0
conidia/10 μL were used for inoculating 12 wk old gorse plants as in Experiment 5. There
were 15 replicate plants for each of the five treatments. A 10 μL of each suspension was
applied to five randomly selected leaves on each plant including the top leaf (i.e. apical
meristem). The plants were exposed to the standard post-inoculation conditions for 48 h
and then transferred to a glasshouse. The germination percentage of the inoculum and the
number of lesions/plant were assessed as previously described.
In Experiment 7, F. tumidum conidial suspensions containing 1,500, 900, 600, 300 and 0
conidia/10 μL were amended with 5% Triton X-100 (Rohm and Haas Co., Philadelphia,
USA). There were 10 replicate plants per treatment. Ten microlitres of each suspension
was applied to five randomly selected leaves on each plant including the top leaf. The
plants were exposed to the standard post-inoculation conditions for 48 h and then
transferred to a glasshouse. The number of lesions/plant and the percentage of plants
which developed tip dieback were assessed at 1 WAI.
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3.3.4.6 Experiment 8: Susceptibility of gorse structures to infection
This experiment assessed the susceptibility of five different morphological structures of
gorse to F. tumidum infection. Detached portions of gorse leaves, spines, stems (from 16
wk old plants), flowers and pods (from older plants obtained from the field) in three
replicates were assessed. The samples were either sprayed with 106 conidia/mL of F.
tumidum suspension or water-Tween 80 as control treatments. Each sample was placed on
a Petri plate and incubated inside a plastic container containing moist tissue paper to
maintain high humidity. Incubation was at 23:19oC day: night, 16-h photoperiod for 2 wk.
Disease severity was assessed one and two weeks after treatment.

3.3.4.7 Experiment 9: Effect of nutrient on conidial germination and germ tube
elongation
The objectives of this experiment were to determine whether exogenous nutrients
enhance conidial germination and germ tube growth of F. tumidum. Additionally,
penetration of the leaf by the germ tube and hyphal growth were observed by a scanning
electron microscope (SEM).
A conidial suspension of F. tumidum was prepared (as described in section 3.3.2),
centrifuged at 670 x g for 3 min and the supernatant discarded. Sterile water with 0.01%
Tween 80 was added and vortex briefly to re-suspend the conidia. This was repeated
twice to wash off traces of nutrients acquired from the agar (FOMA) used for culturing.
The resulting pellets were re-suspended in sterile water, vortexed and the concentration
was adjusted to 5 x 103 conidia/mL based on haemocytometer counts. Aliquots of 1 mL
of the suspension was transferred into sterile 1.5 mL tubes and centrifuged at 8,000 x g
for 2 min. The supernatant was discarded and the pellets were suspended in 1 mL of
either 0.2% (w/v) of gorse extract solution, sterile water (control), 0.05, 0.1 or 0.2% (w/v)
glucose solution. The gorse extract was prepared by grinding 0.2 g of gorse shoot sample
(which had been surface sterilised in 1% NaOCl for 90 s, and rinsed twice in sterile
distilled water) in a sterile mortar with pestle. The ground sample was mixed with 100
mL of sterile water and filtered through sterile Miracloth. Aliquots (10 μL) of each
treatment were applied to three wells on each of ten microscope slides. A sixth treatment
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consisted of placing 10 μL samples of the conidial suspension in sterile water on detached
gorse leaves at one sample per leaf. The leaves were then placed on slides, three leaves
per slide. Each of the ten slides was placed on double 9 cm Whatman’s filter paper
saturated with 5 mL sterile water in a Petri dish and incubated at 23:19oC day: night, 12 h
photoperiod. Conidial germination was determined after 24 h from 120 conidia from each
replicate by counting 40 conidia from each of the three wells or leaves under a light
microscope. The length of the germ tubes were measured using a DP12 digital camera
system connected to a light microscope (BX51, Olympus New Zealand Ltd, Auckland,
New Zealand) connected to the computer driven software AnalySIS® (Soft Imaging
System GmbH, Münster, Germany). The germ tube lengths of 40 to 45 germinated
conidia from each replicate were measured.
To determine F. tumidum germ tube penetration of the leaf tissues and whether wounding
releases nutrients for hyphal growth, detached gorse leaves were either pierced with a
sterile needle (five holes per leaf) or left unpierced and then inoculated with 10 μL of 5 x
103 conidia/mL of F. tumidum suspension. Five replicate leaves of each treatment were
incubated for 48 h as stated previously; air dried in a laminar flow hood and examined
using a scanning electron microscope as described in section 2.3.11.

3.3.4.8 Experiments 10 & 11: Effect of wounding gorse plants
Two experiments were conducted to determine whether wounding of gorse plants would
enhance infection caused by F. tumidum.
In Experiment 10, the shoots of 4, 8, 16 and 32 wk old gorse plants were either wounded
or not. Wounding was done over 40% of the shoot surface using sharp sterile needles.
The plants were either sprayed with F. tumidum suspension of 106 conidia/mL
immediately after wounding (to avoid callus formation before inoculum was applied) or
with water-Tween 80. The plants were exposed to the standard post-inoculation
conditions for 48 h and then transferred to a glasshouse. The experiment was a
randomised complete block design with a 2 x 2 factorial treatment structure
(wounding/non wounding and inoculated/uninoculated) replicated six times. Thus, each
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age group consisted of 24 plants. Disease severity, plant mortality and tip dieback
infection were assessed at 2 WAI since maximum infection was observed in the previous
experiment to occur at this time. Shoot dry weights of all surviving plants were
determined at 5 WAI.
In Experiment 11, plants aged 8, 16 and 32 wk were used to repeat Experiment 10. The 4
wk old plants were excluded because the pathogen did not require wounding to infect the
young plants significantly. The experimental design was the same as Experiment 10 with
13 replicate plants per treatment. Wounding and inoculation of the plants were done as
described in Experiment 10. Disease severity was assessed every other day for 2 wk for
all plant ages and then at weekly intervals for a further 3 wk for the 16 wk old plants.
Each age group was treated and assessed separately. Shoot and root dry weights and
height of surviving plants were determined as in Experiment 10. Total plant dry weight
was determined from the sum of shoot and root dry weights.

3.3.4.9 Experiment 12: Effect of gorse extract on infection
The objective of this experiment was to determine whether any changes in lesion
development with wounding are due to nutrients released from the damaged tissues, the
physical damage, or both. The treatments were untreated plants (control), plants sprayed
to run off with a 1.3 x 106 conidia/mL of F. tumidum suspension, plants wounded and
sprayed with the suspension of conidia as previously described and plants sprayed with
the suspension of conidia supplemented with 0.2% gorse extract. The gorse extract was
prepared as described in section 3.3.4.7. Each treatment consisted of 10 replicates of 24
wk old gorse plants. After inoculation, the plants were placed in a growth cabinet at 23oC,
92% humidity for 48 h and then transferred to a glasshouse. Disease severity was
assessed using a modified disease-rating system. Plants showing no visible symptoms
were rated 1, necrosis of 1-10% was scored as 2; 11-20% = 3, 21-30% = 4, 31-40% = 5,
41-50% = 6, 51-75% = 7, 76-100% = 8. Shoot dry weight of all surviving plants was
determined at 4 WAI.
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3.3.5 Statistical analyses
The effect of treatment on disease severity, height and dry weight of surviving plants,
conidial germination, and germ tube length, were assessed using analysis of variance
(ANOVA) (Snedecor and Cochran, 1980). To satisfy the assumptions of normal
distribution, logarithmic transformation was applied to the dry weight and height data
before analysis. All data for experiments where the treatments caused severe infection or
plant mortality, were log10 (x+1) transformed to cope with decimal and zero figures.
Conidial germination was angular transformed prior to analysis to stabilise the variance.
Disease severity data for all uninoculated (control) plants were excluded from analysis
since none of the control plants were infected and therefore were assigned a disease score
of 1. Treatment effect on plant mortality or tip dieback was determined by percentages
over the total number of plants. Linear regression was used to determine the relationship
between root and shoot dry weights and between the surface area of gorse plants
inoculated and maximum disease scores. Mean separation was based on Fisher’s
protected least significant difference (LSD) tests at P < 0.05.
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3.4 RESULTS

3.4.1 Experiment 1: Pathogenicity of F. tumidum isolates
This study showed no significant differences (P = 0.311) in pathogenicity among the
three isolates of F. tumidum applied at 105 conidia/mL and assessed at period of
maximum infection. Maximum infection for all treatments occurred at about 14 days after
inoculation (DAI) (Fig. 3.1). The higher inoculum concentration (106 conidia/mL), caused
significantly more infection (DSS = 4.9) compared with all strains applied at 105
conidia/mL and 50% plant mortality but none of the isolates applied at the sub-optimal
concentration (105 conidia/mL) caused any plant death. The decline in disease score was
due to regeneration of new lateral shoots by the plants. G34-34V was selected for all
subsequent experiments because it sporulated more abundantly than the other two isolates
(G34-34M and G34-34T). Spore production of this isolate was further enhanced (10 fold
increase) by culturing on Fleming’s oatmeal agar compared with glucose cornmeal agar
which has been used for previous studies (Morin et al., 1998). Sealing the Petri plates
with clear polyethylene film (Glad

®

Wrap; Oakland, CA) reduced spore production

indicating lack of gaseous exchange may limit spore production.
5
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Figure 3.1 Disease score (1-5 scale) of gorse plants in Experiment 1 inoculated at 8 wk old with
three isolates of F. tumidum [G34-34V (●), G34-34M (o), G34-34T (▼)] applied at 105
conidia/mL and G34-34V (∇) applied at 106 conidia/mL. Mean of eight plants. Bars
show LSD involving (A) all four treatments; (B) only 105 conidia/mL treatments.
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3.4.2 Experiment 2: Susceptibility of gorse from four different sites
Gorse seedlings from Auckland, Gebbies Pass, Springston and Tai Tapu showed no
significant difference in their susceptibility to F. tumidum infection and were highly
susceptible to the pathogen with a mean disease score of 3.4 (Table 3.1). In this
experiment, a sub-optimal inoculum concentration was used to better differentiate any
differences in susceptibility between seed sources. The shoot dry weight of the inoculated
plants did not vary significantly among the four locations the seeds were sourced from.
Seedlings from Springston and Auckland, respectively recorded the lowest (50%) and
highest (83%) tip dieback infection.
Table 3.1. Disease score (1-5 scale) at 2 wk after inoculation and shoot dry weight of gorse
sourced from four locations in New Zealand and grown in pots after inoculation
with 105 conidia/L of F. tumidum in Experiment 2. Values in parentheses are backtransformed means after log 10 transformation, n = 6.
Location

Disease score

Auckland
Gebbies Pass
Springston
Tai Tapu

3.2
3.2
3.5
3.5

LSD (P < 0.05) b

0.86

a
b

Shoot dry weight
(g/plant) a
(0.32)
(0.25)
(0.30)
(0.24)

0.119
0.094
0.113
0.093
0.0327

Data were log 10 (x + 1) transformed prior to analysis by ANOVA.
LSD = Least significant difference calculated from ANOVA.

3.4.3 Experiment 3: Inoculum concentration
Disease severity
Disease severity increased with increasing inoculum concentration for all plant ages
assessed but decreased with increasing plant age. Uninoculated control plants were not
infected and had disease score of 1. Disease severity of 16 wk old plants inoculated at 106
conidia/mL peaked at 3.3 at 14 DAI with a predicted concentration for maximum
infection at 107.4 conidia/mL (Fig. 3.2). The younger plants (8 and 12 wk old) attained
maximum disease score of approximately 5 with 106 conidia/mL (Fig. 3.3A). At 105
conidia/mL, disease levels peaked at 2.8 for the 8 wk old plants (Fig. 3.3B) and at 2.5 for
the 16 wk old plants. Infected plants showed symptoms 2-3 DAI which progressed up to
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14 DAI and declined thereafter as a result of the plants regenerating new lateral shoots
(except when the infection resulted in plant mortality).
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Figure 3.2. Relationship between F. tumidum inoculum concentration and disease score (1-5
scale) of 16 wk old gorse plants assessed at 14 days after inoculation in Experiment 3.
The data points represent the means of six replicate plants. Regression equation: Y=1.140.21x+0.10x2 (R2=99.8%), where Y = disease score and x = (log10 of inoculum
concentration). P: predicted concentration (107.4 conidia/mL) for maximum disease.
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Figure 3.3. Disease score (1-5 scale) of gorse plants aged 8, 12 and 16 wk inoculated with 106
conidia/mL of F. tumidum (A) and 8 wk old plants inoculated with 105 or 106
conidia/mL (B) in Experiment 3. Bars indicate LSD at P < 0.05 at each assessment
time.
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Tip dieback and plant mortality
At the highest inoculum concentration (106 conidia/mL), mortality was greatest (50%) in
the 8 wk old gorse (Fig. 3.4) followed by 40% mortality of the 12 wk old plant. Although
none of the plants older than 12 wk were killed, 83% of the 16 wk old plants developed
tip dieback (Fig. 3.5). All the 8 and 12 wk old plants treated with 106 conidia/mL
developed tip dieback. Inoculum concentration of 105 conidia/mL caused a relatively low
mortality (13%) of only the youngest plants (8 wk old). However, even at this lower
inoculum concentration, 100% (8 wk), 60% (12 wk) and 67% (16 wk) of treated plants
developed tip dieback. At concentration of 104 conidia/mL, no plant death occurred.

Inoculated

Control

Figure 3.4. Gorse plants inoculated at 8 wk old, killed by F. tumidum compared with the
untreated control plants at 14 days after inoculation.

Figure 3.5. Gorse plants inoculated at 16 wk old, showing tip dieback (arrowed) at 14 days after
inoculation with F. tumidum.
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Dry weights and growth rates
There were no significant differences between untreated and treated plants in the shoot
and root dry weight of the 16 wk old plants harvested at 4 or 6 WAI. Consequently, the
shoot growth rates of the 16 wk old plants inoculated with 106 conidia/mL (20.3
mgDM/d) and the untreated plants (55.7 mgDM/d) did not vary significantly (P = 0.695).
The inoculum concentration that caused maximum reduction in shoot and root dry
weights of the 12 and 8 wk old gorse plants was 106 conidia/mL (Tables 3.2 & 3.3,
respectively). Twelve weeks old plants inoculated at 106 conidia/mL, produced only 5.9
mg above ground dry matter per day compared with 29.1 mgDM/d produced by the
uninoculated plants (Table 3.2). This represented a reduction of 79.7% (P = 0.071). The
shoot dry weights of 12 and 8 wk old plants were reduced by 56 and 69%, respectively
compared with the control treatment at 6 WAI with the 106 conidia/mL. The shoot and
root dry weights correlated positively for the 12 wk (R2 = 77%) and the 16 wk (R2 =
81%) old plants. The root growth rate of the 8 and 12 wk old gorse plants were not
affected by any of the inoculum concentrations applied.

Table 3.2. Shoot and root dry weight (g/plant) of gorse plants treated at 12 wk old at 4 and 6
wk after inoculation with different concentrations of F. tumidum conidial
suspension in Experiment 3. Values in parentheses are back-transformed means
after log 10 transformation.
Inoculum concentration
(conidia/mL)
4 wk
Shoot
Control
104
105
106

(0.45)
(0.41)
(0.40)
(0.29)

LSD (P < 0.05)
Root
Control
104
105
106
LSD (P < 0.05)
a
z

Growth rate
(mgDM/d)

Dry weight
(g/plant) a
0.160 b z
0.150 b
0.145 b
0.109 a

6 wk
(0.85)
(0.60)
(0.50)
(0.37)

0.0333
(0.16)
(0.13)
(0.15)
(0.08)

0.063 b
0.054 ab
0.060 b
0.035 a
0.0199

0.25 c
0.19 b
0.18 b
0.13 a

0.267 c
0.203 b
0.175 ab
0.136 a

29.1 b
13.3 ab
7.3 a
5.9 a

0.0595

18.50

0.096 b
0.075 a
0.071 a
0.055 a

6.6
3.9
2.0
3.6

0.0202

6.35

Data were log 10 (x + 1) transformed prior to analysis by ANOVA.
Treatment means within columns followed by the same letter are not significantly different based on
LSD tests at P < 0.05.
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Table 3.3. Shoot and root dry weight (g/plant) of gorse plants treated at 8 wk old at 4 and 6
wk after inoculation with different concentrations of F. tumidum conidial suspension
in Experiment 3. Values in parentheses are back-transformed means after log 10
transformation.
Inoculum concentration
(conidia/mL)
4 wk
Shoot
Control
105
106

(0.22)
(0.12)
(0.07)

LSD (P < 0.05)
Root
Control
105
106

0.087 c z
0.048 b
0.029 a

6 wk
(0.26)
(0.15)
(0.08)

0.0180
(0.07)
(0.04)
(0.02)

LSD (P < 0.05)
a, z

Growth rate
(mgDM/d)

Dry weight
(g/plant) a

0.030 b
0.016 a
0.009 a
0.0085

(0.09)
(0.04)
(0.02)

0.101 b
0.061 a
0.032 a

2.8
2.4
0.4

0.0361

6.44

0.036 c
0.018 b
0.008 a

1.1
0.5
-0.2

0.0096

1.49

footnotes same as Table 3.2.

3.4.4 Experiment 4: Infection sites required for plant mortality
Disease severity
Application of F. tumidum inoculum to the entire plant surface (i.e. 100% coverage)
caused the highest infection DSI of 4.6 (Fig. 3.6) while plants with only 25% coverage
had the least infection (DSI = 2.2) (P<0.001). The plants receiving 75 and 50% coverage
had disease scores of 3.8 and 2.8, respectively. None of the untreated control plants were
infected. There was a positive and linear relationship between the surface area of plant
inoculated and the maximum disease score (R2 = 99.3%).
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Figure 3.6. Disease score (1-5 scale) of 10 wk old gorse plants inoculated with 106
conidia/mL of F. tumidum to cover 25 (●), 50 (o), 75 (▼) and 100% (∇) of the
plant’s surface area in Experiment 4. Control treatments were sprayed with waterTween 80 and were not infected. Mean of six replicate plants. Bars represent LSDs
at P < 0.05.

Shoot height and dry weight
Applying F. tumidum inoculum to only 25% of the surface area of 10 wk old gorse
significantly reduced the shoot height by 61% compared with the control treatment (Table
3.4). This reduction was comparable to the 73% reduction in shoot height obtained by
100% coverage. Inoculating the entire plant caused the most reduction in shoot dry
weight (58%) compared with the control treatment. Fifty per cent coverage reduced the
shoot dry weight by 45% and this was not significantly different from shoot dry weight of
100% coverage plants. Only the 100% coverage caused plant death (17%).
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Table 3.4. Shoot height and dry weight of 10 wk old gorse sprayed with 106 conidia/mL of F.
tumidum conidial suspension to cover 0, 25, 50, 75 and 100% of the plant surface area in
Experiment 4. Values in parentheses are back-transformed means after log 10
transformation. Mean of six replicate plants.
Treatment
Control (0%)
25 % coverage
50 % coverage
75 % coverage
100 % coverage
LSD (P < 0.05)

Number of F. tumidum
conidia applied/plant
(106) b
0.0
0.5
1.0
1.5
2.0

Shoot height (cm) a
(30.1)
(11.6)
(15.4)
(11.1)
(8.2)

Dry weight (g/plant) a

1.504 c z
1.099 ab
1.164 b
1.080 ab
0.849 a

(1.30)
(0.91)
(0.71)
(0.71)
(0.54)

0.2528

0.356 c
0.278 bc
0.223 ab
0.230 ab
0.174 a
0.0986

a, z

b

footnotes same as Table 3.2.
The number of conidia applied/plant was estimated from the volume of 2.5 mL used to spray the 100 %
coverage plants with the assumption that 0.5 mL was lost during spraying.

3.4.5 Experiment 5-7: Minimum number of conidia required for infection
In Experiment 5, the minimum number of F. tumidum conidia per infection site that
created a lesion on gorse leaf (Fig. 3.7) was 1,200 (Table 3.5). The germination
percentage of the conidia on agar was 75.8% after 2 days incubation. Thus, the minimum
number of viable conidia required for infection was approximately 900. This number of
conidia created an average of 6.6 lesions out of 10 leaves inoculated per plant. Twelve
thousand conidia created lesions in about 90% of the leaves inoculated which was
significantly (P = 0.01) more than that caused by 1,200 conidia.
In Experiment 6, lesions were produced on 65% of leaves (about 3.3 leaves/plant)
inoculated with 1,200 conidia. The 800 conidia treatment only caused lesions on the
apical meristems (youngest) and only on leaves in 3 out of 15 plants. No lesions were
produced with any other treatment (data not shown). The germination percentage of the
inoculum on agar was comparable to the previous experiment (79.2%).
In Experiment 7, when the inoculum suspension was amended with 5% Triton X-100,
lesions were formed with lower number of conidia (i.e. 300 conidia) in two out of five
inoculated leaves per plant (Table 3.6). Some of the control treatments (1.7 leaves/plant)
also developed lesions probably caused by the Triton X-100. Consequently, the number
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of lesions formed with 300 conidia was not significantly different from that of the control
treatment. A significant number of lesions were formed with 600 conidia or 475 viable
conidia (P = 0.022). Infection was localised and did not spread to uninoculated leaflets as
shown in Figure 3.7.

A

B

LE

Figure 3.7. Lesions (LE) caused by F. tumidum on gorse leaves in
Experiment 5. A: control treatment; B; inoculated plant.

Table 3.5. The number of lesions/plant and lesion diameter at 1 wk after inoculation
with F. tumidum in Experiment 5. Mean of eight replicate plants with 10
leaves/plant inoculated.
Number of Conidia

Number of viable
conidia

Number of lesions/plant
(10 drops/plant) a

Lesion diameter
(mm)

12,000
1,200
120
60
12
0

9,100
900
90
45
9
0

9.1 b z
6.6 a
0
0
0
0

5.2 b
4.3 a
-

1.67

0.13

LSD (P < 0.05)
a

ANOVA was carried out on data from 12,000 and 1,200 conidia only since the lower conidia
numbers failed to create lesions.
z
footnote same as Table 3.2.
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Table 3.6. The number of lesions/plant and tip dieback (%) at 1 week after
inoculation with F. tumidum suspension amended with 5% Triton X-100 in
Experiment 7. Mean of 10 replicate plants with 5 leaves/plant inoculated.

z

Number of Conidia

Number of viable
conidia

Number of lesions/plant
(5 drops/plant)

Tip dieback (%)

1,500
900
600
300
0

1,188
713
475
238
0

3.6 c z
3.0 bc
3.1 bc
2.0 ab
1.7 a

100
70
40
0
10

LSD (P < 0.05)

-

1.27

-

footnote same as Table 3.2.

3.4.6 Experiment 8: Susceptibility of gorse structures
The flowers and leaves were the most susceptible morphological structures to F. tumidum
infection (Table 3.7). Disease severity was highest with inoculations of flowers and
leaves with a mean disease score of 5 at 7 DAI (P < 0.001) and lowest with inoculations
of spine and pod. None of the control treatments were infected. The flowers were all
senesced by the second week of the experiment.

Table 3.7. Effect of F. tumidum on different morphological structures of
gorse assessed at 7 days after inoculation in Experiment 8.
Morphological structure

Disease score

Flowers
Leaves
Stems
Spines
Pods

5.0 b
5.0 b
2.7 a
2.3 a
2.3 a

LSD (P < 0.05)

0.91

z

z

footnote same as Table 3.2.
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3.4.7 Experiment 9: Effect of nutrient on conidial germination and germ tube
elongation
Conidium was considered germinated when its germ tube measured at least half the spore
length. Conidial germination and germ tube length increased significantly with 0.2%
glucose or 0.2% gorse extract supplement when incubated for 24 h (Fig. 3.8). A similar
result was obtained with F. tumidum conidia incubated on gorse leaves. Conidial
germination was highest (93%) in the 0.2% gorse extract solution and lowest (62%) in
water after 24 h of incubation (P < 0.001). F. tumidum suspension amended with glucose
at 0.1 or 0.05% did not have any significant effect on the percentage of germinated
conidia or the length of germ tube compared with those in water (Fig. 3.8B). Germ tubes
were longest (407 μm) in 0.2% gorse extract solution and shortest (42 μm) in water (P <
0.001) as illustrated in Figure 3.9.

A

B
500

Germ tube length (μm)

Conidial germination (%)

100
80
60
40
20

400
300
200
100
0

0
Water

0.05% 0.10% 0.20% Extract

Nutrients

Leaf

Water 0.05% 0.10% 0.20% Extract

Leaf

Nutrients

Figure 3.8. Per cent germination (A) and germ tube length (B) of F. tumidum conidia amended
with water, glucose (0.05, 0.1, 0.2%), gorse extract or incubated on gorse leaves for 24 h
in Experiment 9. Germination percentages are angular transformed means. Bars indicate
LSDs at P < 0.05.
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GT
GTb
GC
GC

NC
Water

GT

Gorse extract

Figure 3.9. Germ tubes (GT) and germ tube branches (GTb) arising from germinating conidia
(GC) of F. tumidum conidia in water and in 0.2% gorse extract solution after 24 h of
incubation. NC: non-germinated conidia.

SEM studies
F. tumidum germ tube penetration of gorse leaf tissue was through the stomata as shown
in Figure 3.10. No infection cushions or appressoria were observed. Hyphal growth was
more extensive on wounded leaves than on non wounded leaves (Fig. 3.11).

NC

S

S

GT

GC

Figure 3.10. Scanning electron micrographs showing penetration of gorse leaf tissues by F.
tumidum germ tubes (GT) through the stomata (S). Picture was taken at 48 hours after
inoculation. GC: germinating conidia; NC: non-germinated conidia; Bar indicates 10 μm.
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A

B

Ai

Bi

Figure 3.11. Hyphal growth of F. tumidum on wounded (A) and non wounded (B) gorse leaves.
Above: arrow indicates wound crevice on leaf. A2 and B2: scanning electron
micrographs, Bar = 30 μm.

3.4.8 Experiment 10: Effect of wounding gorse plants
Disease severity
The effect of wounding on disease severity was significant for the 8 wk (P = 0.003) and
16 wk (P = 0.046) old plants (Fig. 3.12). All inoculated 4 wk old plants were severely
infected and had a similar disease severity score of 5 for wounded and 4.8 for non
wounded plants and there was no significant effect of wounding (P = 0.333). The 32 wk
old plants which were inoculated were the least infected of all ages assessed (P = 0.188)
and had disease scores of 2.3 and 1.8, respectively for the wounded and non wounded
plants. None of the uninoculated plants (wounded or non wounded) were infected.
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Figure 3.12. Disease score (1-5 scale) of wounded and non wounded gorse (4, 8, 16 and 32
wk old) at 2 wk after inoculating with F. tumidum in Experiment 10. Mean of six
replicate plants. Bars represent LSD at P < 0.05 for comparison between
wounded and non wounded for each plant age.

Shoot dry weight
The effect of wounding on the shoot dry weight was significant in the 8 and 16 wk plants
(Table 3.8). F. tumidum significantly reduced by 90% the shoot dry weight of the 8 wk
old plants which were wounded and that of the non wounded plants by 66% compared
with the control treatment. Similarly, the pathogen significantly reduced shoot dry weight
of wounded and non wounded 16 wk old gorse by 44 and 22%, respectively.

Shoot height
Eight week old plants which were wounded and inoculated were shorter (P = 0.005) than
those which were only inoculated (Table 3.9). F. tumidum on its own reduced the shoot
height of the 32 wk old plants by 28% (P = 0.008) compared with the control treatment.
Wounding of 32 wk old plants had a similar effect on plant shoot height as applying F.
tumidum alone and was not significantly different to the combined effect of both
wounding and F. tumidum. Similar effect was seen with 16 wk old plants with no
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significant difference between effect of F. tumidum alone and combined effect of both
wounding and F. tumidum.
Table 3.8. Shoot dry weight of gorse aged 4, 8 16 and 32 wk assessed 5 wk after inoculating with
106 conidia/mL of F. tumidum suspension in Experiment 10. Mean of six replicate plants.
Values in parentheses are back-transformed means after log 10 transformation.
Treatment

Shoot dry weight (g/plant)
a

Control
Wounding only
Fusarium only
W & Fusarium †
LSD (P < 0.05)
Interaction (P)

4 wk
(0.19) 0.075 b z
(0.16) 0.064 b
(0.02) 0.010 a
(0.00) 0.000 a

8 wk a
(1.21) 0.341 d
(0.83) 0.261 c
(0.41) 0.146 b
(0.12) 0.044 a

-

0.0231
0.905

-

Main effect
No wounding
Wounding

(0.11)
(0.08)

0.042
0.032

(0.81)
(0.47)

0.244
0.152

(5.28)
(4.78)

No Fusarium
Fusarium

(0.17)
(0.01)

0.069
0.005

(1.02)
(0.27)

0.301
0.095

(6.10)
(3.96)

-

0.0164

-

0.0441

LSD (P < 0.05)

0.0624
0.627

16 wk
(5.94) 0.769 c
(6.26) 0.790 c
(4.62) 0.663 b
(3.30) 0.509 a
-

0.1013
0.019

32 wk
(15.38) 1.161
(14.93) 1.165
(15.01) 1.161
(12.28) 1.068
-

0.1665
0.390

0.716
0.650

(15.19)
(13.60)

1.161
1.117

0.780
0.586

(15.15)
(13.64)

1.163
1.115

0.0716

-

0.1177

a

Data were log 10 (x + 1) transformed prior to analysis by ANOVA.
Treatment means within columns followed by the same letter are not significantly different based on
LSD tests at P < 0.05.
†
Wounding and Fusarium treatment.
z

Table 3.9. Height of gorse plants aged 4, 8 16 and 32 wk assessed 5 wk after inoculating with 106
conidia/mL of F. tumidum suspension in Experiment 10. Mean of six replicate plants.
Values in parentheses are back-transformed means after log 10 transformation.
Treatment

Plant height (cm)
a

Control
Wounding only
Fusarium only
W & Fusarium †

4 wk
(12.0) 1.092 b z
(12.8) 1.138 b
(1.4) 0.163 a
( 0.0) 0.000 a

LSD (P < 0.05)
Interaction (P)

-

0.2751
0.271

Main effect
No wounding
Wounding

(6.7)
(6.4)

No Fusarium
Fusarium

(12.4)
(0.7)

LSD (P < 0.05)
a, z, †

-

8 wk a
(27.0) 1.445 b
(22.8) 1.375 b
(15.1) 1.188 b
(3.4) 0.401 a

16 wk
(57.0) 1.752 b
(52.3) 1.715 b
(35.6) 1.534 a
(27.8) 1.440 a

-

0.3254
< 0.005

0.628
0.569

(21.0)
(13.1)

1.317
0.888

(46.3)
(40.1)

1.643
1.578

(76.1)
(71.0)

1.869
1.842

1.115
0.081

(24.9)
(9.3)

1.410
0.795

(54.7)
(31.7)

1.733
1.487

(82.6)
(64.5)

1.911
1.800

0.1945

0.2300

-

-

0.1212
0.489

32 wk
(88.3) 1.943 b
(77.0) 1.879ab
(64.0) 1.795 a
(65.0) 1.805 a

0.0857

-

-

0.1086
0.325

0.0768

footnotes same as Table 3.8.
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Plant mortality and tip dieback
F. tumidum infected and killed almost all the 4 wk old plants, irrespective of the
wounding treatment. Plant mortality was 100 and 83%, respectively for the wounded and
non wounded 4 wk old plants. F. tumidum killed 67% of 8 wk old plants which were
wounded and 50% of those that were not wounded. None of the older plants (16 or 32
wk) died in response to the treatments although a high percentage (83%) of the 32 wk old
which were wounded developed tip dieback after inoculation compared with only 33% of
those plants that were not wounded. All 4 and 8 wk old plants developed tip dieback in
response to inoculation with F. tumidum irrespective of the wounding treatment.

3.4.9 Experiment 11: Effect of wounding gorse plants
Disease severity
In Experiment 11, disease severity followed a similar pattern to that in Experiment 10 for
all ages of gorse assessed (8, 16 and 32 wk old) (Fig. 3.13). In all instances, disease score
increased to a peak at about 10 DAI and then declined gradually as a result of regrowth.
The overall disease severity was comparable to that of Experiment 10 for all plant ages
apart from the 16 wk old plants which had higher disease scores compared to Experiment
10.
The 16 wk old plants which were wounded and inoculated attained maximum disease
score of 5 while disease score of plants which were only inoculated peaked at 3.8.
Differences in severity of infection between the wounded and non wounded plants in
response to inoculation with F. tumidum were highly significant (P < 0.001) throughout
the experiment. None of the uninoculated plants either wounded or non wounded were
infected.
Shoot dry weight
Application of F. tumidum alone significantly reduced the shoot dry weight of the 8 and
16 wk old plants (Table 3.10). However, shoot dry weight of 8 and 16 wk old plants
which were wounded and inoculated with F. tumidum were significantly lower than those
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which were only inoculated. Inoculation alone reduced the shoot dry weight of non
wounded 8 wk old plants by 41% and that of wounded plants by 57% compared with the
control treatment. Similarly, the shoot dry weight of 16 wk old plants which were only
inoculated were reduced by 59% while plants which were wounded and inoculated were
reduced by 76% compared with the control treatment. These results were comparable to
that of Experiment 10. Wounding 32 wk old plants had a similar effect on plant shoot dry
weight as applying F. tumidum only and was not significantly different to the combined
effect of both wounding and F. tumidum. The wounding treatment alone caused no
significant reduction in shoot weight of all ages of plants assessed.

Disease score

5

(B)

(A)

(C)

4

Wounded
Non wounded

3

2

Wounded
Non wounded

Wounded
Non wounded

1
0
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Time after inoculation (days)
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14

0
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10

15
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25
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10

12

14

Time after inoculation (days)

Figure 3.13. Disease score (1-5 scale) of wounded and non wounded 8 (A) 16 (B) and 32 (C) wkold gorse inoculated with 106 conidia/mL of F. tumidum suspension in Experiment 11.
The data points represent the mean of 13 replicate plants. Bars represent LSD at P < 0.05
at each assessment time.
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Table 3.10. Shoot dry weight of 8, 16 and 32 wk old gorse assessed 5 wk after inoculating with
106 conidia/mL of F. tumidum suspension in Experiment 11. Mean of 13 replicate plants.
Values in parentheses are back-transformed means after log10 transformation.
Treatment

Shoot dry weight (g/plant)
a

Control
Wounding only
Fusarium only
W & Fusarium †

8 wk
(0.51) 0.176 c z
(0.51) 0.178 c
(0.30) 0.111 b
(0.22) 0.082 a

16 wk a
(2.90) 0.584 c
(2.81) 0.570 c
(1.19) 0.328 b
(0.70) 0.223 a

LSD (P < 0.05)
Interaction (P)

-

0.0290
0.134

-

0.0742
0.086

Main effect
No wounding
Wounding

(0.41)
(0.37)

0.144
0.130

(2.05)
(1.75)

0.456
0.396

(19.49)
(18.10)

1.267
1.229

No Fusarium
Fusarium

(0.51)
(0.26)

0.177
0.096

(2.86)
(0.94)

0.577
0.276

(19.32)
(18.28)

1.255
1.242

LSD (P < 0.05)

-

0.0205

-

0.0525

a, z, †

32 wk
(19.59) 1.259
(19.04) 1.250
(19.38) 1.274
(17.17) 1.209
-

-

0.0719
0.271

0.0508

footnotes same as Table 3.8.

Root dry weight
F. tumidum reduced significantly the root dry weights of the 8 and 16 wk old plants
which were wounded (Table 3.11). Unlike the shoot dry weight, there was no significant
difference between root dry weights of plants which were wounded and those which were
not wounded in their response to inoculation with F. tumidum. Root dry weight of 8 wk
old plants, wounded and inoculated were 33% lower than the control treatments while
that of 16 wk old plants with similar treatment were 76% lower than the control
treatments. The treatments did not have any significant effect on the root dry weight of
the 32 wk old plants. Total plant dry weights of 8 and 16 wk old plants which were
wounded and inoculated were significantly lower than the same age plants which were
not wounded in response to F. tumidum inoculation (Appendix 3.4).
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Shoot height
The 8, 16 and 32 wk old plants which were wounded and then inoculated, were
significantly shorter than those that were only inoculated and the untreated control plants
(Table 3.12). F. tumidum on its own reduced the shoot height of the 8 and 16 wk old
plants significantly by 34 and 48%, respectively compared with the control treatment
However, the wounding with inoculation treatment reduced the shoot height by 69% (8
wk old plants) and by 60% (16 wk old plants; Fig. 3.14) compared with the control
treatment. For the 32 wk old plants, the wounding with inoculation treatment reduced the
shoot height by 23% (P < 0.05) while the shoot height of only inoculated plants were not
significantly different from the control treatment. Height of plants which were only
wounded did not differ significantly from the untreated control plants for any of the plant
ages.
Plant mortality and tip dieback
Seventy seven per cent of the 32 wk plants wounded and inoculated, developed tip
dieback while only 31% of those plants which were only inoculated developed tip
dieback. Similar results were obtained for wounded and non wounded 32 wk old plants in
Experiment 10. All 16 wk old plants which were wounded and inoculated developed tip
dieback while only 69% of the plants that were only inoculated had. All 8 wk old plants
developed tip dieback but only 15% of the wounded and inoculated plants died. None of
the older plants (16 or 32 wk old) were killed by the treatments.
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Table 3.11. Root dry weight of 8, 16 and 32 wk old gorse assessed 5 wk after inoculating with 106
conidia/mL of F. tumidum suspension in Experiment 11. Mean of 13 replicate plants.
Values in parentheses are back-transformed means after log10 transformation.
Treatment

Root dry weight (g/plant)

Control
Wounding only
Fusarium only
W & Fusarium †

8 wk a
(0.12) 0.048 b z
(0.12) 0.051 b
(0.10) 0.041 ab
(0.08) 0.032 a

16 wk a
(0.92) 0.281 b
(0.77) 0.245 b
(0.31) 0.115 a
(0.22) 0.085 a

32 wk
(9.33) 0.929
(7.34) 0.855
(7.64) 0.878
(7.76) 0.870

LSD (P < 0.05)
Interaction (P)

-

0.0102
0.119

-

0.0382
0.821

-

0.0983
0.339

Main effect
No wounding
Wounding

(0.11)
(0.10)

0.044
0.042

(0.50)
(0.62)

0.198
0.165

(8.48)
(7.55)

0.903
0.862

No Fusarium
Fusarium

(0.12)
(0.09)

0.049
0.036

(0.85)
(0.26)

0.263
0.100

(8.33)
(7.70)

0.892
0.874

LSD (P < 0.05)

-

0.0072

-

0.0270

-

0.0695

a, z, †

footnotes same as Table 3.8.

Table 3.12. Height (cm) of 8, 16 and 32 wk old gorse assessed 5 wk after inoculating with 106
conidia/mL of F. tumidum suspension in Experiment 11. Mean of 13 replicate plants.
Values in parentheses are back-transformed means after log 10 transformation.
Treatment

Shoot height (cm)
a

Control
Wounding only
Fusarium only
W & Fusarium †

8 wk
(22.5) 1.368 c z
(19.9) 1.312 bc
(14.9) 1.172 b
(7.0) 0.818 a

16 wk
(34.6) 1.533 c
(32.1) 1.498 c
(18.0) 1.228 b
(13.7) 1.124 a

32 wk
(84.4) 1.920 b
(81.2) 1.904 b
(80.6) 1.900 b
(65.3) 1.809 a

LSD (P < 0.05)
Interaction (P)

-

0.1443
0.134

-

0.0896
0.272

-

Main effect
No wounding
Wounding

(18.7)
(13.5)

1.270
1.065

(26.3)
(22.9)

1.381
1.311

(82.5)
(73.2)

1.911
1.857

No Fusarium
Fusarium

(21.2)
(11.0)

1.340
0.995

(33.3)
(15.9)

1.515
1.176

(82.8)
(72.9)

1.912
1.855

LSD (P < 0.05)

-

0.1020

-

0.0634

-

0.0325

a, z, †

0.0460
0.025

footnotes same as Table 3.8.
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A

B

C

Figure 3.14. Gorse plants inoculated at 16 wk old with F. tumidum (A), untreated control plants
(B) and wounded and inoculated plants (C) at 2 wk after inoculation in Experiment 11.

3.4.10 Experiment 12: Effect of gorse extract on infection
Disease severity assessment at 8 and 14 DAI with F. tumidum showed that plants which
were wounded and then inoculated were the most infected (Table 3.13). Inoculation of
plants with F. tumidum conidial suspension supplemented with 0.2% gorse extract
resulted in significantly higher disease than inoculation with F. tumidum only at 8 DAI
but not at 14 DAI and resulted in similar shoot dry weight reduction (P = 0.012) as the
wounded and inoculated plants. Plants which were wounded and then inoculated had the
lowest shoot dry weight. Only F. tumidum treatment in combination with wounding or the
0.2% gorse extract supplement treatments significantly reduced the mean shoot dry
weights of the plants compared with the control treatment.
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Table 3.13. Disease score (1-8 scale) at 8 and 14 days after inoculation (DAI) and shoot
dry weight of 24 wk old gorse inoculated with F. tumidum suspension
amended with gorse extract and assessed at 28 DAI. Mean of 10 replicate
plants. Values in parentheses are back-transformed means after log 10
transformation.

Control
Fusarium only
Wounding & Fusarium
Gorse extract & Fusarium

Disease score
8 DAI
14 DAI
1.0 *
1.0
3.0 a z
3.0 a
5.5 c
5.2 b
3.9 b
3.6 a

LSD (P < 0.05)

0.88

Treatment

*
z

1.09

Shoot dry weight at 28 DAI (g)
(7.26)
(5.81)
(4.76)
(5.20)

0.833 b
0.747 ab
0.667 a
0.701 a
0.0993

The untreated control plants were not infected and were excluded from ANOVA.
footnote same as Table 3.8.
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3.5 DISCUSSION

To develop a novel strategy for delivering F. tumidum to infect gorse using insects as
vectors, factors that would enhance pathogenicity of F. tumidum were determined. F.
tumidum consistently infected and reduced shoot and root dry weight of gorse plants aged
16 wk or younger when applied at 106 conidia/mL, confirming previous reports (Morin et
al., 1998). In all pathogenicity experiments, symptoms appeared 2-3 DAI and disease
severity increased to a maximum at about 10-14 days and declined thereafter. In most
instances, inoculated plants developed tip dieback symptom. Gorse plants, in drought
condition or under moisture stress, can also develop tip dieback. Hence, in all
experiments, F. tumidum was isolated from samples of lesions to confirm the cause of
infection. Tip dieback infection usually causes the growing tip to wilt. It is probably due
to restriction in water and nutrient flow to tissues above the point of infection. Infected
plants compensated by the development of more lateral shoots which accounted for the
decline in disease scores often recorded after 14 days following inoculation. It must be
emphasised that the decline in disease score was not due to the recovery of already
infected tissues. Disease levels of inoculated plants were still high at 35 DAI (Experiment
11). Significant disease levels have been reported even at 7 months after inoculation
(Fröhlich et al., 2000).
Under severe infection (as observed in plants 16 wk old or younger), large portions of the
shoot wither. Wilting of the shoot damages chloroplasts (which intercept light) and
reduces the number and the surface area of healthy green leaves available for
photosynthesis. This decreases the photosynthetic rate and dry matter accumulation
(Kwapata et al., 1990). Thus, the shoot dry weights of severely infected plants were
significantly lower than that of the uninoculated plants. The shoot dry weight was
correlated with the root dry weight which indicates that severe shoot infection could
restrict root development and growth as less photosynthate are translocated to the roots.
In Experiment 3, disease severity of all plant ages assessed increased with inoculum
concentration. A suspension of 106 conidia/mL was found to be the best concentration
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required to cause plant mortality. However, at this concentration, none of the 16 wk or
older plants was killed, confirming earlier reports by Morin et al. (1998). Using the
model: y = 1.14-0.21x+0.10x2 generated from the relationship between disease severity
score and inoculum concentration, a suspension of about 107.4 conidia/mL would be
required to cause maximum infection and probably plant mortality of the 16 wk old
plants. Disease severity though is not expected to increase indefinitely with increase in
inoculum concentration as was observed by Kurt and Tok (2006). They found that lesion
development of Septoria petroselini increased with increasing inoculum concentration
from 104 to 2 x 106 conidial/mL and declined at higher concentrations (107 conidial/mL).
As infected gorse plants generate new lateral shoots (at about 10-14 DAI), a second
application of the inoculum would be required to prolong infection of plants which are at
least 16 wk old. The second application should be done when regrowth are young, tender
and therefore are most susceptible to infection. Results from this study showed that
almost all inoculated 4 wk old plants were killed by the pathogen. Fröhlich et al. (2000)
have pointed out that due to the large size of F. tumidum conidia, suspensions containing
more than 106 conidia/mL may be difficult to apply with commonly used agricultural
spray nozzles due to high viscosity.
In Experiment 4, strong correlation between the number of infection sites and disease
score (R2=99.3%) implies that the entire plant would have to be inoculated in order to
cause plant mortality. Only 100% spray coverage caused any plant mortality. F. tumidum
infection did not spread from the inoculated sites to other parts of the plant. Conidia were
produced on disease lesions but no secondary lesions were observed. A similar mode of
infection has been reported in Chondrostereum purpureum which is another fungal
pathogen of gorse (Bourdôt et al., 2006). As F. tumidum is more aggressive towards soft
tissues of the weed, spraying methods targeting the apical meristem may restrict plant
growth as much as spraying the entire plant. For instance, shoot height was significantly
reduced when only 25% of the plant surface area (from the apical meristem) was
inoculated. However, significant reduction in shoot dry weight was only achieved with at
least 50% spray coverage.

122

Chapter 3

In Experiment 5, the minimum of about 900 viable conidia required to create a lesion is
high compared with only one spore required by the groundnut pathogen Phaeoisariopsis
personata or two spores required by Aspergillus flavus (peanut pathogen) to form lesions
(Griffin and Garren, 1974; Wadia and Butler, 1994). This high number of conidia
suggests that F. tumidum is a weak pathogen against gorse. Furthermore, since F.
tumidum penetrates via stomata only and the stomata must be opened, the whole
penetration process must be completed before the conidium depletes its nutrient reserves.
A high percentage of the conidia may then germinate, develop germ tubes but not
penetrate the host tissues if unable to find open stomata. These three stages are critical for
successful infection (Gäumann, 1950) and the limiting factor for F. tumidum may be the
presence of open stomata. Contributing to this is the fact that stomatal frequency on the
upper epidermis of the leaf, where the inoculum was applied, is less than the lower
epidermis (Martin et al., 1983). All these factors may account for the relatively high
number of conidia required for successful lesion development. This high number of
conidia required for infection may restrict the use of insects as vectors of F. tumidum for
successful control of gorse. However, incorporation of amendments in the formulation
such as Triton X-100 (which acts as a surfactant to break surface tension) and was found
in this study to cause some damage of the host tissues, might decrease the number of
conidia required to form lesions.
The spines, stems and pods, as a result of the high proportion of woody tissues, were less
susceptible to infection compared with the leaves and flowers. As gorse matures, most of
the leaves are reduced to form spines (Roy et al., 2004). The plant thus, becoming more
lignified than the seedling. Zabkiewicz and Balneaves (1984) attributed the decline in
susceptibility to infection with maturity to changes in the composition of lignin, foliar
waxes and thickening of the cuticle and high root: shoot ratio. Since the survival of gorse
populations is largely due to its prolific seed production ability (Rees and Hill, 2001),
inoculation of high percentage of the flowers with F. tumidum may minimise seed
production and help reduce the spread of the weed.
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In the experiment to determine the effect of exogenous nutrients on germ tube elongation,
germ tubes supplemented with 0.2% gorse extract were about 10 times longer and had
more branching than those cultured in sterile water and were almost twice as long as
those grown on gorse leaf. Glucose, sucrose, amino-N compounds, Mg and Zn are
important for conidia germination and germ tube elongation (Beyer et al., 2004; Farach et
al., 1979; Hale and Griffin, 1976). Reports by the Integrated Pest Management
Information Service, IPM (2000) and Jobson and Thomas (1964) indicates the presence
of nutrients such as Ca, Cl, Co, Cu, Fe, K, Mg, Mn, N, Na, P and Zn in gorse plants.
Some of these nutrients might have supported the growth of F. tumidum germ tubes but
such minerals were not determined in this study. Wounding of gorse tissues (caused by
insects or by physical damage) can release nutrients from sap exuding from the wounds
and also provide direct access for F. tumidum to the subcuticular tissues. In this study,
wounding of gorse plants enhanced the amount of mycelium on the leaf surface and
generally increased disease severity. The cuticle is often the main barrier to fungal
infection. Wounding damages the cuticle and provides easier access for fungal
penetration. Wounding of mature gorse plants in particular would be necessary to
enhance F. tumidum infection as stomatal frequency declines with plant age (Willmer,
1983). Additionally, higher disease levels achieved with wounding and inoculation than
with 0.2% gorse extract supplement of the inoculum, shows that wounding provides not
only nutrients for the pathogen but also access to the plant tissues. Studies have shown
that damaged plant tissues are generally more susceptible to infection than healthy ones
as they provide easier access for penetration (Bateman, 1997; Bourdôt et al., 2004).
Bateman (1997) reported a significant increase in disease severity caused by Fusarium
solani and F. avenaceum in wounded hypocotyls of white lupin (Lupinus albus) than non
wounded hypocotyls. Pleysier et al. (2006) have also shown that wounded leaf tissues of
Paulownia fortunei were significantly more susceptible to Alternaria alternata infection
than non wounded leaf tissues. Wounding might decrease the number of conidia required
to form lesions and warrants investigation.
This study has shown that dry weight and growth rate of gorse severely infected by F.
tumidum (at inoculum concentration of 106 conidia/mL), were significantly reduced. A
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higher inoculum concentration however, would be required to kill or cause severe
infection of mature plants. In the field, this decrease in biomass may be sufficient to
reduce the competitiveness of gorse against forestry plant species for light, nutrients and
water. It has also been demonstrated in this study that wounding of older tissues will be
required to facilitate F. tumidum infection. The level of wounding required for significant
plant response to inoculation should increase with plant age. The feeding by larvae of
insect species such as the gorse stem miner (Anisoplaca ptyoptera Meyrick), the lemon
tree borer (Oemona hirta Fabricius) and Epiphyas postvittana which are naturally found
on gorse causes severe damage to the plant tissues. Other sources of wounding may
include mechanical damage, sunburn, abrasion, wind damage and oviposition by insects
such as A. ulicis and stem boring insects. Small amounts of herbicides can also be used to
augment the damage caused by insects. The level of wounding inflicted on the plants in
this study was minimal as dry weights of wounded plants generally did not vary from that
of the untreated plants. A more severe wounding could impose more stress on the weed
(Moellenbeck et al., 1992) and reduce its defence mechanism against infection.
Furthermore, this study has shown that F. tumidum is capable of infecting gorse plants
sourced from different sites in New Zealand. Report indicates that F. tumidum has a host
range including related species to gorse in the tribe Genisteae (Barton et al., 2003). It is
therefore not surprising that this pathogen was capable of infecting gorse collected as
seed from a range of sites in New Zealand. Using insect species as vectors of F. tumidum
to infect gorse would however demand large numbers of insects because of the large
number of conidia required to initiate infection. The number of F. tumidum conidia that
each of four potential insect vectors can carry is presented in Chapter Five.
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CHAPTER FOUR

Suppression of emergence and growth of gorse seedlings by Fusarium
tumidum

4.1 SUMMARY
The effect of Fusarium tumidum on gorse seedling emergence and growth was examined
in three separate experiments, as part of an evaluation of F. tumidum as a mycoherbicide
to control gorse. In Experiment 1, F. tumidum-inoculated wheat grains (one, two or three)
were placed close to pre-germinated gorse seeds at sowing. Shoot and root dry weights of
inoculated seedlings were lower than that of the control treatment at all three inoculum
densities but there was no significant difference in percentage emergence. In Experiments
2 and 3, two inoculated wheat grains were placed in contact with the pre-germinated
seeds at sowing. Less than 50% of the inoculated seedlings emerged compared with a
mean of 97% in the control treatments from both experiments. Few days after emergence,
33 and 42% of the inoculated seedlings that had emerged died from damping-off disease
caused by F. tumidum in Experiment 2 and 3, respectively. Shoot and root dry weights of
inoculated seedlings were significantly lower than that of the control treatment. The
results suggest that F. tumidum can infect gorse seedlings and consequently, suppress
their emergence and biomass production. The role of mycotoxins in suppressing seed
emergence is also discussed.

4.2 INTRODUCTION
Gorse (Ulex europaeus L.) is an invasive weed adversely affecting forest plantations,
native vegetation and biodiversity. It is estimated to occupy about 1 million ha of land
area of New Zealand, with seed production of over 36,000 seeds/m2/year (Rees and Hill
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2001). The ability of the seeds to remain viable in the soil for many years greatly
accounts for its persistence despite several control measures implemented. Fusarium
tumidum Sherb. is a potential mycoherbicide against gorse (Fröhlich et al., 2000). The
young and soft tissues have been shown to be more susceptible to infection than the older
and woody tissues (Morin et al., 1998, 2000). Hence, the seedlings may be the most
susceptible phase of the weed to Fusarium infection.
F. tumidum produces neosolaniol and T-2 toxin which are type A trichothecenes
(Altomare et al., 1995; Morin et al., 2000; Mule et al., 1997). Trichothecenes are
phytotoxins and produce chlorosis, necrosis and wilting symptoms (McClean, 1996) and
play a role in the pathogenesis of Fusarium spp. (Proctor et al., 1995; Zonno and Vurro,
2002). Both T-2 toxin and neosolaniol have been found to cause 100% inhibition of
branched broomrape, Orobanche ramosa L. germination at 10 μM concentration (Zonno
and Vurro, 2002). A related fungus, F. oxysporum, has been shown to suppress
emergence of sunflower broomrape, Orobanche cumana and striga, Striga hermonthica
(Müller-Stöver et al., 2004; Yonli et al., 2004). Through pre-planting application of the
fungus under field conditions, successful control of O. cumana (Bedi, 1994) and a
reduction of 88-100% of Striga emergence has been achieved (Ciotola et al. 2000;
Kroschel et al., 1996; Marley et al., 1999).
Research on gorse control using F. tumidum has focused on aerial application of the
inoculum (Fröhlich et al., 2000, Morin et al., 2000). Since the survival of gorse is largely
dependent on its prolific seed production, control management targeting seed
proliferation and emergence, could minimise the spread of the weed. Soil application of
the inoculum, targeting the seedlings may be another control option. This may also be
achieved by infecting the seedlings via infected gorse seeds or pods. In this chapter, the
effect of the pathogen on gorse seedling emergence and growth was determined using F.
tumidum inoculated wheat grains.

130

Chapter 4

4.3 MATERIALS AND METHODS

4.3.1 Pathogenicity trial
F. tumidum isolate G34-34V, (Landcare Research Limited, Auckland, New Zealand)
originally isolated from gorse plants (Morin et al., 1998), was used for this study. The
fungus was stored as freeze-dried conidia and mycelium at -20oC and routinely cultured
on cornmeal agar (DIFCO laboratories, Detroit, MI) amended with 2 g/litre glucose
(GCMA) under white and blue light (12-h photoperiod; 23:19oC day: night temperatures).
A pathogenicity trial was conducted by placing four 2-day old pre-germinated gorse
seedlings (produced as described in section 3.3.1) onto each of 16 Petri dishes of 3-day
old F. tumidum cultures growing on GCMA. For the control, the pre-germinated
seedlings were placed on un-inoculated GCMA Petri dishes. After incubation for 11 days
as previously described, disease severity was scored using an index of 1-5: 1, no visible
symptoms; 2, 1-25% necrosis; 3, 26-50% necrosis; 4, 51-75% necrosis and 5, 76-100%
necrosis.
4.3.2 Wheat grain inoculum preparation
Wheat grains were sterilised by autoclaving according to Sneh et al. (2004). One hundred
grams of wheat grains were placed in a 1 litre Erlenmeyer flask with 600 mL tap water
containing 250 μg/mL chloramphenicol. The water was heated to boiling and then the
flask was removed from the heater and left to settle for 10 min. The grains were then
washed three times with tap water and the excess water was carefully strained to prevent
the grains from sticking together in a clump during autoclaving. The grains were
autoclaved for 1 h on each of 2 consecutive days. To replace water evaporated during the
process, sterile water was added, mixed and the excess water strained prior to the second
autoclaving. The sterile grains were aseptically inoculated with 5 mL of F. tumidum
conidial suspension (1 x 106 conidia/mL). The inoculum suspension was prepared and
quantified as described previously in section 3.3.2.
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The inoculated grains were placed in Petri dishes and incubated for 14 days at 24:19°C
day:night temperatures with 12 h photoperiod. During this period, the grains were shaken
daily to prevent them from sticking together due to hyphal growth. To ensure that the
wheat grains were colonised with the fungus, 60 grains were selected, placed on cornmeal
agar and assessed for F. tumidum growth.

4.3.3 Experiment 1
Pre-germinated gorse seeds (2-day old) were sown in standard potting mix saturated with
4 mg metalaxyl/mL (Ridomil, CIBA-GEIGY Ltd, Basle) suspension (to inhibit Pythium
spp.). Results from a preliminary trial (Appendix 4.1) showed similar emergence
percentages for gorse seedlings sown without sterile wheat grains (negative control) or
with sterile wheat grains (positive control). Hence, the negative control was adopted for
subsequent experiments.
Each pre-germinated gorse seed was sown 2 cm deep without (control) or with one, two
or three F. tumidum inoculated wheat grains placed about 1 cm from the seed. Each
treatment consisted of three replicate pots, containing five gorse seeds per pot. The pots
were incubated in a growth cabinet at 20°C, 70% humidity and 660 μmols/m2/s light at 16
h photoperiod for 17 days, after which the seedlings were moved to a glasshouse (18°C,
55% humidity) for a further 32 days. The number of seedlings per pot that emerged were
counted daily between day 2 and day 16 and expressed as a percentage. Seedlings were
considered emerged when the first two true leaves had opened. The time taken for each
treatment to attain 80% emergence was recorded. Root and shoot dry weights were
determined at 49 days after sowing (DAS). Plant samples were cut just above the soil
surface and the roots were washed in water to remove soil particles. The samples were
oven dried at 70°C to a constant weight. Dead parts of inoculated plants were not
included in dry weight determination. Samples of infected roots were sterilised in 1%
sodium hypochlorite for 5 min, rinsed in sterile water and plated onto GCMA to confirm
F. tumidum infection.
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4.3.4 Experiment 2
Each pre-germinated gorse seed was sown without or with two F. tumidum inoculated
wheat grains, placed in contact with the seed. Each treatment consisted of three replicate
pots, containing seven seeds per pot. The pots were incubated as described for
Experiment 1. Seedling emergence was determined as described previously. Plant height,
shoot and root dry weights were determined at day 49 (DM1) and day 64 (DM2). Half of
the emerged seedlings were removed from each pot for dry weight determination at each
sampling period. The growth rate (GR) was calculated from the DM using the Gardner et
al. (1985) equation: GR = (DM2–DM1)/(t2–t1), where t2–t1 is the time interval (i.e. 15
days) between two successive sampling periods.

4.3.5 Experiment 3
Each pre-germinated seed was sown without or in contact with two F. tumidum
inoculated wheat grains as in Experiment 2. The seeds were sown either in the standard
potting mix or in 3x3 mm sieved potting mix (to enable even colonisation of the potting
mix by the pathogen). Each treatment consisted of six replicate pots, containing nine
seeds per pot. Seedling emergence was determined over 28 days. Shoot dry weight was
determined at 49 DAS.
4.3.6 Statistical analyses
In all experiments, comparisons for emergence among treatments were based on data
collected at 11 DAS as optimum emergence occurred at about this period. Each
experiment was set up as a Completely Randomised Design (CRD) and Experiment 3 was
a 2 x 2 factorial in CRD. Emergence was angular transformed prior to analysis to stabilise
the variance. Linear regression was used to determine the relationship between root and
shoot dry weights for Experiments 1 and 2. All results were analysed by analysis of
variance and mean separation was based on Fisher’s protected least significant difference
(LSD) tests at P < 0.05.
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4.4 RESULTS

All inoculated wheat grains cultured on GCMA were colonised with viable Fusarium
mycelium. In the F. tumidum agar culture pathogenicity tests, the mean disease severity
score of the seedlings was 4.6 whilst none of the control seedlings were infected (data not
presented).
4.4.1 Experiment 1
The number of F. tumidum colonised wheat grains (one, two or three) sown with the
seedlings did not affect seedling emergence hence, the data were pooled (Table 4.1). The
control seedlings attained 80% emergence at 7 DAS while only 40% of inoculated
seedlings had emerged. Inoculated seedlings attained maximum emergence of 80% at 16
DAS while the control seedlings reached a maximum emergence of 93% at 7 days earlier.
The effect of F. tumidum on final seedling emergence when inoculated grains were placed
close to the seedlings at sowing was not significant at 11 DAS (P = 0.064). The root and
shoot dry weights of the inoculated plants were 56 (P < 0.01) and 42% (P < 0.05) lower
than the control treatment, respectively (Table 4.1). No significant difference was
observed in the root and shoot dry weights of the inoculated plants among the three
different F. tumidum inoculum densities.
Table 4.1: Gorse seedling emergence at 11 days after sowing (%) and root and shoot dry weight
(mg/plant) after inoculation with F. tumidum in Experiment 1. Values in parentheses
are back transformed means after angular transformation of data for seedling emergence
(n=15).
Treatment
Control seedlings
Inoculated seedlings
P value

Emergence
(%)
(93.3)
(70.7)

81.1
57.3
0.064

Root dry weight
(mg/plant)

Shoot dry weight
(mg/plant)

34.2
14.9
0.002

88.0
51.1
0.024

This experiment was repeated using one or two inoculated wheat grains sown in contact
with the pre-germinated gorse seeds. Emergence of seedlings inoculated with two wheat
grains was similar to those inoculated with one wheat grain (data not shown).
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4.4.2 Experiment 2
The control seedlings attained 80% emergence at 6 DAS, while only 14% of the
inoculated seedlings had emerged (Fig. 4.1). The control treatment and inoculated
seedlings attained maximum emergence of 100 and 43%, respectively over 16 days. At 11
DAS, seedling emergence of the inoculated treatment was reduced by 65% compared
with the control treatment (Table 4.2). A few days after emergence, 33% of the inoculated
seedlings that had emerged died from post emergence damping-off disease caused by F.
tumidum (Fig. 4.2). Thus, only 29% of the maximum number of inoculated seedlings
which had emerged survived to the final harvest at 64 DAS. F. tumidum was recovered
from root samples of inoculated seedlings. Although there was no visible symptom of tip
dieback infection (associated with aerial application of the fungus), inoculated plants
were stunted, and reached approximately a third of the height of the control plants (Table
4.2). At 64 days, root and shoot dry weight and shoot growth rate of inoculated seedlings
were reduced significantly by 70, 74 and 66%, respectively compared with the control
treatment (P < 0.05) (Table 4.2). There was a strong correlation between the root and
shoot dry weights (R2 = 87%; regression equation, Y = 3.31x – 3.84).

Seedling emergence (%)
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Figure 4.1. Effect of inoculation with F. tumidum on gorse seedling emergence in
Experiment 2. (●: control, ○: inoculated seedling).
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Figure 4.2. Inoculated seedlings showing damping-off symptom.

Table 4.2: Effect of F. tumidum inoculation on gorse seedling emergence (%) at 11 days after
sowing (DAS) and weight of roots and shoots (mg dry matter) and growth rate (mg dry
matter/day) at 49 and 64 DAS in Experiment 2. Values in parentheses are back
transformed means after angular transformation (n=21).
Treatment
Emergence (%)
Height (cm)
49 days
64 days
Root dry weight (mg)
49 days
64 days
Shoot dry weight (mg)
49 days
64 days
Growth rate (mg DM/d)
Root
Shoot

Control
(95.2) 82.6

Inoculated
(33.4) 35.2

LSD (P < 0.05)
22.03

6.1
11.7

2.4
4.4

0.91
3.32

47.8
66.7

13.0
20.0

27.19
24.49

140.0
247.0

26.7
63.0

52.35
85.80

1.3
7.1

0.5
2.4

2.22
3.18

4.4.3 Experiment 3
Generally, inoculated seedlings had significantly lower emergence than uninoculated
seedlings, whether sown in standard or sieved potting mix (Table 4.3; Fig. 4.3).
Emergence was much more reduced for inoculated seedlings sown in sieved potting mix
than those sown in standard potting mix. Uninoculated seedlings had similar emergence
percentage (93.3%) at 11 DAS and similar emergence rates in sieved and standard potting
mix (Fig. 4.4). By 28 DAS, 42% of emerged inoculated seedlings had died from
Fusarium damping-off disease leaving only 22.2 and 7.4%, respectively in standard and
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sieved potting mix. At 49 DAS, shoot dry weight of inoculated seedlings sown in
standard potting mix was reduced significantly by 55% compared with uninoculated
seedlings, while the shoot dry weight of inoculated seedlings sown in sieved potting mix
was significantly reduced by 87% compared with uninoculated seedlings.

Table 4.3: Seedling emergence and shoot dry weight (49 days) after treatment with F. tumidum in
Experiment 3. Values in parentheses are back transformed means after angular
transformation.
Treatment
Uninoculated standard potting mix
Uninoculated sieved potting mix
Inoculated standard potting mix
Inoculated sieved potting mix
LSD (P < 0.05)
z

Seedling emergence
(%)
11 days
15 days
(96.3) 83.7 c z
(98.2) 86.8 b
(96.3) 83.7 c
(98.2) 86.8 b
(38.7) 38.0 b
(20.2) 21.8 a
(12.8) 18.8 a
(11.0) 15.7 a
12.05

Shoot dry matter
(mg/plant)
116.0 c
113.3 c
52.5 b
14.2 a

15.31

31.07

Treatment means within columns followed by the same letter are not significantly different based on
LSD tests at P < 0.05.

Standard potting mix

Inoculated

Uninoculated

Sieved potting mix

Inoculated

Uninoculated

Figure 4.3. Emergence of inoculated and uninoculated gorse seedlings sown in standard and
sieved potting mix at 28 days after sowing. Nine seedlings were sown per pot.
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Seedling emergence (%)

100
Sieved with Fusarium
Standard with Fusarium
Standard with no Fusarium
Sieved with no Fusarium

80
60
40
20
0
0

2

4

6

8

10

12

14

16

Days after sowing

Figure 4.4. Seedling emergence (%) of pre-germinated gorse seeds sown with or without
F. tumidum inoculated wheat grains in sieved or standard potting mix in
Experiment 3. Bars represent LSD at P < 0.05.

4.5 DISCUSSION
In all experiments, F. tumidum inoculation delayed and significantly reduced emergence
of gorse seedlings and reduced both shoot and root dry weights. In Experiment 1, 80% of
the inoculated seeds emerged 9 days after the uninoculated seeds had attained similar
emergence. This delay of seedling emergence by F. tumidum is in accordance with
reports by Yonli et al. (2004) and Müller-Stöver et al. (2004) for F. oxysporum isolates.
Yonli et al. (2004) reported F. oxysporum treatment delayed emergence of S.
hermonthica by the same number of days as observed in Experiment 1. However,
reduction in total emergence was only significant when the inoculum was placed in
contact with the pre-germinated seeds. This may indicate poor growth of F. tumidum in
soil.
F. tumidum is a foliar pathogen (Broadhurst and Johnston, 1994) and therefore, its growth
may be restricted when applied as a soil inoculant. However, the fungus was capable of
colonising nearby roots of gorse seedlings, as F. tumidum was consistently isolated from
root samples from treated seedlings. A better distribution of the pathogen could probably
be achieved in soils with fine particles or by using smaller inoculated grain size, as
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Müller-Stöver et al. (2004) reported better control of O. cumana from formulations of F.
oxysporum on smaller granules than larger ones. In addition, a split application of the
inoculum may be more effective than a single application to ensure that the inoculum
remains viable in the soil long enough to infect new roots of the weed. The fact that the
total emergence and root/shoot biomass of inoculated seedlings were not affected by the
inoculum density indicates that a single F. tumidum colonised wheat grain provides
sufficient inoculum to infect the seedling. This was confirmed in another experiment
using either one or two inoculated wheat grains sown in contact with the pre-germinated
seeds.
Type A trichothecenes (neosolaniol and T-2 toxin) produced by F. tumidum (Morin et al.,
2000; Mule et al., 1997) may be involved in delaying and reducing emergence of the
seedlings and reducing the root/shoot biomass. Poor drainage (due to fine texture) could
lead to higher accumulation of these toxins in the sieved potting mix, which resulted in
higher seedling mortality than those sown in standard potting mix. Greater water retention
capacity of the sieved potting mix could also provide suitable condition for the growth of
the pathogen and facilitate root infection. However, by 15 days after inoculation, most of
the seedlings which had emerged in the standard potting mix had died, thus the soil
texture had no significant effect on the final emergence. Further research is needed to
determine whether trichothecenes have a direct bioherbicidal effect on gorse, since Morin
et al. (2000) found no correlation between levels of T-2 tetraol produced and
pathogenicity of different F. tumidum isolates. A recent study has showed that
trichothecenes exacerbated the spread of disease after infection was initiated by the
pathogen Fusarium graminearum (Wang et al., 2006). Other workers (Kroschel and
Elzein 2004) have reported a reduction in the emergence of Striga spp. by the mycotoxin
fumonisin B1 produced by Fusarium nygamai.
F. tumidum restricted root and shoot growth rates of inoculated seedlings, which attained
only a third of the height of that of the control treatment. A strong correlation between
root and shoot dry weight supports the hypothesis that root infection resulted in poor
shoot growth. Applying inoculum to the soil should have a direct impact on the root
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system and reduce the number of seedlings that emerge and grow from the seed bank
annually. Use of this control method would be more beneficial in areas with large number
of gorse seeds in the seed bank or after fire disturbance. This is because fire helps to
break the dormancy of the seeds, resulting in the emergence of many seedlings. However,
more work is needed to assess the effect of soil application of the inoculum on roots of
mature gorse plants and to determine the suitability of this approach.
The long-term objective of this study is to use insect species as deliberate vectors for
disseminating spores of the pathogen to control gorse. Some of the possible candidate
insect vectors oviposit into or on the pods of gorse plants and therefore could infect the
developing seeds with F. tumidum through this activity. As the seeds disperse, they may
also serve as source of inoculum to infect seedlings emerging from the seed bank.
Whether F. tumidum infected seeds can significantly affect germination and emergence of
neighbouring gorse seeds in the seed bank warrants further study.
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CHAPTER FIVE

Transmission of Fusarium tumidum by four insect species of gorse

5.1 SUMMARY
Four phytophagous insect species of gorse (Apion ulicis, Cydia ulicetana, Epiphyas
postvittana and Sericothrips staphylinus) were assessed for their ability to carry and
deposit F. tumidum conidia on agar plates in laboratory experiments. The mean F.
tumidum CFU/insect recovered from the insect species (in two experiments) immediately
after they had been exposed to F. tumidum cultures for 24 h was highest from E.
postvittana (68), followed by C. ulicetana (29) and A. ulicis (11). Only 1 CFU/insect was
recovered from S. staphylinus but only at 48 h after the exposure in the first experiment.
Only A. ulicis was shown by scanning electron microscopy to carry F. tumidum conidia
on the dorsal cuticle after the insects were exposed to F. tumidum cultures for 24 h. There
was a positive linear relationship between the square of the body length of insect species
and the mean number of F. tumidum CFU/insect recovered from them (R2 = 99.6%).
Thus, E. postvittana, the largest insect species studied, had the greatest capacity for
carrying F. tumidum and also deposited the highest number of conidia (29) on agar plates.
E. postvittana was selected for more detailed experiments to determine transmission of F.
tumidum to infect potted gorse plants.
In the first transmission experiment, each adult E. postvittana was loaded with 5,000
conidia of F. tumidum and caged together with potted healthy gorse plants at eight insects
per plant. The average deposition of conidia per insect was approximately 310 but this did
not cause any infection or affect plant growth as determined by shoot fresh weight and
shoot height. Most of the conidia were deposited in the first 3 days after inoculation. Only
directly inoculated plants showed symptoms of F. tumidum infection and were
significantly shorter with reduced fresh weight compared with the untreated control
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plants. E. postvittana on its own did not cause any significant damage to gorse and did not
enhance F. tumidum infection.
The second transmission experiment assessed the use of E. postvittana to transmit F.
tumidum conidia from F. tumidum infected gorse plants to healthy gorse plants. E.
postvittana failed to spread the pathogen from infected plants to healthy ones. There was
no evidence of synergism or inhibition between E. postvittana and F. tumidum and the
interaction appeared to be equivalent to F. tumidum acting alone. This study showed that
E. postvittana was unlikely to disseminate enough F. tumidum conidia to cause significant
infection or to cause mortality of gorse plants.

5.2 INTRODUCTION
Since its introduction into New Zealand over a century ago, gorse (Ulex europaeus L.)
has become a serious pasture and forest plantation weed. It occurs in agricultural areas,
coastland,

disturbed

areas,

natural

forests,

planted

forests,

range/grasslands,

scrub/shrublands, water courses and hill slopes. It is now considered as New Zealand’s
worst weed (Williams and Timmins, 2002) and one of the world’s 100 worst invasive
weed species (ISSG, 2006). There has been an active classical biological control
programme involving the use of insect species such as Apion ulicis, Cydia ulicetana, and
Sericothrips staphylinus in New Zealand (Hill et al., 2000). Another insect species whose
larvae cause damage to gorse foliage is Epiphyas postvittana (Thomas, 1984). Although
this insect species is naturally abundant on gorse (Suckling et al., 1998) and has been the
subject of extensive research on pheromones, it has never been considered as a biocontrol
agent of gorse because it is a generalist insect.
The fungal pathogen, Fusarium tumidum, isolated from infected gorse and broom
(Cytisus scoparius) in New Zealand (Johnston et al., 1995) is capable of infecting the soft
tissues and seedlings of gorse (Morin et al., 1998; Chapter Three).
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Insect-pathogen-plant (tripartite) interactions have not been extensively studied and to
date, the combined use of insects and pathogens against gorse has not been investigated.
Reports however, indicate that some insect species can vector pathogens to cause
infection in plants through oviposition and feeding (Friedli and Bacher, 2001; Suckling et
al., 1999). This tripartite interaction has been used successfully for biological control of
some invasive weeds (Chandramohan and Charudattan, 2001; Kluth et al., 2001) with
synergism between these biological control agents as a key factor for the success (Caesar,
2000; 2003). A classic example is the synergistic effect on creeping thistle Cirsium
arvense (L.) Scop., by Apion onopordi Kirby (Coleoptera: Apionidae) and the rust fungus
Puccinia punctiformis (Str.) Rohl (Friedli and Bacher, 2001). Other reports on
transmission of fungal spores by insects include the dissemination of Fusarium
oxysporum f. sp. radicis-lycopersici by adult fungus gnat (Bradysia spp.) and the
transmission of the sorghum ergot Claviceps africana by the corn earthworm moth,
Helicoverpa zea, from diseased to healthy plants (Gillespie and Menzies, 1993; Prom et
al., 2003). In contrast, Connor et al. (2000) reported no significant combined effects of
Platyrepia virginalis and the fungus Phoma pomorum on houndstongue Cynoglossum
officinale, and that the insect appeared to avoid diseased leaves.
A new concept for biological control of weeds referred to as ‘lure-load-infect’, which is a
complementary strategy to be used in combination with mycoherbicides, has been
proposed (Hee et al., 2004). In this approach, insects are used as vectors to transmit
pathogens to target weeds. The approach is made feasible by using auto-inoculation
systems baited with pheromones or kairomones to attract insects to the inocula. The
insects will carry some of the pathogen inocula on their cuticle and deposit it on the target
weed upon visit.
In this chapter, four experiments were conducted to determine the ability of A. ulicis, C.
ulicetana, E. postvittana and S. staphylinus to vector F. tumidum. Two additional
experiments to investigate the combined effect of both F. tumidum and the most
promising insect vector on gorse were conducted. The specific objectives were to
determine:
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i. the number of F. tumidum conidia carried by each of the four insect species and
deposited on agar plates;
ii. the number of F. tumidum conidia recovered from the insects over a period of time
following exposure to sporulating cultures of F. tumidum;
iii. the degree of infection of gorse plants caused by insect-vectored F. tumidum conidia
compared with F. tumidum inoculum on its own;
iv. whether the fungus can be spread by insects from diseased gorse plants to healthy
ones;
v. whether there is insect-pathogen synergism.

5.3 MATERIALS AND METHODS

5.3.1 Experiments 1-3: The carrying capacity of four insect species
Experiment 1
Apion ulicis, Cydia ulicetana, Epiphyas postvittana and Sericothrips staphylinus were
used for this study. All insect species were collected from the field except E. postvittana
which was laboratory-bred.
A total of 45–60 live insects of each species were placed separately on glucose cornmeal
agar (GCMA) sporulating cultures of F. tumidum for 24 h (Fig. 5.1). Depending on the
size of each species, there were five to ten insects per culture plate [i.e. E. postvittana (5
insects/plate), C. ulicetana (8), A. ulicis and S. staphylinus (10)]. After 24 h exposure to
the conidia, each group of E. postvittana and C. ulicetana was transferred to separate
sterile plastic containers (measuring 15 x 10 x 6 cm3) while A. ulicis and S. staphylinus
were transferred to separate sterile Petri dishes. All insects were kept on the laboratory
bench under room temperature. At 0, 24, 48 and 72 h after the insects had been
transferred to the containers, five insects of A. ulicis and S. staphylinus and three insects
each of C. ulicetana and E. postvittana were washed in each of three replicate Universal
bottles containing 1 mL of 100 mM potassium phosphate buffer as described in section
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2.3.1.2. After serial dilution, 100 μL samples of 10-fold and the original washing were
plated on two replicate GCMA plates amended with 250 μg/mL chloramphenicol (SigmaAldrich Co., St. Louis, MO, USA) and incubated for 2 days at 23:18 ± 2oC day: night
temperatures, 16-h photoperiod. The number of colony forming units (CFU) of F.
tumidum on individual insects of each species was quantified. The experiment was set up
as a randomised complete block design (RCBD).

A

B

Figure 5.1. Exposure of insects on F. tumidum sporulating cultures on glucose
cornmeal agar plates in Experiment 1. A: E. postvittana; B: C. ulicetana.

Experiment 2
In this experiment, 50–60 live insects of E. postvittana, A. ulicis and S. staphylinus were
exposed separately to sporulating cultures of F. tumidum for only 1 h from 11.00-12.00h.
After 1 h they were transferred to sterile containers as previously described. C. ulicetana
was not included in this experiment because it was unavailable at the time of the
experiment. At 0, 24, 48 and 72 h after the insects had been transferred to the containers,
five insects of A. ulicis and S. staphylinus and three insects of E. postvittana were washed
in each of three replicate Universal bottles containing 1 mL of 100 mM potassium
phosphate buffer. The CFU/insect of F. tumidum was determined at each time point as
previously described in Experiment 1. The experiment was set up as a RCBD.
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Experiment 3
In this experiment, only E. postvittana was used as it picked up and carried the most F.
tumidum conidia. About 120 adult E. postvittana, kept in a dark room for 48 h (to make
them more active), were exposed to sporulating cultures of F. tumidum for 24 h and
transferred to sterile containers as previously described. At 0, 24, 48, 72 and 96 h after the
insects had been transferred to the containers, five insects were washed together in each
of four replicate Universal bottles containing 1 mL of 100 mM potassium phosphate
buffer as described in section 2.3.1.2. Thus, a total of 20 insects were washed at each
assessment time. The CFU/insect of F. tumidum was determined as previously described
in Experiment 1.

5.3.2 Experiment 4: Deposition of F. tumidum conidia on agar by insects
A total of 24 insects each of E. postvittana, C. ulicetana and A. ulicis were placed on
GCMA sporulating cultures of F. tumidum in Petri dish for 24 h. S. staphylinus was
excluded from Experiment 4 because it carried virtually no F. tumidum conidia in the
previous experiments. Twelve insects of each species were washed immediately after
removing the insects from the cultures as described in section 2.3.1.2 to determine the
number of F. tumidum conidia each insect species had picked up. Three insects of each
species were washed together in each of four replicate Universal bottles.
The remaining 12 insects of each species which were not washed were transferred using
sterile tweezers after being anaesthetised with carbon dioxide (CO2) to new GCMA
plates at one insect per plate. The plates were kept on the laboratory bench at room
temperature for 24 h and then the insects were removed. The plates were incubated under
similar conditions as previously stated in section 5.3.1 for 2 days. The number of
CFU/insect was counted to determine the number of F. tumidum conidia deposited by
each insect species.
The mean body length of each insect species (as determined in section 2.3.10) was
correlated with the mean number of F. tumidum CFU/insect recovered from the insects

147

Chapter 5

after 24 h exposure to F. tumidum cultures (from Experiments 1 & 4) using linear
regression.

5.3.3 SEM studies of F. tumidum conidia on the insects
Scanning electron microscope (SEM) was used to determine the location of F. tumidum
conidia on the external parts of E. postvittana, C. ulicetana and A. ulicis after exposing
them to sporulating cultures of F. tumidum for 24 h. Six insects per species were
examined as described in section 2.3.11.

5.3.4 Transmission of F. tumidum by E. postvittana to gorse plants
Based on the results of the previous experiments and the results on the study of natural
microflora of the insects (Chapter Two), E. postvittana was selected for the remaining
experiments. Two laboratory experiments were conducted to study the transmission of F.
tumidum conidia by E. postvittana to infect gorse under controlled environment.
Experiment 5 assessed the transmission of F. tumidum by inoculated E. postvittana and
Experiment 6 assessed the transmission of the fungus from infected gorse to healthy ones
by E. postvittana.

5.3.4.1 Experiment 5: Transmission by inoculated E. postvittana
This experiment consisted of four treatments: (1) gorse plant caged together with eight E.
postvittana each inoculated with 5,000 conidia of F. tumidum, (2) gorse plant caged
together with eight uninoculated E. postvittana (i.e. positive control), (3) gorse plant
directly inoculated with F. tumidum and (4) untreated gorse plants (negative control). The
plants were grown in pots at one plant per pot in a glasshouse as previously described in
section 3.3.1 and used when they were 7 weeks old. Each plant was caged separately
using a well ventilated plastic bottle.
To standardise the number of conidia carried by the insects at the start of the experiment,
the insects were inoculated with a known number (5,000) of conidia. A 107 conidia/mL
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suspension of F. tumidum was prepared as described in section 3.3.2 and amended with
5% Triton X-100 (Rohm and Haas Co., Philadelphia, USA). Aliquots (0.5 μL) were
applied to the abdomen of all inoculated E. postvittana after being anaesthetised with CO2
according to Gillespie and Menzies (1993) (Fig. 5.2). Aliquots of 1 μL of the suspension
containing 10,000 conidia were applied to three leaves and the apical meristem of each
inoculated gorse plant. An additional eight E. postvittana were inoculated with F.
tumidum as previously described and washed 1 h later to determine the number of viable
F. tumidum conidia available for deposition. Four insects were washed together in 8 mL
of 100 mM potassium phosphate buffer as described in section 2.3.1.2. A 50 μL sample of
each dilution series (0 and 10-1) was plated onto three replicate Petri dishes containing
PDA amended with 250 μg/mL chloramphenicol and 0.2% of Triton X-100. After 2 days
of incubation at 23:18 ± 2oC day: night temperatures, the CFU/insect were counted. The
germination percentage of the inoculum suspension was determined by dilution plating
onto PDA and counting the resulting colonies.

Figure 5.2. Anaesthetising E. postvittana with CO2 before inoculation with F. tumidum.

The four treatments, each with 12 replicate plants, were arranged in a RCBD with 12
blocks as shown in Figure 5.3A. The treatments were placed in the laboratory under the
same incubation conditions as stated previously for 12 days. The number of E. postvittana
on each plant was counted twice daily (morning and evening) for 7 days. Four insects
were randomly selected and washed at day 4 and the remaining four insects were washed
at day 7. At each assessment period, 100 μL aliquots of each dilution series (0 and 10-1) of
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the washings were plated on two PDA plates amended with 250 μg/mL chloramphenicol
and incubated as previously described. The number of colonies of F. tumidum was
counted and the CFU per insect calculated. The plants were incubated for a further 5 days
(total 12 days) to enable infection development.

A

B

Mesh for ventilation

E. postvittana
Gorse plant

Figure 5.3. The set up of Experiment 5 to determine the transmission of F.
tumidum by E. postvittana (A) and a treatment showing inoculated E.
postvittana on gorse plant (B).

Twelve days after inoculation (DAI), the number of lesions developed on the plants was
recorded and the disease severity was scored. Disease severity was scored using the index
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described in section 3.3.3. The height of each plant was measured from soil level to the
apical meristem. The fresh weight of each plant was also determined to provide
information on plant growth. To determine the number of F. tumidum conidia deposited
by the insects on the gorse plants, the shoots were cut just above the soil level and washed
in 5 mL of potassium phosphate buffer solution. A 100 μL of each dilution series (0 and
10-1) was plated onto three PDA and chloramphenicol plates as described previously for
F. tumidum CFU count. After washing, all plant samples were cut in small pieces
(approximately 10 mm), dried in a laminar flow and plated onto PDA amended with
chloramphenicol to determine the presence of F. tumidum.

5.3.4.2 Experiment 6: Transmission from infected gorse to healthy gorse
The objective of this experiment was to determine whether E. postvittana can spread F.
tumidum conidia from infected gorse to healthy ones (secondary infection). Gorse plants
were planted into 1.4 L pots at two plants per pot. When the plants were 10 weeks old,
one of each pair was spray-inoculated to run off with a F. tumidum suspension of 1.6 x
106 conidia/mL. To prevent the other pair from getting contaminated with F. tumidum, it
was covered with a transparent plastic bag. The inoculated plants were also bagged
separately after inoculation using transparent plastic bags for 24 h after which all plants
were placed in a glasshouse. At 12 DAI, the shoot height, disease severity (scored by the
disease severity index described in section 3.3.3), number of plants which had developed
tip dieback and plant mortality were recorded as maximum infection was observed at this
period.
Each pair of plants was covered with a well ventilated 1.0 L plastic container (Fig. 5.4).
Twenty laboratory-bred E. postvittana were anaesthetised with CO2 and introduced to
each of 12 cages at 14 DAI while 12 other cages had no E. postvittana (positive control).
Aluminium foil was spread over the soil surface in each pot to prevent contact of the
insects with the soil to minimise contamination. Another 12 cages, each containing a pot
with a pair of uninoculated gorse was set up. Six of these had 20 E. postvittana introduced
per cage and the remaining were without insects (negative control). The treatments were
placed in a glasshouse for a further 7 days. Afterwards, all the insects were anaesthetised
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with CO2, removed and washed as described in section 2.3.1.2 to determine F. tumidum
CFU/insect picked up by the insects from the F. tumidum infected gorse. All plants were
grown for a further 6 days to enable infection development.
The number of insects present on infected plants and on uninfected plants was counted
daily for 7 days to provide information on the insect’s preference for healthy or diseased
plants. The height and fresh weight of the shoots were determined at 27 DAI. The
uninoculated plants were washed and dilutions plated (as previously described in Section
5.3.1) onto three replicate plates of PDA amended with 20 μg/mL of chlorotetracycline
(Sigma-Aldrich Co.; Appendix 5.1) (as growth of some bacteria species was not inhibited
by chloramphenicol in Experiment 5). The number of CFU/plant of F. tumidum was
counted after incubation for 2 days to determine the number of conidia transferred by the
insects from the inoculated plants. All inoculated plants were also washed and plated to
determine the number of CFU/plant of F. tumidum as a source of inoculum. The
experiment consisted of 12 replicate plants per treatment arranged in a RCBD with 12
blocks. The uninoculated plants (with/without insects) had six replicates.

5.3.5 Statistical analyses
To satisfy the assumptions of normal distribution, logarithmic transformation [log 10 (x)]
was applied to CFU data prior to statistical analysis. Data for S. staphylinus was excluded
from all analysis as its CFU/insect was virtually zero. Disease severity data for all
uninoculated plants were excluded from analysis since none was infected and therefore
were assigned disease rating of 1. To determine the combine effect of E. postvittana and
F. tumidum on gorse, disease severity and plant height were recorded before and after
introduction of the insects. Analysis was carried out on the change in plant height to
determine the effect of the insects on plant growth. As an estimate of surface area of the
insects, the body length of each species was squared. All results were analysed by
analysis of variance (ANOVA) and mean separation was based on Fisher’s protected
least significant difference (LSD) tests at P < 0.05.
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B

C

D

Uninoculated gorse

E. postvittana

Inoculated gorse
Tip dieback

Figure 5.4. Treatments of Experiment 6 to show transmission of F. tumidum from infected gorse
to healthy plant (above). A: uninoculated plants without E. postvittana, B: uninoculated
plants with E. postvittana, C: uninoculated and inoculated plant without E. postvittana, D:
uninoculated and inoculated plant with E. postvittana. Below: treatment D.
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5.4 RESULTS

5.4.1 Carrying capacity of four insect species
Experiment 1
Following exposure to the sporulating cultures for 24 h, F. tumidum conidia were
recovered from all the insect species. Recovery of F. tumidum generally declined with
time after exposure (Fig. 5.5). The rate of decline of CFU/insect among the insect species
was linear and significant (P = 0.033) (Appendix 5.2). E. postvittana carried the most
CFU/insect of F. tumidum (63.9 conidia/insect) followed by C. ulicetana (16.7) and A.
ulicis (7.3) (P = 0.004) at 0 h after the exposure. Among the four insect species, S.
staphylinus carried the least conidia (1 conidium/insect), which was recovered after 48 h.
F. tumidum spore viability at the start of the experiment was 60%. The high number of
CFU/insect recovered from C. ulicetana at 24 h was due to one replicate which recorded
90 CFU/insect and increased the standard error.

100

0h

24 h

48 h

72 h

CFU/insect

80
60
40
20
0
E. postvittana

C. ulicetana

A. ulicis

S. staphylinus

Insect species

Figure 5.5. Number of CFU/insect of F. tumidum recovered from four insect species within 72 h
after exposure to sporulating cultures of F. tumidum for 24 h in Experiment 1. Bars
represent standard error.

Experiment 2
To determine the effect of the period the insect species were exposed to cultures of F.
tumidum on the number of conidia the insects carried, E. postvittana, A. ulicis and S.
staphylinus were placed on cultures of F. tumidum for only 1 h. The number of
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CFU/insect of F. tumidum recovered from E. postvittana (5.3) did not differ significantly
from that recovered from A. ulicis (6.3) immediately after the exposure (P = 0.350) (Fig.
5.6). F. tumidum conidia were not recovered from S. staphylinus at any of the assessment
times. The number of conidia recovered from the insect species declined with time after
the exposure with only 1 conidium being recovered per insect from E. postvittana and A.
ulicis after 72 h. Compared with Experiment 1, where the insects were exposed to the
cultures for 24 h, E. postvittana carried relatively less conidia when exposed for only 1 h
while A. ulicis carried a similar number of conidia irrespective of the time of exposure.

0h

24 h

48 h

72 h

10

CFU/insect

8
6
4
2
0
E. postvittana

A. ulicis

S. staphylinus

Insect species

Figure 5.6. The number of CFU/insect of F. tumidum recovered from three insect
species within 72 h after exposure to sporulating cultures of F. tumidum for 1 h
in Experiment 2. Bars represent standard error.

Experiment 3
The number of CFU/insect of F. tumidum recovered from E. postvittana which had been
kept in the dark for 48 h (to make them more active) was relatively high compared with
that of Experiment 1 where the insects were not kept in the dark. The rate of linear
decline in the number of CFU/insect was significant (P = 0.002) with the highest number
of CFU (150.4 conidia/insect) recovered immediately after the insects had been exposed
to the cultures (i.e. 0 h) while the minimum recovery of 66.4 conidia/insect was at 72 h
after the exposure (Fig. 5.7).
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Figure 5.7. The number of CFU/insect of F. tumidum recovered from E. postvittana
within 96 h after exposure to sporulating cultures of F. tumidum on agar
plates for 24 h in Experiment 3. Bars represent standard error.

5.4.2 Experiment 4: Deposition of F. tumidum conidia on agar
The number of CFU/insect recovered from E. postvittana (72.6) and C. ulicetana (40.4)
immediately after the exposure were not statistically different but both insect species
carried more (P < 0.001) F. tumidum conidia than A. ulicis which had only 13.8
CFU/insect (Fig. 5.8). E. postvittana deposited more conidia on agar plates (29
conidia/insect) than the other two species (P = 0.032) (Appendix 5.3). Although A. ulicis
carried the least number of conidia, it deposited more than half (58%) of the conidia it
carried onto agar plates while C. ulicetana deposited only 25% of the F. tumidum conidia
it carried.
There was a strong correlation (R2 = 99.6%) between the square of the body length of
insect species and the mean number of F. tumidum conidia recovered from them at 24 h
after they had been exposed to sporulating cultures of F. tumidum (Fig. 5.9).
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Figure 5.8. The number of CFU/insect of F. tumidum carried and deposited by three insect
species on agar plates in Experiment 4. The insects were exposed to sporulating
cultures of F. tumidum for 24 h and the number of conidia carried was determined
immediately after the exposure. Bars represent standard error.
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Figure 5.9. Relationship between the CFU/insect of F. tumidum recovered from the insect species
after exposure to sporulating cultures of F. tumidum for 24 h (in Experiment 1) and the
square of insect body length. Regression equation; Y = 0.76x-1.77 (R2 = 99.6%), where
Y = CFU/insect and x = insect size.

5.4.3 SEM studies
The scanning electron micrographs revealed F. tumidum conidia on the dorsal region of
about 60% of the A. ulicis sampled as shown in Figure 5.10. No F. tumidum conidia were
observed on the external surfaces of the Lepidoptera (C. ulicetana and E. postvittana).
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Figure 5.10. Scanning electron micrographs of the external surfaces of three insect species after
exposing them to sporulating cultures of F. tumidum for 24 h. A: dorsal view of A. ulicis; inserts,
FC: F. tumidum conidia on dorsal region of A. ulicis, HA: hair, Bar (A1) = 3 μm; Bar (A2)= 10
μm B: scales of C. ulicetana, Bar= 10 μm; C: scales of E. postvittana, Bar= 3 μm.

5.4.4 Experiment 5: Transmission of F. tumidum by E. postvittana to gorse
5.4.4.1 Number of E. postvittana on gorse
The mean number of inoculated E. postvittana found on the gorse plants (2.7) did not
vary significantly from the number of uninoculated insects counted on the gorse plants
(2.9) within the first 72 h following inoculation (Fig. 5.11). Later assessments (84-90 h)
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showed significantly fewer (P < 0.001) inoculated E. postvittana on the gorse compared
with the number of uninoculated insects on the gorse.
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Figure 5.11. Number of inoculated and uninoculated E. postvittana found on gorse over 90 h
in Experiment 5. Eight insects were introduced per plant. Bars indicate Fisher’s
protected least significant difference (LSD) at P < 0.05 at each assessment time.

5.4.4.2 F. tumidum recovery from E. postvittana
The germination percentage of the F. tumidum conidial inoculum used to inoculate the
insects was 76% representing 3,800 viable conidia in the 5,000 inoculated conidia. About
3,600 F. tumidum CFU/insect were recovered from washing the insects immediately after
inoculation (Fig. 5.12). This represented about 95% of the viable conidia or 72 % of the
total number of conidia introduced per insect. Insects which were washed 4 DAI carried
1,380 CFU/insect while only 950 CFU/insect were recovered at 7 DAI. The number of F.
tumidum conidia recovered from the insects dropped significantly (P < 0.001) between
day 0 and day 4 but remained comparatively constant between day 4 and day 7.

5.4.4.3 F. tumidum recovery from gorse and disease severity
Forty thousand F. tumidum conidia were applied to half of the treatments either through
inoculated E. postvittana or by direct plant inoculation. Recovery of F. tumidum from
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gorse inoculated directly was significantly more (9,990 F. tumidum CFU/plant) than those
caged together with inoculated E. postvittana (2,480 F. tumidum CFU/plant) at 12 DAI
(Table 5.1). This implies that the average deposition of conidia per insect was
approximately 310. F. tumidum was not recovered from any of the healthy gorse caged
with uninoculated E. postvittana or the healthy gorse without insects. No lesions were
formed on the plants with inoculated E. postvittana while 98% of the directly inoculated
sites developed lesions (Fig. 5.13) with a mean disease severity score of 3.4.
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Figure 5.12. The number of CFU/insect of F. tumidum recovered from E. postvittana inoculated
with 5,000 conidia/insect immediately (day 0), 4 and 7 days after inoculation in
Experiment 5. Bars represent standard error.

Table 5.1. The number of F. tumidum (log 10 CFU/plant) recovered from gorse shoots, number
of lesions/plant and disease severity scores (1-5 score) at 12 days after inoculation
in Experiment 5. Values in parentheses are back transformed means after log 10
transformation of CFU data.
Treatments a

Gorse with inoculated E. postvittana
Gorse inoculated directly
LSD (P < 0.05)

F. tumidum
conidia/plant
(2475)
(9992)

Number of
lesions/plant

Disease severity
score

3.235 a z
3.590 b

0.0 a
3.9 b

1.0 a
3.4 b

0.2740

0.18

0.69

a

Gorse with uninoculated E. postvittana and the negative control plants had no F. tumidum conidia
and were not infected hence were omitted from the analysis.
z
Values within a column followed by different letters are significantly different.
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Tip dieback

Figure 5.13. Lesion formation (indicated by arrows) and tip dieback
caused by F. tumidum on gorse leaves in Experiment 5.

5.4.4.4 Combined effect of F. tumidum and E. postvittana on growth of gorse
The growth of gorse plants (as determined by shoot height and fresh weight) was not
significantly affected by F. tumidum conidia deposited on the plants by the inoculated E.
postvittana. Similarly, the uninoculated E. postvittana did not affect plant growth
compared with the negative control plants (Table 5.2). Only the directly inoculated plants
were significantly shorter and had lower fresh weight compared with the negative control
treatment. Inoculum applied to the leaves caused lesions at the site of application only
and did not spread to adjacent leaflets (Fig. 5.13). However, inoculum applied to the
apical meristems caused stunting of the shoot and tip dieback. There was a linear and
negative correlation between the fresh weight of directly inoculated plants and the
number of CFUs of F. tumidum recovered from the plants (R2 = 60%). E. postvittana on
its own did not cause any visible damage to the plants. Consequently, neither the shoot
fresh weight nor shoot height of plants receiving only E. postvittana was significantly
different from those which had no insects.
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Table 5.2. Shoot fresh weight (mg/plant) and shoot height (cm) of gorse after introduction of
inoculated E. postvittana or directly inoculated with F. tumidum at 12 days after
inoculation in Experiment 5.
Treatments
Gorse only (negative control)
Gorse with inoculated E. postvittana
Gorse with uninoculated E. postvittana (positive control)
Gorse inoculated directly
LSD (P < 0.05)
z

Shoot fresh weight
(mg/plant)

Shoot height
(cm)

387 b z
365 b
322 b
226 a

69.0 b
74.8 b
71.8 b
54.4 a

87.7

14.44

footnote same as Table 5.1.

5.4.5 Experiment 6: Transmission of F. tumidum from infected gorse
5.4.5.1 Effect of combined agents on gorse growth
Ninety two percent of all inoculated gorse developed tip dieback infection and 17% of
them died before E. postvittana were introduced. None of the uninoculated plants
with/without E. postvittana developed tip dieback or died. The introduction of E.
postvittana did not cause any change to the number of plants with tip dieback and the
number of dead plants.
The inoculated plants were significantly shorter (before and after the introduction of E.
postvittana) and weighed about half the weight of the uninoculated plants (Table 5.3).
The insects did not influence the height or the fresh weight of the plants. While inoculated
plants with or without the insects gained only 0.6 or 0.7 cm, respectively in shoot height
in 15 days, the uninoculated plants with or without the insects increased by 4.5 or 4.9 cm,
respectively over the same period. The effect of E. postvittana on shoot height and fresh
weight was not significant. Statistical analysis of the change in shoot height (before and
after the introduction of the insects) showed no significant difference between either
inoculated plants with/without insects or uninoculated plants with/without insects.
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Table 5.3. Shoot fresh weight (g), shoot height and change in shoot height (cm) of F.
tumidum inoculated or uninoculated gorse plants after introduction of E.
postvittana in Experiment 6.
Treatment

Fresh weight
(g)

Shoot height
(cm)
Before*
After**

Change in shoot height
(cm)

Inoculated plants
With E. postvittana
Without E. postvittana

0.70 a z
0.63 a

8.5 a
8.2 a

9.1 a
8.9 a

0.6 a
0.7 a

Uninoculated plants
With E. postvittana
Without E. postvittana

1.47 b
1.71 b

15.2 b
14.9 b

19.7 b
19.8 b

4.5 b
4.9 b

0.296

1.14

1.53

0.76

LSD (P < 0.05)

* Gorse shoot height before E. postvittana were introduced; ** gorse shoot height at 13 days after the
introduction of 20 E. postvittana per cage.
z
footnote same as Table 5.1.

5.4.5.2 F. tumidum recovery from gorse and disease severity
The number of F. tumidum CFU/plant recovered from the inoculated gorse with no E.
postvittana, was approximately two and a half times more than that recovered from
inoculated plants with E. postvittana (Table 5.4). The difference was not statistically
different (P = 0.135). No F. tumidum was recovered from the uninoculated gorse
with/without E. postvittana. Consequently, none of the uninoculated plants were infected
or developed tip dieback. The mean disease severity score for all inoculated gorse was 3.6
before the insects were introduced. At harvest, inoculated gorse with insects had disease
severity score of 3.2 while those without the insects had a score of 3.5 but were not
significantly different (P = 0.417).
Table 5.4. The number of F. tumidum (log 10 CFU/plant) recovered from
inoculated gorse after introduction of E. postvittana in Experiment 6.
Values in parentheses are back transformed means after log 10
transformation for CFU data.
Inoculated plants a
With E. postvittana
Without E. postvittana

CFU/plant
(10,125)
(25,875)

P value
a

3.877
4.156
0.135

No CFU of F. tumidum was recovered from the uninoculated plants.
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5.4.5.3 F. tumidum recovery from E. postvittana
No F. tumidum conidia were recovered from E. postvittana which were introduced to the
inoculated plants. None of the control E. postvittana naturally carried any F. tumidum
conidia.

5.4.5.4 Number of E. postvittana on gorse
Almost twice the number of E. postvittana found on the inoculated gorse (2.6
insects/plant) was found on the healthy uninoculated gorse (5.0 insects/plant) over 168 h
(Fig. 5.14). The differences remained significant throughout the experiment apart from
assessment at 96 and 144 h after inoculation. The maximum number of insects on the
inoculated and uninoculated gorse was 3.1 (144 h) and 6.0 (24 h), respectively. While the
number of insects on the inoculated gorse remained fairly constant over the entire period,
it fluctuated for the uninoculated plants.
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Figure 5.14. The number of E. postvittana on F. tumidum-inoculated and uninoculated
gorse plants over 168 h in Experiment 6. There were 20 insects per cage
each containing an inoculated and an uninoculated gorse plants. Bars
indicate Fisher’s protected LSD at P < 0.05 at each assessment time.
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5.5 DISCUSSION

E. postvittana, C. ulicetana and A. ulicis carried conidia of F. tumidum when exposed to
sporulating cultures of the fungus. These three insect species also deposited F. tumidum
conidia on agar. S. staphylinus however, was ineffective at picking up and carrying the
conidia. While the period of exposure to cultures of F. tumidum did not influence the
number of CFU/insect of F. tumidum conidia carried by A. ulicis and S. staphylinus, it
had a significant effect on the number carried by E. postvittana. A. ulicis and S.
staphylinus exposed to the conidia for 24 h carried almost the same number of conidia as
when exposed for only 1 h. On the other hand, E. postvittana carried a mean of about 68
CFU/insect from Experiments 1 & 4 when exposed for 24 h to cultures of F. tumidum
compared with 5 CFU/insect when exposed for only 1 h in Experiment 2. E. postvittana,
being a Lepidoptera, spent less time on the agar while A. ulicis, being a Coleoptera,
moved by walking on the agar and, therefore, was in contact with the culture for a
relatively longer period than E. postvittana. Moreover, E. postvittana is a dusk-active
insect and, therefore, was less active during the 1 hour exposure time (11.00-12.00h). In
Experiment 3, E. postvittana kept in the dark for 48 h before exposure to the conidia,
picked up large numbers of the conidia because they became very active even during the
day-time.
Only A. ulicis was shown by scanning electron micrographs to carry F. tumidum conidia
on the dorsal cuticle after the insects were exposed to F. tumidum cultures for 24 h. The
fact that no F. tumidum conidia were observed on the Lepidoptera by SEM although they
were shown to carry more spores than A. ulicis suggests that the preparation of the insects
for SEM might have resulted in dislodging of spores from the insects. The scales on the
Lepidoptera overlap and the conidia are most likely to be dislodged if not adhered well to
the scales. The hairs on A. ulicis do not overlap and, therefore, may hold the conidia
better. Moreover, the Lepidoptera shed their scales more easily than the Coleoptera which
seldom lose their hairs.
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The positive correlation between the body length of insect species and the number of F.
tumidum conidia they carried suggests that large insect species will have greater capacity
for vectoring F. tumidum conidia. This study has shown that F. tumidum conidia are large
(520 μm2) and, therefore, would require large insect species to carry the required number
of conidia for infection of gorse plants. E. postvittana, the largest of the four insect
species studied was shown to have the greatest capacity for vectoring F. tumidum.
Dissemination of Fusarium oxysporum f. sp. radicis-lycopersici by Bradysia spp. from
diseased to healthy plants has been reported (Gillespie and Menzies, 1993). In addition,
Kok and Abad (1994) reported transmission of Puccinia carduorum urediniospores by
three coleopteran insect species; each insect carried more than 20 rust spores per leg. Rust
spores are relatively small compared to the size of F. tumidum conidia.
There was no evidence of synergism between E. postvittana and F. tumidum against
gorse. Direct application of F. tumidum to gorse shoot significantly reduced both
measured components of plant growth (i.e. shoot height and shoot weight) and caused
plant mortality. This confirms results of earlier pathogenicity tests (Chapter Three) which
indicates that the isolate of F. tumidum used in this study can cause significant levels of
disease on gorse plants. However, over the duration of the present study, E. postvittana
alone caused no significant damage to the plants. Moreover, the introduction of E.
postvittana onto F. tumidum-infected gorse plants did not increase disease severity of the
plants nor had any additional effect on plant growth relative to infected plants without the
insects. The damage caused by the combination of both E. postvittana and F. tumidum
was equivalent to that caused by F. tumidum alone. Equivalent interaction has been
reported between Tyria jacobaceae (Lepidoptera) and the rust fungus Puccinia
lagenophorae on growth of the weed Senecio vulgaris (Tinney, 1997 cited in Hatcher and
Paul, 2001) and between the weevil Perapion antiquum and Phomopsis emicis on the
weed Emex australis (Shivas and Scott, 1993). However, in these two examples, the
stages of insects used caused damage to the plants.
The failure of E. postvittana to cause significant damage to the weed may be due to
several factors. One reason is that adult E. postvittana do not feed on gorse. In fact, the
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only damage to the weed is done by the larvae through feeding on the foliage and pods
(Thomas, 1984). As a result, future studies should include transmission of the pathogen
by the larvae as they have been shown to transmit spores of Botrytis cinerea on grapes
(Bailey et al., 1997). In this present study, the larvae were not considered but the ability
of the adult to transfer conidia to the larvae and whether this results in F. tumidum
infection of gorse needs to be investigated.
Some Fusarium spp. produce mycotoxins such as trichothecenes (T-2) and other
secondary metabolites which have been implicated in mortalities of termites, mealworms,
flour beetles, maize borers and blow flies (Teetor-Barsch and Roberts, 1983). Toxic
metabolites of Fusarium moniliforme and F. oxysporum have been reported to affect
insects feeding on them or feeding on infected plant tissues. For example, Heliothis
virescens (Lepidoptera) had reduced larval weight, inhibited pupation and increased
larval development time when fed on plants infected with F. moniliforme and F.
oxysporum (Abbas and Mulrooney, 1994). F. tumidum produces T-2 toxin (Morin et al.,
2000). Although the F. tumidum isolate used for this study produces relatively low levels
of mycotoxins (Morin et al., 2000), further research is necessary to measure any risks of
these mycotoxins to insect species especially the classical biocontrol insects (i.e. A. ulicis
and C. ulicetana) before widespread field application of F. tumidum is considered. The
larvae of both of these insect species cause extensive damage (together they destroy about
50% of gorse seeds produced annually) and hence play an important role in reducing the
annual seed crop in New Zealand (Hill et al., 2000). Any negative impact on these insects
needs to be minimised.
Application of F. tumidum inoculum to the leaves created a lesion and killed only the
leaves that the inoculum were applied to without affecting adjacent leaflets. However,
inoculum applied to the apical meristem, caused tip dieback of the shoot which resulted in
shoot stunting. It must be emphasised that the significant reduction in shoot biomass and
shoot height was mainly due to inoculum application to the apical meristem but not
application to the leaves. This implies that the site on the gorse plant where the conidia
are deposited is critical in determining the severity of infection and the extent of damage
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caused by the pathogen. Previous study on factors influencing pathogenicity (Chapter
Three) showed that fewer spores are required to create lesions on the apical meristem than
the number of spores required to infect the leaf. The leaves and flowers of gorse have also
been shown to be more susceptible to F. tumidum infection than the spines, stem and pods
(Chapter Three). Therefore, insects that preferentially visit the flowers will have more
potential to vector F. tumidum to cause significant infection of the flowers which could
minimise seed production and subsequent spread of the weed.
The pathogenicity trials (Chapter Three) showed that 910 viable conidia are required to
form lesions on gorse leaves, although incorporation of amendments in the formulation
might decrease this number. In the present study, the average deposition of conidia per
insect on the gorse plants over 7 days was approximately 310 (representing 8.2% of the
viable conidia loaded onto each insect). This number of conidia was too low to cause any
infection of the gorse plants. Furthermore, the spores were probably not deposited at one
site, as would be required to cause infection, but more likely were evenly deposited over
the entire shoot of the gorse. In addition, the conditions might not be favourable for
infection to occur as F. tumidum requires water or high humidity during the initial phases
of the infection process (Fröhlich and Gianotti, 2000; Morin et al., 1998). This condition
was not provided in the experiments because that was not ideal condition for the insects.
Greater deposition of the conidia by E. postvittana or a large number of the insects would,
therefore, be required to vector enough conidia required to cause significant damage or
kill the plant. The former can be achieved by developing a mycoherbicide formulation
which enhances adhesion of the conidia to the scales of the insects but also allows
deposition of the conidia on the gorse plant. In this way, the insects can pick up more
conidia at each visit to the inoculum and also deposit more on the plant. Exposing the
insects to the inoculum at dusk would cause them to pick up more conidia within a short
period as E. postvittana, being a dusk-active insect, is more active at this time. This was
demonstrated in the experiment where the insects were kept in the dark for 48 h.
The fact that F. tumidum infection is not systemic and does not spread from the
inoculated site to other parts of the weed implies that the entire plant is required to be
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inoculated for the pathogen to kill the weed as shown in Chapter Three. It appears from
this study that E. postvittana would be unlikely to disseminate enough F. tumidum
conidia to cause significant infection or kill gorse plants in the field. In addition, E.
postvittana did not spread F. tumidum conidia from infected plants to healthy plants.
Broadhurst and Johnson (1994) reported that F. tumidum conidia are dispersed naturally
between gorse plants by water-splash and this probably explains why the conidia were not
easily picked up by the insects, as opposed to wind dispersed spores like Botrytis.
Only 1,380 F. tumidum CFU/insect were recovered from the insects loaded with 5,000
conidia at 4 DAI compared with recovery of 3,600 CFU/insect when the insects were
washed immediately after inoculation. This implies that most of the conidia were either
deposited on the gorse plants or were dislodged from the insects in the first 3 days.
Similar results were obtained when the insects were exposed to cultures of F. tumidum
and the conidia they picked up were recovered over a period of time in Experiments 1-3.
Loss of conidia viability is unlikely to account for the sharp decline in the number of
conidia recovered from the insects although it cannot be ruled out completely. Reports
indicate that a high proportion of dried conidia of F. tumidum can remain viable and
pathogenic for up to 3 months at room temperature (Fröhlich et al., 1998). Since only 310
F. tumidum CFU were deposited (on the average) by each inoculated insect on the gorse
plant, most of the conidia were probably lost through shedding of scales of the insects. A
large number of scales were observed in cages of treatments having insects (personal
observation).
In Experiment 6, the number of F. tumidum CFU recovered from the inoculated plants
caged with E. postvittana was less than half the number recovered from inoculated plants
with no insects, although the difference was not statistically different due to wide
variability among the replicates. This low number of conidia recovered from the
inoculated plants in the presence of E. postvittana could be due to dislodgment of conidia
from the plants by the insects. It seems less likely that this low number of conidia was due
to transmission by the insects since no F. tumidum colonies were recovered from the
insects or from the healthy plants. However, some of the fungi (Rhizopus and yeast)
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which were observed on the insects were recovered on some of the plants presumably
having been transmitted to the plants.
The fact that F. tumidum conidia were not recovered from E. postvittana, even though
some visited the infected plants is probably due to the low numbers of the insects which
visited the inoculated plants. Insects that visited the inoculated plants might have picked
only a few conidia which were subsequently lost probably through scale shedding.
Another reason is that the number of conidia they picked up may be too low to be
recovered by the washing technique. Consequently, no F. tumidum conidia were
recovered from the uninoculated plants which suggests no or an insignificant number of
conidia were transmitted by the insects from the inoculated plants. Studies have shown
that most insects do not serve as vectors of plant pathogens (Vega et al., 1995). Hill et al.
(2003) reported low probability of Phytomyza vitalbae contributing significantly to
infection of the weed Clematis vitalba caused by Phoma clematidina and noted that longdistance transport of the pathogen was unlikely.
It cannot be concluded from this study that E. postvittana avoided the F. tumiduminfected gorse plants although the number of the insects found on the uninfected gorse
was significantly higher than that found on the infected plants for most of the assessment
times. The reason being that both plants were not of the same size at the time the insects
were introduced. The uninoculated plants were about twice as tall as the inoculated plants
and therefore offered more surface area for shelter to the insects than the inoculated
plants.
E. postvittana was selected for this study partly because it fits well into the model system
due to the availability of a pheromone for attracting the male E. postvittana to F. tumidum
inocula for ‘lure-load-infect’. Although it is a polyphagous insect (i.e. generalist), and
therefore may visit non-target plants, F. tumidum is a very specific pathogen of gorse,
broom and a few closely related plant species (Barton et al., 2003). Hence, using E.
postvittana to vector F. tumidum in a biological control programme, should not pose a
significant threat to plants of economic importance. Another insect species worth
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considering for vectoring F. tumidum to infect gorse is A. ulicis. Although this insect
species carried less conidia than the lepidopteran insects, it deposited over half of the
conidia it carried compared with a quarter deposited by C. ulicetana. In addition, the
female A. ulicis creates wounds on gorse pods through oviposition and the larvae are well
established biological control agents in New Zealand destroying about 60-90% of the
spring seeds (Hill et al., 1993). However, a pheromone will have to be developed for
attracting this insect species in order to use them for the ‘lure-load-infect’ mycoherbicide
delivery strategy.
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CHAPTER SIX

GENERAL DISCUSSION

The overall objective of this study was to test the hypothesis that insects can vector F.
tumidum conidia to infect gorse plants in an attempt to develop an alternative approach to
mycoherbicide delivery. In this chapter, some of the key findings of this research are
presented with the view to finding methods of improving this novel biocontrol strategy
for gorse, and for weeds in general.
This study has shown that large numbers of spores of F. tumidum (900 viable
conidia/infection site) are required to infect gorse plants. However, even the insect
species with the greatest capacity (i.e. E. postvittana) could only pick up less than 10% of
the required number of conidia for infection. Among the factors contributing to this low
number of spores picked up by the insects were the large size of F. tumidum conidia (520
μm2) and the poor sporulation of the fungus on glucose cornmeal agar (GCMA) which
was used for the vectoring experiments. The sticky surface of GCMA also made it more
difficult for the insects to pick up the spores from the F. tumidum sporulating cultures.
Although other vectoring experiments have also used this method (Fermaud and Le
Menn, 1992), it is anticipated that more F. tumidum conidia could be picked up by the
insects through modification to the formulation of the conidia (e.g. dry formulation type).
The average deposition of conidia per insect on the gorse plants over 7 days was
approximately 310. Thus, approximately 2,480 conidia were deposited on each plant by
eight E. postvittana introduced per plant. Although this number of conidia exceeded the
number of conidia required for infection, no visible symptom of disease was observed in
any of the gorse plants as the insects might have deposited the conidia over the entire
plant surface. It is unrealistic to expect these insects to deposit the 900 conidia of F.
tumidum required at a close proximity to create infection (provided environmental
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conditions are favourable) hence, a more virulent pathogen requiring fewer spores to
cause infection would be needed. To date, there is no known gorse pathogen more
virulent than F. tumidum. The ideal pathogen for a lure-load-infect weed biocontrol
should cause infection with only one or two spores such as Phaeoisariopsis personata or
Aspergillus flavus (which are groundnut pathogens) (Griffin and Garren, 1974; Wadia and
Butler, 1994). The use of such a pathogen will minimise the number of spores required
for infection.
This study has also shown that F. tumidum infection of gorse plants is localised and does
not spread from an inoculated site to other parts of the plant. The entire plant therefore
needs to be inoculated in order for the pathogen to kill the weed. As a result, even if
insects could deposit enough spores to cause infection, this will only remain localised.
Ideally, a systemic pathogen would be more appropriate for this biocontrol strategy as it
will minimise the number of infection sites required to kill the weed. Moreover, a
pathogen which is able to spread easily from the initial infection site by producing
secondary spores would also be beneficial, whether these are spread by the insects or
locally spread by water splash, wind etc. A classic example is the spread of the fungal
pathogen Botrytis cinerea (which produces secondary spores) by Thrips obscuratus to
infect kiwifruit (Fermaund et al., 1994). F. tumidum produces only a few secondary
spores on gorse and therefore may not be amenable to spread by insects to cause
secondary infection. Fusarium lateritium was consistently isolated from the lepidopteran
insects in this study but glasshouse inoculations of gorse plants with this fungus caused
no disease symptoms (Johnston and Parkes, 1994). Another fungal pathogen commonly
isolated from all insect species as well as the gorse plants in this study is Alternaria
alternata. Alternaria spp. have been reported to infect several weed species including the
waterhyacinth

(Eichhornia

crassipes),

gooseweed

(Sphenoclea

zeylanica)

and

jimsonweed (Datura stramonium) (Babu et al., 2003; Boyette and Turfitt, 1988;
Mabbayad and Watson, 1995). The potential of Alternaria spp. for the control of gorse
needs to be investigated.
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Results from Chapter Four have shown that F. tumidum can suppress emergence and
growth of gorse seedlings and cause seedling damping-off disease. Soil application of the
inoculum, targeting the seedlings (shown to be very susceptible to F. tumidum) may be
another control option for future studies as this would not only reduce the number of
seeds in the seed bank but, reduce re-colonisation of recently cleared land by gorse
seedlings. In areas of large number of gorse seeds in the seed bank, wheat grains
inoculated with F. tumidum can be drilled into the soil during tillage.
A perennial woody plant such as gorse with a high C: N ratio (Jobson and Thomas, 1964)
offers great resistance to infection (especially as the plant matures) due to a high root:
shoot biomass ratio and high lignin composition (Zabkiewicz and Balneaves, 1984). As
gorse plant matures, most of the older leaves are reduced to form spines (Grime et al.,
1988; Roy et al., 2004) which were found to be less susceptible to F. tumidum infection
than the leaves. It is most likely that annual weeds such as the redroot (Amaranthus
powellii), beggar’s ticks (Bidens frondosa) or fathen (Chenopodium album) with more
leaves will have less root: shoot biomass ratio and may succumb more easily to pathogen
infection than perennials and maybe more amenable to control by this lure-load-infect
strategy.
Another key finding from this study is that large insect species can pick up more spores
than small insect species. Thus, E. postvittana was considered to have greater capacity to
vector F. tumidum conidia than S. staphylinus. However, lepidopteran insects such as C.
ulicetana and E. postvittana were found to be poor carriers of F. tumidum conidia as a
result of regular shedding of their scales. Moreover, the adult E. postvittana do not cause
damage to gorse plants. This resulted in lack of synergism between F. tumidum and E.
postvittana, which Caesar (2000; 2003) noted to be a key factor for the success of
tripartite interactions. Results from the transmission experiments showed that E.
postvittana did not disseminate F. tumidum from infected plants to healthy plants, which
might explain why no F. tumidum conidia were recovered from the insects in the natural
microflora studies (Chapter Two). Since the pathogenicity trials have shown that
wounding enhances F. tumidum infection of gorse plants, an insect species which causes
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extensive damage to the targeted weed will be a more suitable vector. Damage to gorse
plant by E. postvittana is done by the larvae (Thomas, 1984) and therefore future studies
could examine transmission of the pathogen by the larvae as it has been shown to transmit
spores of B. cinerea on grapes (Bailey et al., 1997). Moreover, the larvae of a related
insect, the grape berry moth (Lobesia botrana) have been reported to transmit spores of B.
cinerea and increased the severity of grey mold on grapes (Fermaud and Le Menn, 1992).
Coleopteran insects such as A. ulicis may be better carriers of F. tumidum conidia than
lepidopteran insects. A. ulicis did not shed its hairs as easily as the scales of the
lepidopteran insects and consequently F. tumidum conidia when physically impeded.
However, these observations were made from insects in confinement which may not
happen in their natural environment. The female A. ulicis also causes damage to gorse
pods through oviposition and the larvae are well established biological control agents in
New Zealand causing extensive damage to gorse seeds (Hill et al., 1993). However,
attractant(s) have to be developed for attracting this insect species in order to use them in
this mycoherbicide delivery strategy.
The pathogenicity experiments showed that Triton X-100 enhanced F. tumidum infection.
As a result, a small amount of herbicide or Triton X-100 can be included in the biocontrol
formulation to facilitate the infection process.
Honey bees collect pollen from gorse flowers (Hill, 1990) and may be potential vectors
although; bees may not possess other attributes such as causing significant injury to gorse.
Bees are more active and bigger than E. postvittana. In an experiment to control Botrytis
fruit rot (caused by B. cinerea) in strawberry fields, Kovach et al. (2000) showed that
bumble bees and honey bees could successfully disseminate spores of the biocontrol
agent Trichoderma harzianum to control the disease. Each honey bee carried about 1 x
105 CFUs of T. harzianum, with the majority (58%) found on the legs and they provided
better Botrytis control than when the biocontrol agent was applied as a spray (Kovach et
al., 2000). Although bees are polyphagous insects, F. tumidum is a very specific pathogen
of gorse, broom and a few closely related plant species (Barton et al., 2003). Hence, using
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bees to vector F. tumidum in this biological control programme, should not pose a
significant threat to plants of economic importance.
In conclusion, the lure-load-infect strategy for weed biocontrol is a laudable concept only
if the right combination of weed, pathogen and insect vectors is selected. Until a more
virulent and systemic gorse pathogen is identified, this strategy of mycoherbicide delivery
cannot be used to control gorse. Reasons are that F. tumidum is a weak gorse pathogen
and the conidia are too big for insects to vector the large numbers required for successful
control of gorse. This study however, has provided basic information on the attributes of
ideal weeds, pathogens and insect vectors which are valuable to biological control of
weeds using tripartite interactions.
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APPENDICES
CHAPTER 2 APPENDICES
Appendix 2.1. 100mM Potassium Phosphate Buffer +Tween pH 7.0
Stock solution A: Dissolve 174.18 g of K2HPO4 in 1000 mL of distilled water.
Stock solution B: Dissolve 136.09 g of KH2PO4 in 1000 mL of distilled water.
Making up Buffer:
Add:
65 mL of stock solution A,
35 mL of stock solution B,
900 mL of distilled water,
Check pH-to be pH 7.0 (adjust with NaOH or HCl if need).
Add 10 drops of Tween 80.
Sterilise (autoclave) for 15-20 min at 121ºC (15psi).
Appendix 2.2. Nutrient Agar (NA)
28 g of NA (Difco Labs, Detroit, MI, USA),
1 L of distilled water.
Appendix 2.3. Potato Dextrose Agar (PDA)
39 g of PDA (Difco Labs, Detroit, MI, USA),
1 L of distilled water.
Appendix 2.4. Potato Carrot Agar (PCA)
20 g peeled potato finely chopped,
20 g carrot finely chopped,
Boil in 1 L of distilled water for 20 min,
Sieve through cheesecloth and add 15 g agar.
Appendix 2.5. Hay Agar (HA)
20 g hay finely chopped,
Boil in 1 L of distilled water for 20 min,
Sieve through cheesecloth and add 15 g agar.
NB: All agar were sterilised (autoclave) for 15-20 min at 121ºC (15psi)
Appendix 2.6. PCR Mix
Bulk mix
10 X Buffer (with Mg2+)
0.2 mM dNTPs
10 μM PN3 or 5 μM ITS1
10 μM PN34 or 5 μM ITS4
Taq DNA Polymerase (1.5 U)
DNA
Sterile distilled water
Total

x 1 (μL)
5.0
4.0
2.0
2.0
0.5
2.0
34.5
50.0
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Appendix 2.7. Gel loading buffer
6x stock buffer prepared by adding:
0.25% of bromophenol blue,
0.25% of xylene cyanol,
40% (w/v) of sucrose in water.
Filter sterilise the stock and store at -20ºC.
1:5 of loading buffer to DNA sample used for loading gels.
Appendix 2.8. Agarose gel (1%)
4 g of agarose (Agarose MP, Roche Molecular Biochemicals, Mannheim, Germany),
400 mL of 1 x TAE,
Boil mixture to dissolve agarose.
Appendix 2.9. TAE bufer
50 x stock solution TAE prepared by adding:
242 g of Tris base,
57.1 mL of glacial acetic acid,
100 mL of 0.5 M EDTA (pH 8.0) per L.
Adjust pH to 8 with NaOH.
1 x TAE working solution prepared by adding:
40 mL of 50 x TAE to 1960 mL of distilled water.
Appendix 2.10. Ligation mix (TA cloning, Promega kit)
Clean PCR product freshly prepared
Items
PCR Product (μL) + Control (μL) - Control (μL)
2 X Buffer
pGEM
PCR Product
DNA
Ligase (T4)
H2O

5
1
1
1
2

5
1
1
1
2

5
1
1
3

Total

10

10

10

Appendix 2.11. Preparation of competent cells
Inoculate 1 L of broth with 1/100 volume of a fresh overnight culture of Escherichia coli strain
INVαF. Grow cells at 37ºC with a vigorous shaking (for about 3 hrs) to an ABS600 of 0.500 to
0.800. Aliquot into Eppendorf tubes (50 mL). Place cells on ice for 15-30 min. NB: Cool centrifuge
and tubes to 4ºC before using. Centrifuge in a cold rotor at 4000 x g max for 15 min. Remove all
supernatant. Resuspend pellets in ice cold H2O (50 mL to each tube) and shake gently. Centrifuge
as previously. Remove all supernatant and resuspend pellets in ice cold H2O (25 mL to each tube)
and shake gently. NB: Add contents of 2 tubes together (50 mL). Centrifuge as previously. Remove
all supernatant. Resuspend pellets in 2 mL ice cold 10% glycerol. NB: Add contents of 5 tubes
together (10 mL). Centrifuge as previously. Resuspend a final volume (of each tube) 1-1.5 mL in
ice cold 10% glycerol. Store competent cells by freezing at -80ºC.
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Appendix 2.12. SOC medium
2.0 g Bacto – tryptone,
0.5 g Bacto - yeast extract,
1.0 mL 1M NaCl,
0.25 mL 1 M KCL,
1 mL 2M Mg2+ stock, filter (0.2μm filter unit) sterilised,
1 mL 2M glucose, filter sterilized.
Add distilled water to 100 mL and filter sterilize.
Appendix 2.13. Lauria Bertani medium (LB)
LB broth
10 g Bacto – tryptone,
5 g Bacto - yeast extract,
5 g NaCl,
1 L of distilled water,
Adjust pH to 7 with NaOH.
To prepare LB agar:
Add 15 g agar to 1 L of LB broth.
Sterilise (autoclave) for 15-20 min at 121ºC (15psi).
Cool agar to 50 ºC and add 100 μg/mL of ampicillin.
Appendix 2.14. Bacterial maintenance and storage
Using sterile wire loop, single bacterial colonies were inoculated into 25 mL Eppendorf tubes
containing 5 mL of LB broth and ampicillin at 100 μg/mL. The Eppendorf tubes were shaken
overnight at 200 rpm in a 37oC shaking incubator. A 40 μL aliquot of culture fluid was mixed with
60 μL of sterile 40% glycerol and stored at -80ºC.
Appendix 2.15. PCR mix for sequencing
x 1 (μL)
Big dye
5x Buffer
Primer (10 Μm)
DNA
Sterile distilled water

0.5
2.0
0.3
-

Total
10.0
NB: 30 ng DNA from PCR is required and water level is adjusted accordingly.
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Appendix 2.16. Fungal species isolated from cuticles of four insects species and amplified ITS
products digested with four restriction enzymes (sampling 1).
Species

Insect host*

Hin6I

Acremonium strictum

Ep

Acremonium strictum

Cu

Acremonium strictum

MboI

BsuRI

HinfI

185 (2) 100 (2)

300, 200, 75

450, 150

300, 175, 125

250, 125 (2) 100

325, 250

600

330, 160, 120

Ep

200, 150, 100 (2)

350, 140, 110

300, 150, 120

350, 170, 130

Acremonium strictum III

Au, Ep,

250, 150 (2) 100

325, 225, 100

650

325, 225, 100

Acrodontium crateriforme

Cu, Ep

200 100 (3)

300, 175, 50

300, 150, 75

195, 125 (2) 80

Alternaria alternata

Au, Cu, Ep, Ss

300, 170, 140

300, 200, 100

450, 170

290, 200, 120

Alternaria alternata
Alternaria alternata

Cu

250, 140, 120

300, 220, 50, 25 350, 130 (2)

300, 150, 125

Au, Cu, Ep, Ss

270, 150 (2) 80

325, 225, 100

325, 210, 120

Aphanocladium aranearum

Ep

350, 250, 150

350, 150 (2)

300, 160, 100 (2) 400, 125 (2)

Apiosporina morbosa

Au, Ep

300, 250

300, 200, 50

550

275, 200, 75

Arthothelium spectabile
Arthrinium sacchari

Cu

175 (2) 100 (2)

175 (2) 150

550

320, 260

Cu, Ep

325 (2)

325, 225, 100

500, 150

325, 225, 100

300, 230, 110

315, 220, 110

450, 200

340, 180, 125
340, 175, 125

Aureobasidium pullulans isolate wb149 Ep
Cu, Ep, Au
Aureobassidium pulllans

370, 190, 100

230, 200, 100 (2)

320, 210, 100

440, 200

Beauveria bassiana strain:IFO4848

Cu

325, 150 (2)

450, 150

300, 150 (2)

250, 120 (3)

Beauveria bassiana

Ep

325, 175, 150

430, 200

300, 150 (2)

250, 200, 100 (2)

Beauveria bassiana

Cu, Ep

310 (2)

430, 185

300, 130 (2) 60

235, 185, 100 (2)

Beauveria brongniartii

Au

300, 150, 130

400, 180

275, 120 (2), 50 230, 180, 90

Chaetomium globosum

Ep

350, 225, 75

350, 225, 50

250, 150, 100 (2) 350, 225, 75

Cladosporium cladosporiodes

Au, Cu, Ep, Ss

315, 260

325, 200, 50

575

275, 200, 100

Cladosporium herbarum

Au, Cu, Ep, Ss

300 (2)

300, 200, 100

600

325, 200, 75

Claviceps purpurea

Cu

-

-

-

-

Cordyceps bassiana

Cu, Ep, Au

300, 170, 150

400, 200

300, 150 (2)

250, 190, 80 (2)

Drechslera biseptata

Cu

375, 150

300, 250

375, 200

220, 140, 120

Drechslera dematioidea

Cu

400, 150 (2)

325, 275, 100

520, 180

200 (2) 150 (2)

Foliar endophyte of Picea glauca

Ep

275, 170, 100 (2)

325, 170, 120

400, 150, 75

300, 220, 120

Foliar endophyte of Picea glauca sp.
Fusarium lateritium

Ep

250, 150 (2) 100

325, 225, 100

475, 150

325, 220, 125

Cu, Ep

200, 180, 140,100 180, 140 (2) 75

360, 125 (2)

275, 230, 110

200, 150, 100 (2) 375, 100 (2)

280, 180, 110

Fusarium lateritium strain BBA 65286 Cu
Fusarium tricinctum
Ep

225, 190, 125 (2)

210, 190, 150, 100 200, 150,125 (2) 400, 150

350, 300

Gibberella pulicaris

Ep

295 (2)

300, 110 (2) 70

350, 130, 110

325, 270

Lewia infectoria

Cu

300, 200, 50 (2)

350, 250

400, 200

325, 275

Metschnikowia pulcherrima

Cu, Ep, Au

200, 125, 100

325, 100

290, 135

250, 175

Mucor hiemalis f. corticola
Nectria mauritiicola

Ep, Ss

375, 330

330, 260, 110

500, 450, 130, 70 350 (2)

Au, Cu, Ep, Ss

275, 175, 75 (2)

290, 190, 120

600

325, 275

Paraphaeosphaeria michotii

Ep

250, 175, 95 (2)

300, 210, 100

450, 150

300, 210, 115

Paraphaeosphaeria sp. N119

Cu

260, 160, 100 (2)

325, 225, 100

500, 150

220 (2) 120, 100

Penicillium cecidicola

Cu

185, 175, 120

350, 225

475, 100

300 (2)

Penicillium chrysogenum

Cu

190, 150, 100

200 (2) 100, 50

250, 100, 75 (2) 290 (2)

Penicillium citreonigrum

Ss

300, 200, 100

325, 175, 100

460, 140

270, 130, 100 (2)

Pestalotiopsis guepinii

Cu

275 (2)

350, 190

550

275, 175, 100

Phaeosphaeriaceae sp. GS4N3a

Ep

350, 170, 150

290, 220, 120,

600

335, 135, 150

Phoma herbarum

Au

300, 145, 125

340, 170, 50

550

260, 170, 130

Phoma herbarum

Au, Cu, Ep, Ss

300, 150 (2)

325, 175, 100

600

270, 215, 120

Phomopsis sp. PHAg

Ep

260, 200, 165

350, 250, 125

300, 200, 125

200 (2) 150, 100

Pithomyces chartarum

Ep, Au

250, 140, 100 (2)

325, 225, 50

370, 140, 100

325, 160, 115

Pithomyces chartarum

Cu

250, 100 (3)

320, 225

600

320, 170, 120

Pseudozyma fusiformata

Au, Cu, Ep, Ss

275, 225, 150 (2)

350, 170, 125 (2) 275 (2) 150, 100 450, 350

Rhodotorula mucilaginosa
Rhodotorula mucilaginosa

Cu

300 (2) 100

375, 200, 100

400, 275

375, 225, 75

Cu

225, 200, 100 (2)

300, 220, 100

425, 200

300, 180, 130
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Sclerotinia sclerotiorum

Cu, Ep, Au

300, 180, 120

320, 180, 100

500, 100

270, 250, 90

Sporobolomyces ruberrimus

Cu
Cu

175 (3) 100
300, 155, 135

325, 225, 100
300, 200, 100

525, 100

Talaromyces intermedius

340, 310
320, 280

500, 50 (2)

Tranzscheliella hypodytes

Ss

225 (2), 140 (2)

250, 220, 100 (2) 450, 130, 100

375, 350

Valsa sordida

Cu

250, 140 (2), 50

300, 220, 100

210, 170, 140, 100

350, 125 (2)

Ep

Cu, Ep, Au
Ss
Penicillium pinophilum
* Au: Apion ulicis, Cu: Cydia ulicetana, Ep: Epiphyas postvittana, Ss: Sericothrips staphylinus
Uncultured fungus
Uncultured soil fungus

Appendix 2.17. Refer to page 200.
Appendix 2.18. The size (μm2) of fungal spores of the fifteen fungal species with the largest
spores isolated from four insect species.
Isolate
Epiphyas postvittana
RAMWo1
TAMP3
MAMP 6
TAMP6
MAMP 4
MAMWo5
TAMW-2 4
TAMW-1 4
RAMWo3
TAMP6b
TAMP6
MAMW-1 1
RAMP
MAMWo2
MAMW-2 1
Average spore size
Cydia ulicetana
RPMP2
RPMP
RPMW-1 R1
TPMWo4A
MPMP1
TPMWP3
RPMW-2 1
MPMP1
MPMP5
MPMW-1 4
MPMP
TPMWP1
RPMP3
RPMP1
MPMWP7
Average spore size

Sample
Fusarium sp.
Epicocum purpurascens
Epicocum purpurascens
Fusarium sp.
Epicocum purpurascens
Fusarium sp.
Ulocladium sp.
Humicola sp.
Acremonium sp.
Fusarium sp.
Pithomyces sp.
Chaetomium globosum
Yeast
Staphylotrichum sp.
Humicola sp.

Spore size (μm2)

STD*

699.8
218.8
181.1
151.2
136.7
112.8
64.2
61.4
59.0
52.0
41.2
37.8
28.1
25.2
19.4

206.0
44.4
40.3
25.8
46.6
16.8
10.7
10.1
10.6
11.3
10.1
6.4
10.2
4.0
1.5

125.9
Pestalotiopsis guepinii
Pithomyces chartarum
Epicocum purpurascens
Fusarium sp.
Ulocladium sp.
Aureobassidium pullulans
Cladosporium sp.
Yeast
Cladosporium sp.
Beauveria bassiana
Cladosporium sp.
Acremonium sp.
Phoma herbarum
Phoma herbarum
Penicillium sp.

202.4
181.3
181.1
155.9
118.4
23.9
11.8
9.8
9.0
8.5
8.1
7.7
7.6
7.3
7.0

22.2
37.3
40.3
12.8
26.4
6.6
3.1
1.4
2.3
2.0
2.0
1.5
1.1
1.0
1.2

62.7
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Isolate
Apion ulicis
MSWo1
MSWP
TSWo1
RSW-1 1
TSW-2
RSP1
TSWo5
RSW-2
MSWP4
MSW-1 1
MSWP7
RSWP4
MSWP3
RSWP
RSP1
Average spore size
Sericothrips staphylinus
THW-1 3
THW-1 2
THPE2M
THWP3
THW-1b
THWo1
THWo 4
THWP
THP1
THP3
THWP5
THWo 2
THWo 2
THW-1
THWP4
Average spore size
*STD: standard deviation

Sample
Epicoccum purpurascens
Pithomyces sp.
Alternaria alternata
Cladosporium sp.
Cladosporium sp.
Cladosporium sp.
Yeast
Aureobassidium pullulans
Penicillium sp.
Phoma herbarum
Penicillium sp.
Beauveria bassiana
Penicillium sp.
Beauveria bassiana
Verticillium lecanii

Spore size (μm2)

STD

212.6
164.2
75.3
20.4
16.1
13.9
13.0
10.8
9.4
9.2
8.0
7.3
5.5
4.6
4.6

34.9
25.0
17.6
6.4
6.2
3.3
3.2
2.3
4.0
1.3
1.1
1.0
1.1
0.7
0.8

38.3
Alternaria alternata
Cladosporium sp.
Mucor hiemalis
Yeast
Yeast
Cladosporium sp.
Hyalodendron sp.
Penicillium sp.
Phoma herbarum
Phoma herbarum
Trichoderma sp.
Paecilomyces
Trichoderma sp.
Penicillium sp.
Penicillium sp.

106.2
16.2
14.4
13.0
12.8
11.2
9.0
7.4
7.3
5.6
4.7
4.5
4.5
3.7
2.5

38.4
3.8
3.7
3.2
3.2
1.4
0.8
1.0
1.0
0.8
0.7
0.6
1.2
0.4
0.5

14.9
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Appendix 2.19. Sequences of 16S rDNA of bacterial species recovered from four insect species
found on gorse.
Acidovorax temperans
AGGCTACCTACTTCTGGCAGAACCCGCTCCCATGGTGTGACGGGCGGTGTGTACAAGACCCGGGAACGTATTCACCGCGAC
ATTCTGATCCGCGATTACTAGCGATTCCGACTTCACGCAGTCGAGTTGCAGACTGCGATCCGGACTACGACTGGCTTTATG
GGATTAGCTCCCCCTCGCGGGTTGGCAACCCTCTGTACCAGCCATTGTATGACGTGTGTAGCCCCACCTATAAGGGCCATG
AGGACTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCCCATTAGAGTGCCCTTTCGTAGCAACTAATGGCA
AGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAGCCATGCAGCACCTGTGTTACGGCT
CTCTTTCGAGCACTCCTCTATCTCTAAAGGATTCCGTACATGTCAAAGGTGGGTAAGGTTTTTCGCGTTGCATCGAATTAA
ACCACATCATCCACCGCTTGTGCGGGTCCCCGTCAATTCCTTTGAGTTTCAACCTTGCGGCCGTACTCCCCAGGCGGTCAA
CTTCACGCGTTAGCTTCGTTACTGAGTCAGTGAAGACCCAACAACCAGTTGACATCGTTTAGGGCGTGGACTACCAGGGTA
TCTAATCCTGTTTGCTCCCCACGCTTTCGTGCATGAGCGTCAGTACAGGCCCAGGGGATTGCCTTCGCCATCGGTGTTCCT
CCGCATATCTACGCATTTCACTGCTACACGCGGAATTCCATCCCCCTCTGCCGTACTCTAGCTATACAGTCACAAATGCAG
TTCCCAGGTTGAGCCCGGGGATTTCACATCTGTCTTATATAACCGCCTGCGCACGCTTTACGCCCAGTAATTCCGATTAAC
GCTTGCACCCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGGTGCTTATTCTTACGGTACCGTCATGGACCCAGGT
ATTAACCAGAGTCTTTTCGTTCGTACAAAGCAGTTACACCCGAAGCTTCATCTGCACGCGGCATGCTGGATCAGCTTTCGC
CATTGTCAAATCCCACTGCTGCTCCGTAGAGTCTGGCGTGTCTCAGTCCAGTGTGCTGGTCGTCTCTCAAACAGCTACAGA
TTGTCGCTGTAAGCTTTATCACACTACTATCTGCATCGCGCTCGTTCGGCAAGCTTGCGTCCTGCTTCATCGTAATCTATG
CGATAACAAGCTTCCTCGTTCCCAGATCGGGCGTTCGATGTATACTACCGTGCATCTCCATCGAACTGTACGTCATGATGT
AAGGTGCCCGTATATATGAAGAGGG
Actinobacterium MSB2127
TGCAAGTCGAACGATGAACTGGAGCTTGCTCCAGGGATTAGTGGCGAACGGGTGAGTAACACGTGAGTAACCTGCCCTTGA
CTCTGGGATAAGCGCTAGAAATGGCGTCTAATACCGGATACGAGCTTCAGCCGCATGGCTAGGAGTTGGAAAGAATTTTGG
TCAAGGATGGACTCGCGGCCTATCAGCTAATTGGTGAGGTAATGGCT
Aeromonas allosaccharophila
CGCCCTCCCGAAGGTTAAGCTATCTACTTCTGGTGCAACCCACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGA
ACGTATTCACCGCGACATTCTGATTCGCGATTACTAGCGATTCCGACTTCACGGAGTCGAGTTGCAGACTCCGATCCGGAC
TACGACGCGCTTTTTGGGATTCGCTCACTATCGCTAGCTTGCAGCCCTCTGTACGCGCCATTGTAGCACGTGTGTAGCCCT
GGCCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTATCACCGGCAGTCTCCCTTGAGTTCCCACCA
TTACGTGCTGGCAACAAAGGACAGGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAGC
CATGCAGCACCTGTGTTCTGATTCCCGAAGGCACTCCCCAATCTCTTGGGGATTCCAGACATGTCAAGGCCAGGTAAGGTT
CTTCGCGTTGCATCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGG
CCGTACTCCCCAGGCGGTCGATTTAACGCGTTAGCTCCGGAAGCCACGTCTCAAGGACACAGCCTCCAAATCGACATCGTT
TACGGCGTGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGCACCTGAGCGTCAGTCTTTGTCCAGGGGGCC
GCCTTCGCCACCGGTATTCCTCAAGATCTCTACGCATTTCACCGCTAC
Agrobacterium rubi
GCTGACCCTACCGTGGTCGCCTGCCTCCCTTGCGGGTTAGCGCAGCGCCTTCGGGTAAAACCAACTCCCATGGTGTGACGG
GCGGTGTGTACAAGGCCCGGGAACGTATTCACCGCAGCATGCTGATCTGCGATTACTAGCGATTCCAACTTCATGCACTCG
AGTTGCAGAGTGCAATCCGAACTGAGATGGCTTTTGGAGATTAGCTCGACCTCGCGGTCTCGCTGCCCACTGTCACCACCA
TTGTAGCACGTGTGTAGCCCAGCCCGTAAGGGCCATGAGGACTTGACGTCATCCCCACCTTCCTCTCGGCTTATCACCGGC
AGTCCCCTTAGAGTGCCCAACCAAATGCTGGCAACTAAGGGCGAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCA
CGACACGAGCTGACGACAGCCATGCAGCACCTGTTCTGGGGCCAGCCGAACTGAAGGACAATGTCTCCACTGCCCAAACCC
CGAATGTCAAGAGCTGGTAAGGGTTCTGCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCA
ATTCCTTTGAGTTTTAATCTTGCGACCGTACTCCCC
Arthrobacter chlorophenolicus
CCCACCTTCGACGGCTCCCCCCCAAAAGGGTTAGGCCACCGGCTTCGGGTGTTACCAACTTTCGTGACTTGACGGGCGGTG
TGTACAAGGCCCGGGAACGTATTCACCGCAGCGTTGCTGATCTGCGATTACTAGCGACTCCGACTTCATGGGGTCGAGTTG
CAGACCCCAATCCGAACTGAGACCGGCTTTTTGGGATTAGCTCCACCTCACAGTATCGCAACCCTTTGTACCGGCCATTGT
AGCATGCGTGAAGCCCAAGACATAAGGGGCATGATGATTTGACGTCGTCCCCACCTTCCTCCGAGTTGACCCCGGCAGTCT
CCCTATGAGTCCCCACCATCACGTGCTGGCAACATAGAAACGAGGGTTGCGCTCGTTGGCGGGACTTTAACCCACCATCTC
ACGAACACGAGCCTGACGAACAACCAATGCACCCACCTGTAAAACCCGACCCACAAGGTGGGGGGCACCTGTTTTTCCAGG
GGGTTTTTCCCGGTTTCATGGTCCAAGGCCCTTG
Bacillus megaterium
CGAGCGAACTGATTAGAAGCTTGCTTCTATGACGTTAGCGGCGGACGGGTGAGTAACACGTGGGCAACCTGCCTGTAAGAC
TGGGATAACTTCGGGAAACCGAAGCTAATACCGGATAGGATCTTCTCCTTCATGGGAGATGATTGAAAGATGGTTTCGGCT
ATCACTTACAGATGGGCCCGCGGTGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCAACGATGCATAGCCGACCTG
AGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGA
CGAAAGTCTGACGGAGCAACGCCGCGTGAGTGATGAAGGCTTTCGGGTCGTAAAACTCTGTTGTTAGGGAAGAACAAGTAC
GAGAGTAACTGCTCGTACCTTGACGGTACCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAG
GTGGCAAGCGTTATCCGGAATTATTGGGCGTAAAGCGCGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCACGGCTCA
ACCGTGGAGGGTCATTGGAAACTGGGGAACTTGAGTGCAGAAGAGAAAAGCGGAATTCCACGTGTAGCGGTGAAATGCGTA
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GAGATGTGGAGGAACACCAGTGGCGAAGGCGGCTTTTTGGTCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAAC
AGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAAGTGTTAGAGGGTTTCCGCCCTTTAGTGCTGCAGCT
AACGCATTAAGCACTCCGCCTGGGGAGTACGGTCGCAAGACTGAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTG
GAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCTCTGACAACTCTAGAGATAGAGCG
Bacillus pumilus
CTGCCCCACCTTCGGCGGCTGGCTCCATAAAGGTTACCTCACCGACTTCGGGTGTTGCAAACTCTCGTGGTGTGACGGGCG
GTGTGTACAAGGCCCGGGAACGTATTCACCGCGGCATGCTGATCCGCGATTACTAGCGATTCCAGCTTCACGCAGTCGAGT
TGCAGACTGCGATCCGAACTGAGAACAGATTTATGGGATTGGCTAAACCTTGCGGTCTCGCAGCCCTTTGTTCTGTCCATT
GTAGCACGTGTGTAGCCCAGGTCATAAGGGGCATGATGATTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGT
CACCTTAGAGTGCCCAACTAAATGCTGGCAACTAAGATCAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGA
CACGAGCTGACGACAACCATGCACCACCTGTCACTCTGTCCCCGAAGGGAAAGCCCTATCTCTAGGGTTGTCAGAGGATGT
CAAGACCTGGTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTT
GAGTTTCAGTCTTGCGACCGTACTCCCCAGGCGGAGTGCTTAATGCGTTAGCTGCAGCACTAAGGGGCGGAAACCCCCTAA
CACTTAGCACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTCGCTCCCCACGCTTTCGCTCCTCAGCGTC
AGTTACAGACCAGAGAGTCGCCTTCGCCACTGGTGTTCCTCCACATCTCTACGCATTTCACCGCTACACGTGGAATTCCAC
TCTCCTCTTCTGCACTCAAGTTTCCCAGTTTCCAATGACCCTCCCCGGGTTGAGCCGGGGCTTT
Chryseobacterium indoltheticum
TTGTTTTACCCTAGGCAGCTCCTGTTACGGTCACCGACTTCAGGTACCCCAAACTTCCATGGCTTGACGGGCGGTGTGTAC
AAGGCCCGGGAACGTATTCACCGCGCCATGGCTGATGCGCGATTACTAGCGATTCCAGCTTCATAGAGTCGAGTTGCAGAC
TCCAATCCGAACTGAGACCGGCTTTCGAGATTCGCATCCTATCGCTAGGTAGCTGCCCTCTGTACCGGCCATTGTATTACG
TGTGTGGCCCAAGGCGTAAGGGCCGTGATGATTTGACGTCATCCCCACCTTCCTCTCTACTTGCGTAGGCAGTCTCACTAG
AGTCCCCAACTGAATGATGGCAACTAGTGACAGGGGTTGCGCTCGTTGCAGGACTTAACCTAACACCTCACGGCACGAGCT
GACGACAACCATGCAGCACCTTGAAAATTGTCCGAAGAAAAGTCTATTTCTAAACCTGTCAATTCCCATTTAAAGCCTTGG
TAAGGGTTCCTCGCGTATCATCGAATTAAACCACATAATCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTG
Chryseobacterium sp. BBCT14
GCTCCTGTTACGGTCACCGACTTCAGGTACCCCAGACTTCCATGGCTTGACGGGCGGTGTGTACAAGGCCCGGGAACGTAT
TCACCGCGCCATGGCTGATGCGCGATTACTAGCGATTCCAGCTTCATAGAGTCGAGTTGCAGACTCCAATCCGAACTGAGA
CCGGCTTTCGAGATTTGCATCACATCGCTGTGTAGCTGCCCTCTGTACCGGCCATTGTATTACGTGTGTGGCCCAAGGCGT
AAGGGCCGTGATGATTTGACGTCATCCCCACCTTCCTCTCTACTTGCGTAGGCAGTCTCACTAGAGTCCTCAACTTAATGC
TAGCAACTAGTGACAGGGGTTGCGCTCGTTGCAGGACTTAACCTAACACCTCACGGCACGAGCTGACGACAACCATGCAGC
ACCTTGAAAATTGTCCGAAGAAAAGTCTATTTCTAAACCTGTCAATTCCCATTTAAGCCTTGGTAAGGTTCCTCGCGTATC
ATCGAATTAAACCACATAATCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCATTCTTGC
Curtobacterium flaccumfaciens pv. flaccumfaciens
TGGGCTGTTTTACCGTGTCAGTCGTATGTGGATGCCCAGCCTTGCTGGGTTGATTAGTGGCGAACGGGTGAGTAACACGTG
AGTAACCTGCCCCTGACTCTGGGATAAGCGTTGGAAACGACGTCTAATACTGGATATGATCACTGGCCGCATGGTCTGGTG
GTGGAAAGATTTTTTGGTTGGGGATGGACTCGCGGCCTATCAGCTTGTTGGTGAGGTAATGGCTCACCAAGGCGACGACGG
GTAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATA
TTGCACAATGGGCGAAAGCCTGATGCAGCAACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTTAGTAGGG
AAGAAGCGAAAGTGACGGTACCTGCAGAAAAAGCACCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAG
CGTTGTCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCTGCTGTGAAATCCCGAGGCTCAACCTCGGG
CTTGCAGTGGGTACGGGCAGACTAGAGTGCGGTAGGGGAGATTGGAATTCCTGGTGTAGCGGTGGAATGCGCAGATATCAG
GAGGAACACCGATGGCGAAGGCAGATCTCTGGGCCGTAACTGACGCTGAGGAGCGAAAGCATGGGGAGCGAACAGGATTAG
ATACCCTGGTAGTCCATGCCGTAAACGTTGGGCGCTAGATGTAGGGACCTTTCCACGGTTTCTGTGTCGTAGCTAACGCAT
TAAGCGCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGCGGAGCATG
CGGATTAATTCGATGCAACGCGAAGAACCTTACCAAGGCTTGACATACACCGGAAACGGCCAGAGATGGTCGCCCCCTTGT
GGTCGGTGTACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCT
CGTTCTATGTTGCCAGCGGGTTATGCCGGGGACTCATAGGAGACTGCCGGGGTCAACTCGGAGGAAGGTGGGGATGACGTC
AAATCATCATGCCCCTTATGTCTTGGGCTTCACGCATGCTACAATGGCCGGTACAAAGGGCTGCGATACCGTAAGGTGGAG
CGAATCCCAAAAAGCCGGTCTCAGTTCGGATTGAGGTCTGCAACTCGACCTCATGAAGTCGGAGTCGCTAGTAATCGCAGA
TCAGCAACGCTGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCAAGTCATGAAAGTCGGTAACACCCGAAGCC
GGTGGCCTAACCCTTGTGGAAGGAGCCGTCGAAGGTGGGATCGGGATAGACGGATAGTACATGCACTACGACGTCGAGGGG
AGG
Enterococcus mundtii
CGCTTCTTTTCCCACCGGAGCTTGCTCCACCGGGAAAAGAGGAGTGGCGAACGGGTGAGTAACACGTGGGTAACCTGCCCA
TCAGAAGGGGATAACACTTGGAAACAGGTGCTAATACCGTATAACAATCGAAACCGCATGGTTTCGTTTTGAAAGGCGCTT
TACGGTGCCGCTGATGGATGGACCCGCGGTGCATTAGCTAGTTGGTGAGGTAACGGCTCACCAAGGCCACGATGCATAGCC
GACCTGAGAGGGTGATCGGCCACATTGGGACTGAGACACGGCCCAAACTCCTACGGGAGGCAGCAGTAGGGAATCTTCGGC
AATGGACGAAAGTCTGACCGAGCAACGCCGCGTGAGTGAAGAAGGTTTTCGGATCGTAAAACTCTGTTGTTAGAGAAGAAC
AAGGGTGAGAGTAACTGTTCACCCCTTGACGGTATCTAACCAGAAAGCCACGGCTAACTACGTGCCAGCAGCCGCGGTAAT
ACGTAGGTGGCAAGCGTTGTCCGGATTTATTGGGCGTAAAGCGAGCGCAGGCGGTTTCTTAAGTCTGATGTGAAAGCCCCC
GGCTCAACCGGGGAGGGTCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAGAGTGG
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Erwinia billingiae
CGGTAGCACAGAGAGCTTGCTCTCGGGTGACGAGTGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGAGGGGGA
TAACTACTGGAAACGGTAGCTAATACCGCATAACGTCTTCGGACCAAAGTGGGGGACCTTCGGGCCTCACACCATCGGATG
TGCCCAGATGGGATTAGCTAGTAGGTGGGGTAATGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCAGC
CACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGC
AGCCATGCCGCGTGTATGAAGAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGGGGAGGAAGGCGATAAGGTTAATAACCTT
GTCGATTGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAA
TCGGAATTACTGGGCGTAAAGCGCACGCAGGCGGTCTGTCAAGTCAGATGTGAAATCCCCGGGCTTAACCTGG
Erwinia carotovora
GACGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGTGGCATTCTGATCCACGATTACTAGCGATTCCGACTTCACGG
AGTCGAGTTGCAGACTCCGATCCGGACTACGACGCACTTTGTGAGGTCCGCTTGCTCTCGCGAGGTCGCTTCTCTTTGTAT
GCGCCATTGTAGCACGTGTGTAGCCCTACTCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTATCA
CCGGCAGTCTCCTTTGAGTTCCCACCATTACGTGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAA
CATTTCACAACACGAGCTGACGACAGCCATGCAGCACCTGTCTCAGCGTTCCCGAAGGCACCAAGGCATCTCTGCCAAGTT
CGCTGGATGTCAAGAGTAGGTAAGGTTCTTCGCGTTGCATCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGT
CAATTCATTTGAGTTTTAACCTTGCGGCCGTACTCCCCAGGCGGTCGACTTAACGCGTTAGCTCCGGAAGCCACTCCTCAA
GGGAACAACCTCCAAGTCGACATCGTTTACGGCGTGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGCACC
TGAGCGTCAGTCTTTGTCCAGGGGGCCGCCTTCGCCACCGGTATTCCTCCAGATCTCTACGCATTTCACCGCTACACCTGG
AATTCTACCCCCCTCTACAGACTCAAGCCTGCCAGTTTCAAATGCAGTTCCCAGGTTAAGCCCGGGGATTTCACATCTGAC
TTAACAGACCGCCTGCGTGCGCTTT
Erwinia cypripedii
GGTAAGCGCCCTCCCGAAGGTTAAGCTACCTACTTCTTTTGCAACCCACTCCCATGGTGTGACGGGCGGTGTGTACAAGGC
CCGGGAACGTATTCACCGTAGCATTCTGATCTACGATTACTAGCGATTCCGACTTCATGGAGTCGAGTTGCAGACTCCAAT
CCGGACTACGACGCACTTTATGAGGTCCGCTTGCTCTCGCGAGGTCGCTTCTCTTTGTATGCGCCATTGTAGCACGTGTGT
AGCCCTGGCCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTATCACCGGCAGTCTCCTTTGAGTTC
CCGGCCGAGTCGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATTTCACAACACGAGCTGACG
ACAGCCATGCAGCACCTGTCTCAGAGTTCCCGAAGGCACCAAAGCATCTCTGCTAAGTTCTCTGGATGTCAAGGCCAGGTA
AGGTTCTTCGCGTTGCATCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCC
Escherichia coli
GGAAGAAGCTTGCTTCTTTGCTGACGAGTGGCGGACGGGTGAGTAATGTCTGGGAAACTGCCTGATGGAGGGGGATAACTA
CTGGAAACGGTAGCTAATACCGCATAACGTCGCAAGACCAAAGAGGGGGACCTTCGGGCCTCTTGCCATCGGATGTGCCCA
GATGGGATTAGCTAGTAGGTGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGAGGATGACCAGCCACACT
GGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGCAAGCCTGATGCAGCCAT
GCCGCGTGTATGAAGAAGGCCTTCGGGTTGTAAAGTACTTTCAGCGGGGAGGAAGGGAGTAAAGTTAATACCTTTGCTCAT
TGACGTTACCCGCAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAATCGGAA
TTACTGGGCGTAAAGCGCACGCAGGCGGTTTGTTAAGTCAGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCTGAT
ACTGGCATGCTTGAGTCTCGTAGAGGGGGGTAGAATTCCAGGTGTAGCGGTGAAATGCGTAGAGATCTGGAGGAATACCGG
TGGCGAAGGCGGCCCCCTGGGACGAAGACTGACGCTCATGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGATA
GTCCACGCCGTAAACGATGTCGACTTGCAGGTTGTGCCCTTGAGGCGTGCTTCCGGAGCTAACGCGTTAAGTCGACCGCCT
GGGGAGTACGGCGCAAGGTTAAACTCAAATGAATTGACGGGGGCCCGC
Frigoribacterium sp.
CACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGAAAGCCTGATGCAGCAACGCCGCGTGAG
GGATGACGGCCTTCGGGTTGTAAACCTCTTTTAGTAGGGAAGAAGCGAAAGTGACGGTACCTGCAGAAAAAGCACCGGCTA
ACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGTT
TGTCGCGTCTGCTGTGAAATCTGGGGGCTCAACCCCCAGCCTGCAGTGGGTACGGGCAGACTAGAGTGCGGTAGGGGAGAT
TGGAATTCCTGGTGTAGCGGTGGAATGCGCAGATATCAGGAGGAACACCGATGGCGAAGGCAGATCTCTGGGCCGTAACTG
ACGCTGAGGAGCGAAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGTTGGGAACTAGATGT
GGGGGCCATTCCACGGTCTCCGTGTCGCAGCTAACGCATTAAGTTCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTC
AAAGGAATTGACGGGGGCCCGCACAAGCGGCGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTACCAAGGCTTG
ACATATACCGGAAACGTCCAGAGATGGTCGCCCCGCAAGGTCGGTATACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCG
TGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTCGTTCTATGTTGCCAGCACGTTATGGTGGGAACTCATAGGAGA
CTGCCGGGGTCAACTCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGTCTTGGGCTTCACGCATGCTACA
ATGGCCGGTACAAAGGGCTGCGATACCGTAAGGTGGAGCGAATCCCAAAAAGCCGGTCT
Methylobacterium aquaticum
GCCTCCTTGCGGTTGGCGCAGCGCCGTCGGGTAAGACCAACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAAC
GTATTCACCGTGGCATGCTGATCCACGATTACTAGCGATTCCGCCTTCATGCACCCGAGTTGCAGAGTGCAATCCGAACTG
AGACGGCTTTTGGGGATTCGCTCCAGGTCGCCCCTTCGCTGCCCATTGTCACCGCCATTGTAGCACGTGTGTAGCCCATCC
CGTAAGGGCCATGAGGACTTGACGTCATCCACACCTTCCTCGCGGCTTATCACCGGCAGTCTCCCCAGAGTGCCCAACTGA
ATGATGGCAACTGAGGACGTGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAGCCATG
CAGCACCTGTGTGCACGTCCCCGAAGGGAACACCGGATCTCTCCGGTTCGCATGCCATGTCAAGGGATGGTAAGGTTCTGC
GCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTTAATCTTGCGACCGT
ACTCCCCAGGCGGAATGCTTAAAGCGTTAGCGGCGCCACTGAGGTGCATGCACCCCAACGGCTAGCATTCATCGTTTACAG
CGTGGACTACCAGGGCTATCTAATCCTGTTTGCTCCCCACGCTTTCGCGCCTCAGCGTCAGAACCGGACCAGACAGCCGCC
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TTCGCCACTGGTGTTCTTGCGAATATCTACGAATTTCACCTCTACACTCGCAGTTCCGCTGTCCTCTTCCGGTCTCAAGCC
AATCAGTATCGAAGGCCATTCCGTGGTTGA
Methylobacterium sp. PB176
CGAGCGGGCACTTCGGTGTCAGCGGCGGACGGGTGAGTAACGCGTGGGAACGTGCCTTCTGGTTCGGAATAACTCAGGGAA
ACTTGAGCTAATACCGGATACGCCCTTTTGGGGAAAGGTTTACTGCCGGAAGATCGGCCCGCGTCTGATTAGCTAGTTGGT
GGGGTAACGGCCTACCAAGGCGACGATCAGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAG
ACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCAAGCCTGATCCAGCCATGCCGCGTGAGTGATGAAGGC
CTTAGGGTTGTAAAGCTCTTTTATCCGGGACGATATGACGGTACCGGAGGAATAAGCCCCGGCTAACTTCGTGCCAGCAGC
CGCGGTAATACGAAGGGGGCTAGCGTTGCTCGGAATCACTGGGCGTAAAGGGCGCGTAGGCGGTCTTTTAAGTCGGGGGTG
AAAGCCTGTGGCTCAACCACAGAATTGCCTTCGA
Microbacterium sp.
CCGATCCCACCTTCGACGGCTCCCTCCACAAGGGTTAGGCCACCGGCTTCAGGTGTTACCGACTTTCATGACTTGACGGGC
GGTGTGTACAAGACCCGGGAACGTATTCACCGCAGCGTTGCTGATCTGCGATTACTAGCGACTCCGACTTCATGAGGTCGA
GTTGCAGACCTCAATCCGAACTGGGACCGGCTTTTTGGGATTCGCTCCACCTCGCGGTATTGCAGCCCTTTGTACCGGCCA
TTGTAGCATGCGTGAAGCCCAAGACATAAGGGGCATGATGATTTGACGTCATCCCCACCTTCCTCCGAGTTGACCCCGGCA
GTATCCCATGAGTTCCCACCATTACGTGCTGGCAACATAGAACGAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTC
ACGACACGAGCTGACGACAACCATGCACCACCTGTATACGAGTGTCCAAAGAGTTCTGCATTTCTGCAGCGTTCTCGAATA
TGTCAAGCCTTGGTAAGGTTCTTCGCGTTGCATCGAATTAATCCGCATGCTCCGCCGCTTGTGCGGGTCCCCGTCAATTCC
TTTGAGTTTTAGCCTTGCGGCCGTACTCCCC
Microbacterium sp. KV-492
GCTCCCTCCACAAGGGTTGGGCCACCGGCTTCAGGTGTTACCGACTTTCATGACTTGACGGGCGGTGTGTACAAGACCCGG
GAACGTATTCACCGCAGCGTTGCTGATCTGCGATTACTAGCGACTCCGACTTCATGAGGTCGAGTTGCAGACCTCAATCCG
AACTGGGACCGGCTTTTTGGGATTCGCTCCACCTTACGGTATTGCAGCCCTTTGTACCGGCCATTGTAGCATGCGTGAAGC
CCAAGACATAAGGGGCATGATGATTTGACGTCATCCCCACCTTCCTCCGAGTTGACCCCGGCAGTATCCCATGAGTTCCCA
CCATAACGTGCTGGCAACATAGAACGAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGAC
AACCATGCACCACCTGTTTACGAGTGTCCAAAGA
Moraxella osloensis
CGCCCTCTTTCGTTAGGCTACCTACTTCTGGTGCAATAGACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAAC
GTATTCACCGCGGCATTCTGATCCGCGATTACTAGCGATTCCGACTTCATGGAGTCGAGTTGCAGACTCCAATCCGGACTA
CGATAGGCTTTTTGAGATTAGCATCACATCGCTGTGTAGCAACCCTCTGTACCTACCATTGTAGCACGTGTGTAGCCCTGG
TCGTAAGGGCCATGATGACTTGACGTCGTCCCCGCCTTCCTCCAGTTTGTCACTGGCAGTATCCTTAAAGTTCCCGGCTTA
ACCCGCTGGCAAATAAGGAAAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAGCCA
TGCAGCACCTGTATGTGAATTCCCGAAGGCACTCTCTCATCTCTGAAAGATTCTCACTATGTCAAGACCAGGTAAGGTTCT
TCGCGTTGCATCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGGCC
GTACTCCCCAGGCGGTCTACTTATCGCGTTAACTGCGCCACTAAAGTCTCAAGGACCCCAACGGCTAGTAGACATCGTTTA
CGGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTACCCACGCTTTCGAATCTCAGTGTCATATTATGCCAGGAAGCTGC
CTTCGCCATCGGTATTCCTCCAGATCTCTACGCATTTCACCGCTACACCTGGAATTCTACTTCCCTCTCACATATTCTAGC
ACCACCAGTATCACATGCAGTTCCCAGGTTAAGCCCGGGGATTTCACATGTGACTTAATGAGCCACCTACACTCGCTTTAC
GCCCAGTAATTCCGATTAACGCTCGCACCCTCTGTATTACCGCGGCTGCTGGCACAGAGTTAGCCGGTGCTTATTCT
Paenibacillus polymyxa
GGCGGACGGGTGAGTAACACGTAGGCAACCTGCCCACAAGACAGGGATAACTACCGGAAACGGTAGCTAATACCCGATACA
TCCTTTTCCTGCGTGGGAGAAGGAGGAAAGACGGAGCAATCTGTCACTTGTGGATGGGCCTGCGGCGCATTATCTAGTTGG
TGGGGTAAAGGCCTACCAAGGCGACAATGCGTAGCCGACCTGAGAGGGTGATCGGCCACACTGGGACTGAGACACGGCCCA
GACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCGCAATGGGCGAAAGCCTGACGGAGCAACGCCGCGTGAGTGATGAAGG
TTTTCGGATCGTAAAGCTCTGTTGCCAGGGAAGAACGTCTTGTAGAGTAACTGCTACAAGAGTGACGGTACCTGAGAAAAA
AGCCCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGGGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGCGCG
CGCAGGCGGCTCTTTAAGTCTGGTGTTTAATCCCGAGGCTCAACTTCGGGTCGCACTGGAAACTGGGGAGCTTGAGTGCAG
AAAAGGAGAGTGGAATTCCACGTGTAGCGGTGAAATGCGTATAGATGTGGAGGAACACCAGTGGCGAAAGCGACTCTCTGG
GCTGTAACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAA
TGCTAGGTGTTAGGGGTTTCGATACCCTTGGTGCCGAAGTTAACACATTAAGCATTCCGCCTGGGGAGTACGGTCGCAAGA
CTGAAACTCAAAGGAATTGACGGGGACCCGCACAAGCAGTGGAGTATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTAC
CAGGTCTTGACATCCCTCTGACCGGTGTAGAGATAGGCCTTTCCTTCGGGACAGAGGAGACAGGTGGTGCATGGTTGTCGT
CAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTATGCTTAGTTGCCAGCAGGTCAAGCTGGGC
ACTCTAAGCAGACTGCCGGTGACAAACCGGAGGAAGGTGGGGATGACGTCAAATCATCATGCCCCTTATGACCTGGGCTAC
ACACGTACTACAATGGCCGGTACAACGGGAAGCGAAATCGCGAGGTGGAGCCAATCCTAGAAAAGCCGGTCTCAGTTCGGA
TTGTAGGCTGCAACTCGCCTACATGAAGTCGGAATTGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACGTTCCCGGG
TCTTGTACACACCGCCCGTCACACCACGAGAGTTTACAACACCCGAAGTCGGTGGGGTAACCCGCAAGGGAGCCAGCC
Plantibacter flavus
ACGGGTGAGTAACACGTGAGTAACCTGCCCTTGACTCTGGGATAAGCGTTGGAAACGACGTCTAATACCGGATACGAGCTT
CCACCGCATGGTGAGTTGCTGGAAAGAATTTTGGTCAAGGATGGACTCGCGGCCTATCAGCTTGTTGGTGAGGTAATGGCT
CACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGA
GGCAGCAGTGGGGAATATTGCACAATGGGCGAAAGCCTGATGCAGCAACGCCGCGTGAGGGACGACGGCCTTCGGGTTGTA
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AACCTCTTTTAGCAGGGAAGAAGCGAAAGTGACGGTACCTGCAGAAAAAGCACCGGCTAACTACGTGCCAGCAGCCGCGGT
AATACGTAGGGTGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCTGCTGTGAAATCC
CGAGGCTCAACCTCGGGTCTGCAGTGGGTACGGGCAGACTAGAGTGCGGTAGGGGAGATTGGAATTCCTGGTGT
Providencia rustigianii
ACGCCCTCCCGAAGGTTAAGCTATCTACTTCTTTTGCAACCCACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGG
AACGTATTCACCGTAACATTCTGATTTACGATTACTAGCGATTCCGACTTCATGGAGTCGAGTTGCAGACTCCAATCCGGA
CTACGACGCACTTTATGAGGTCCGCTTGCTCTCGCGAGGTCGCTTCTCTTTGTATGCGCCATTGTAGCACGTGTGTAGCCC
TACTCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTATCACCGGCAGTCTCCTTTGAGTTCCCACC
ATTACGTGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATTTCACAACACGAGCTGACGACAG
CCATGCAGCACCTGTCTCAGAGTTCCCGAAGGCACTAAAGCATCTCTGCTAAATTCTCTGGATGTCAAGAGTAGG
Pseudoclavibacter helvolus
GGATATCTAACACGATCGCATGGTCTGTGTTTGGAAAGATTTTTTGGTTATGGATCGGCTCACGGCCTATCAGCTTGTTGG
TGAGGTAATGGCTCACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGTGACCGGCCACACTGGGACTGAGACACGGCCCA
GACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGAAAGCCTGATGCAGCAACGCCGCGTGAGGGATGACGG
CCTTCGGGTTGTAAACCTCTTTTAGTAGGGAAGAAGCGAAAGTGACGGTACCTGCAGAAAAAGCACCGGCTAACTACGTGC
CAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGTTTGTCGCGTC
TGCTGTGAAATCCCGAGGCTCAACCTCGGGTCTGCAGTGGGTACGGGCAGACTAGAGTGTGGTAGGGGAGATTGGAATTCC
TGGTGTAGCGGTGGAATGCGCAGATATCAGGAGGAACACCGATGGCGAAGGCAGATCTCTGGGCCATTACTGACGCTGAGG
AGCGAAAGCATGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGTTGGGCGCTAGATGTGGGGACCAT
TCCACGGTTTCCGTGTCGTAGCTAACGCATTAAGCGCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAATT
GACGGGGGCCCGCACAAGCGGCGGAGCATGCGGATTAATTCGATGCAACGCGAAGAACCTTACCAAGGCTTGACATATACC
GGAAACGTTCAGAAATGTTCGCCCCGCAAGGTCGGTATACAGGTGGTGCATGGTTGTCGTCAGCTCGTGTCGTGAGATGTT
GGGTTAAGT
Pseudomonas fluorescens
GAGCGGTAGAGAGAAGCTTGCTTCTCTTGAGAGCGGCGGACGGGTGAGTAAAGCCTAGGAATCTGCCTGGTAGTGGGGGAT
AACGTTCGGAAACGGACGCTAATACCGCATACGTCCTACGGGAGAAAGCAGGGGACCTTCGGGCCTTGCGCTATCAGATGA
GCCTAGGTCGGATTAGCTAGTTGGTGAGGTAATGGCTCACCAAGGCGACGATCCGTAACTGGTCTGAGAGGATGATCAGTC
ACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCA
GCCATGCCGCGTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCATTAACCTAATACGTTAG
TGTTTTGACGTTACCGACAGAATAAGCACCGGCTAACTCTGTGCCAGCAGCCGCGGTAATACAGAGGGTGCAAGCGTTAAT
CGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTTGTTAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCAT
TCAAAACTGACTGACTAGAGTATGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATATAGGAAGGAAC
ACCAGTGGCGAAGGCGACCACCTGGACTAATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATA
Pseudomonas lutea
CCGTCCTCCCGAAGGTTAGACTAGCTACTTCTGGTGCAACCCACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGG
AACGTATTCACCGCGACATTCTGATTCGCGATTACTAGCGATTCCGACTTCACGCAGTCGAGTTGCAGACTGCGATCCGGA
CTACGATCGGTTTTCTGGGATTAGCTCCACCTCGCGGCTTGGCAACCCTCTGTACCGACCATTGTAGCACGTGTGTAGCCC
AGGCCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCTCCTTAGAGTGCCCACC
ATAACGTGCTGGTAACTAAGGACAAGGGTTGCGCTCGTTACGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAG
CCATGCAGCACCTGTCTCAATGTTCCCGAAGGCACCAATCCATCTCTGGAAAGTTCATTGGGATGTCAAGGCCTGGTAAGG
TTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCATTTTGAGTTTTAACCTTG
CCGGCCGTACTCCCCAGGCGGTCAACTTAGTGCGTTAGCTGCGCCACTAAAAGCTCAAGGCTTCCAACGGCTAGTTGACAT
CGTTTACGGCGTGAACTACCAGG
Rhodococcus corynebacterioides
TGTGGGTAGAATTTGTGTGGTGAAAAAACAAAAGGGAAAAGGCCCTTCGGGGTACACGAGTGGCGAACGGGTGAGTAACAC
GTGGGTGATCTGCCCTGCACTTCGGGATAAGCCCGGGAAACTGGGTCTAATACCGGATATGACCACAGCATGCATGTGTTG
TGGTGGAAAGATTTATCGGTGCAGGATGGGCCCGCGGCCTATCAGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGAC
GGGTAGCCGGCCTGAGAGGGCGACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAA
TATTGCACAATGGGCGCAAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGCAG
GGACGAAGCGCAAGTGACGGTACCTGCAGAAGAAGCACCGGCCAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCA
AGCGTTGTCCGGAATTACTGGGCGTAAAGAGCTCGTAGGCGGTTTGTCGCGTCGTCTGTGAAAACCAGCAGCTCAACTGTT
GGCTTGCAGGCGATACGGGCAGACTTGAGTATTTCAGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATC
AGGAGGAACACCGGTGGCGAAGGCGGGTCTCTGGGAAATAACTGACGCTGAGGAGCGAAAGCGTGGGTAGCGAACAGGATT
AGATACCCTGGTAGTCCACGCCGTAAACGGTGGGCGCTAGGTGTGGGTTTCCTTCCACGGGATCCGTGCCG
Rhodococcus erythropolis
CCCTCCCACAAGGGGTTAAGCCACCGGCTTCGGGTGTTACCGACTTTCATGACGTGACGGGCGGTGTGTACAAGGCCCGGG
AACGTATTCACCGCAGCGTTGCTGATCTGCGATTACTAGCGACTCCGACTTCACGGGGTCGAGTTGCAGACCCCGATCCGA
ACTGAGACCAGCTTTAAGGGATTCGCTCCACCTCACGGTCTCGCAGCCCTCTGTACTGGCCATTGTAGCATGTGTGAAGCC
CTGGACATAAGGGGCATGATGACTTGACGTCGTCCCCACCTTCCTCCGAGTTGACCCCGGCAGTCTCTTACGAGTCCCCAC
CATAACGTGCTGGCAACATAAGATAGGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACA
GCCATGCACCACCTGTATACCGACCACAAGGGGGGCCACATCTCTGCAGCTTTCCGGTATATGTCAAACCCAGGTAAGGTT
CTTCGCGTTGCATCGAATTAATCCACATGCTCCGCCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTTAGCCTTGCGG
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CCGTACTCCCCAGGCGGGGCGCTTAATGCGTTAGCTACGGCACGGATTCCGTGGAAGGAACCCACACCTAGCGCCCACCGT
TTACGGCGTGGACTACCAGGGTATCTAATCCTGTTCGCTACCCACGCTTTCGTTCCTCAGCGTCAGTTACTGCCCAGAGAC
CCGCCTTCGCCACCGGTGTTCCTCCTGATATCTGCGCATTTCACCGCTACACCAGGAATTCCAGTCTCCCC
Rhodococcus fascians
GCCTTTCGGGGTACACGAGCGGCGAACGGGTGAGTAACACGTGGGTGATCTGCCCTGCACTCTGGGATAAGCTTGGGAAAC
TGGGTCTAATACCGGATATGACCACAGCATGCATGTGTTGTGGTGGAAAGATTTATCGGTGCAGGATGGGCCCGCGGCCTA
TCAGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGGTAGCCGACCTGAGAGGGTGACCGGCCACACTGGGACTG
AGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGGAAGCCTGATGCAGCGACGCCGCGT
GAGGGAWRAAGGCCTTCGGGTTGTAAACCTCTTTCAGCAGGGACGAAGCGTGAGTGACGGTACCTGCAGAAGAAGCACCGG
CTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCGAGCGTTGTCCGGAATTACTGGGCGTAAAGAGTTCGTAGGCG
GTTTGTCGCGTCGTTTGTGAAAACCCGGGGCTCAACTTCGGGCTTGCAGGCGAT
Rhodococcus sp. Ellin172
CGGTGGGCCCTTCGGGGTACACGAGCGGCGAACGGGTGAGTAACACGTGGGTGACCTGCCTCGCACTCTGGGATAAGCCCG
GGAAACTGGGTCTAATACCGGATATGACCTCATGTCGCATGGCGTGGGGTGGAAAGCTTTTGTGGTGCGAGATGGGCCCGC
GGCCTATCAGCTTGTTGGTGGGGTAACGGCCTACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGCGATCGGCCACACTG
GGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGGAAGCCTGATGCAGCGACG
CCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGTACCGACGAAGCGCGAGTGACGGTAGGTACAGAAGAAG
CACCGGCCAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTGTCCGGAATTACTGGGCGTAAAGAGCTCG
TAGGCGGTTTGTCACGTCGACTGTGAAATCCCATGGCTCAACTGTGGGCGTGCAGTCGATACGGGCAGACTTGAGTACTGC
AGGGGAGACTGGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATCAGGAGGAACCCGGTGGCGAAGGCGGGTCTCTGGGC
AGTAACTGACGCTGAGGAGCGAAAGCATGGGTAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCGTAAACGGTGGGCG
CTAGGTGTGGGTTTCCTTCCACGGGATCCGTGCCGTAGCTAACGCATTAAGCGCCCCGCCTGGGGAGTACGGCCGCAAGGC
TAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGCGGAGCATGTGGATTAATTCGATGCAACGCGAAGAACCTTACC
TGGGTTTGACATGCACCGGACAGCTGCAGAGATGTGGTTTCCGCAAGGTCGGTGTGCAGGTGGTGCATGGCTGTCGTCAGC
TCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTGTCCTGTGTTGCCAGCACGTAATGGTGGGGACTC
GCAGGAGACTGCCGGGGTCAACTCGGAGGAAGGTGGGGACGACGTCAAGTCATCATGCCCCTTATGTCCAGGGCTTCACAC
ATGCTACAATGGCCGGTACAGAGGGCTGCTAAGCCGCGAGGTGGAGCGAATCCCTTAAAGCCGGTCTCAGTTCGGATCGGG
GTCTGCAACTCGACCCCGTGAAGTCGGAGTCGCTAGTAATCGCAGATCAGCAACGCTGCGGTGAATACGTTCCCGGGCCTT
GTACACACCGCCCGTCACGTCACGAAAGTCGGTAACACCCGAAGCCAGTGGCCCAATCCCTTCGGGGAGGGA
Serratia proteamaculans subsp. quinovora
CGCCCTCCCGAAGGTTAAGCTACCTACTTCTTTTGCAACCCACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGA
ACGTATTCACCGTAGCATTCTGATCTACGATTACTAGCGATTCCGACTTCACGGAGTCGAGTTGCAGACTCCGATCCGGAC
TACGACGTACTTTATGAGGTCCGCTGGCTCTCGCGAGTTCGCTTCTCTTTGTATACGCCATTGTAGCACGTGTGTAGCCCT
ACTCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTATCACCGGCAGTCTCCTTTGAGTTCCCACCA
TTACGTGCTGGCAACAAAGGATAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATTTCACAACACGAGCTGACGACAGC
CATGCAGCACCTGTCTCAGAGTTCCCGAAGGCACTAAGCTATCTCTAGCGAATTCTCTGGATGTCAAGAGTAGGTAAGGTT
CTTCGCGTTGCATCGAATTAAACCACATGCTCCACCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGG
GCCGTACTCCCCAGGCGGTCGACTTAACGCGTTAGCTC
Sphingomonas sp. pfB27
CACGGGTGCGTAACGCGTGGGAATCTGCCCCTTGGTTCGGAATAACAGTTGGAAACGACTGCTAATACCGGATGACGACGT
AAGTCCAAAGATTTATCGCCGAGGGATGAGCCCGCGTAGGATTAGGTAGTTGGTGTGGTAAAGGCGCACCAAGCCGACGAT
CCTTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAA
TATTGGACAATGGGCGAAAGCCTGATCCAGCAATGCCGCGTGAGTGATGAAGGCCTTAGGGTTGTAAAGCTCTTTTACCCG
GGATGATAATGACAGTACCGGGAGAATAAGCTCCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGAGCTAGCGT
TATTCGGAATTACTGGGGCGTAAA
Sphingomonas sp. TSBY-34
CGAACGAATTACCTTCGGGTAGTTAGTGGCGCACGGGTGCGTAACGCGTGGGAATCTGCCCCTTGGTTCGGAATAACAGTT
GGAAACGACTGCTAATACCGGATGATGACGTAAGTCCAAAGATTTATCGCCGAGGGATGAGCCCGCGTAGGATTAGGTAGT
TGGTGTGGTAAAGGCGCACCAAGCCGACGATCCTTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGC
CCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCAATGCCGCGTGAGTGATGA
AGGCCTTAGGGTTGTAAAGCTCTTTTACCCGGGATGATAATGACAGTACCGGGAGAATAAGCTCCGGCTAACTCCGTGCCA
GCAGCCGCGGTAATACGGAGGGAGCTAGCGTTATTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGCTTTGTAAGTAAG
AGGTGAAAGCC
Sphingomonas sp. XT-11
AATTACCTTCGGGTAGTTAGTGGCGCACGGGTGCGTAACGCGTGGGAATCTGCCCCTTGGTTCGGAATAACAGTTGGAAAC
GACTGCTAATACCGGATGATGACGTAAGTCCAAAGATTTATCGCCGAGGGATGAGCCCGCGTAGGATTAGGTAGTTGGTGT
GGTAAAGGCGCACCAAGCCGACGATCCTTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGAC
TCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCAATGCCGCGTGAGTGATGAAGGCCT
TAGGGTTGTAAAGCTCTTTTACCCGGGATGATAATGACAGTACCGGGAGAATAAGCTCCGGCTAACTCCGTGCCAGCAGCC
GCGGTAATACGGAGGGAGCTAGCGTTATTCGGAATTACTGGGCGTAAAGCGCACGTAGGCGGCTTTGTAAGTAAGAGGTGA
AAGCCCAGAGCTCAACTCTGGAATTGCCTTTTAGACTGCATCGCTTGAATCATGGAGAGGTCAGTGGAATTCCGAGTGTAG
AGGTGAAATTCGTAGATATTCGGAAGAACACCAGTGGCGAAGGCGGCTGACTGGACATGTATTGACGCTGAGGTGCGAAAG
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CGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGATAACTAGCTGTCCGGACACTTGGTGTTT
GGGTGGCGCAGCTAACGCATTAAGTTATCCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCC
TGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAGCGTTTGACATGGCAGGACGACTTCC
AGAGATGGATTTCTTCCCTTCGGGGACCTGCACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTT
AAGTCCCGCAACGAGCGCAACCCTCGCCTTTAGTTGCCATCATTTAGTTGGGCACTTTAAAGGAACCGCCGGTGATAAGCC
GGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTACGCGCTGGGCTACACACGTGCTACAATGGCGGTGACAGTGG
GCAGCAAGCACGCGAGTGTGAGCTAATCTCCAAAAGCCGTCTCAGTTCGGATTGTTCTCTGCAACTCGAGAGCATGAAGGC
GGAATCGCTAGTAATCGCGGATCAGCATGCCGCGGTGAATACGTTCCCAGGCCTTGTACACACCGCCCGTCACACCATGGG
AGTTGGATTCACCCGAAGGCGTTGCGCTAACTCAGCAATGAGAGGCAGG
Staphylococcus xylosus
CGACGGCTAGCTCCATAAATGGTTACTCCACCGGCTTCGGGTGTTACAAACTCTCGTGGTGTGACGGGCGGTGTGTACAAG
ACCCGGGAACGTATTCACCGTAGCATGCTGATCTACGATTACTAGCGATTCCAGCTTCATGTAGTCGAGTTGCAGACTACA
ATCCGAACTGAGAACAACTTTATGGGATTTGCATGACCTCGCGGTTTAGCTGCCCTTTGTATTGTCCATTGTAGCACGTGT
GTAGCCCAAATCATAAGGGGCATGATGATTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCAGTCAACCTAGAGT
GCCCAACTTAATGATGGCAACTAAGCTTAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGAC
GACAACCATGCACCACCTGTCACTTTGTCCCCCGAAGGGGAAGGCTCTATCTCTAGAGTTTTCAAAGGATGTCAAGATTTG
GTAAGGTTCTTCGCGTTGCTTCGAATTAAACCACATGCTCCACCGCTTGTGCGGGTCCCCGTCAATTCCTTTGAGTTTCAA
CCTTGCGGTCGTACTCCCCAGGCGGAGTGCTTAATGCGTTAGCTGCAGCACTAAGGGGCGGAAACCCCCTAACACTTAGCA
CTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGATCCCCACGCTTTCGCACATCAGCGTCAGTTACAGA
CCAGAAAGTCGCCTTCGCCACTGGTGTTCCTCCATATCTCTGCGCATTTCACCGCTACACATGGAATTCCACTTTCCTCTT
CTGCACTCAAGTTTCCCAGTTTCCAATGACCCTCCACGGTTGAGCCGTGGGCTTTCACATCAGACTTAAGAAACCGCCTAC
GCGCGCTTTACGCCCAATATTCCGGATACGCTTGCCACCTACGTATTACCGCGCTGCTGCACGTAGTTAGCCGTGGCTTTC
TGATTAGGTACCGTCAGATGTGCACAGTTACTTACACATTTGTTCTTCCCTATAACAGAGTTTACGAGCCGAAACCTTCAT
Stenotrophomonas maltophilia
GCCCTCCCGAAGGTTAAGCTACCTGCTTCTGGTGCAACAAACTCCCATGGTGTGACGGGCGGTGTGTACAAGGCCCGGGAA
CGTATTCACCGCAGCAATGCTGATCTGCGATTACTAGCGATTCCGACTTCATGGAGTCGAGTTGCAGACTCCAATCCGGAC
TGAGATAGGGTTTCTGGGATTGGCTTGCCCTCGCGGGTTTGCAGCCCTCTGTCCCTACCATTGTAGTACGTGTGTAGCCCT
GGTCGTAAGGGCCATGATGACTTGACGTCATCCCCACCTTCCTCCGGTTTGTCACCGGCGGTCTCCTTAGAGTTCCCACCA
TTACGTGCTGGCAACTAAGGACAAGGGTTGCGCTCGTTGCGGGACTTAACCCAACATCTCACGACACGAGCTGACGACAGC
CATGCAGCACCTGTGTTCGAGTTCCCGAAGGCACCAATCCATCTCTGGAAAGTTCTCGACATGTCAAGACCAGGTAAGGTT
CTTCGCGTTGCATCGAATTAAACCACATACTCCACCGCTTGTGCGGGCCCCCGTCAATTCCTTTGAGTTTCAGTCTTGCGA
CCGTACTCCCCAGGCGGCGAACTTAACGCGTTAGCTTCGATACTGCGTGCCAAATTGCACCCAACATCCAGTTCGCATCGT
TTAGGGCGTGGACTACCAGGGTATCTAATCCTGTTTGCTCCCCACGCTTTCGTGCCTCAGTGTCAGTGTTGGTCCAGGTAG
CTGCCTTCGCCATGGATGTTCCTCCCGATCTCTACGCATTTCACTGCTACACCGGGAATTCCACTACCCTCTACCACACTC
TAGTCGCCCAGTATCCACTGCAATTCCCAGGTTGAGCCCAGGG

Appendix 2.19b. Sequences of ITS rDNA of fungal species recovered from four insect species
found on gorse.
Acremonium kiliense
ATTACCAGAGTGCCCTAGGCTCTCCAACCCATTGTGAACATACCTATCGTTCCCTCGGCGGGCTCAGCGCGCGGTGCCTCC
GGGCTCCGGGCGTCCGCCGGGGACAACCAAACTCTGATTTTATTGTGAATCTCTGAGGGGCGAAAGCCCGAAAACAAAATG
AATCAAAACTTTCAACAACGGATCTCTTGGCTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGC
AGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCGGCACTCCGGCGGGCATGCCTGTCCGAGCGTCATT
TCAACCCTCAGGACCCCCTTTCGGGGGGGACCTGGTGCTGGGGATCAGCGGCCTCCGGGCCCCTGTCCCCCAAATTGAGTG
G
Acrodontium crateriforme
TTGCCGCTTCCAACTGCCGTTACTAGGGCAATCCCTGTTGGTTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGG
GTATCCCTACCTGATCCGAGGTCAACCTGAAAAAGAGGTTTAACGGCGCGCGCCGCCTGTACTCGTAAGCGAATTGAAGAT
TCACAACGCTCGGAGACAGACGACTCGGCCGGCGACATTAGGAGGCGCGGCGGACCGCGACCTCCAATACCAAGCCAGGCT
TGAGTGGTGTAATGACGCTCGAACAGGCATGCCCCCCGGAATGCCAGGGGGCGCAATGTGCGTTCAAAGATTCGATGATTC
ACTGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAA
AGTTTTGTTTCATTTAATGTTTACTCAGACGCAAAGATGCAGAGTTGTGTGGACCAGCGGGGACCCCCAGGCGCCGAAGCG
CCGGGTCGCCCCCGAGGCAACAGAGTCGGACAACAATGGGTTGGAGGTCGGACCACGAGGGCCCTCACTCAGTAATGATCC
CTCCGTGGTTTTCACCAACGGA
Alternaria alternata
TTGCCGCTTCACTCGCCGTTACTAGGGCAATCCCTGTTGGTTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGG
TATCCCTACCTGATCCGAGGTCAAAAGTTGAAAAAAGGCTTAATGGATGCTAGACCTTTGCTGATAGAGAGTGCGACTTGT
GCTGCGCTCCGAAACCAGTAGGCCGGCTGCCAATTACTTTAAGGCGAGTCTCCAGCAAAGCTAGAGACAAGACGCCCAACA
CCAAGCAAAGCTTGAGGGTACAAATGACGCTCGAACAGGCATGCCCTTTGGAATACCAAAGGGCGCAATGTGCGTTCAAAG
ATTCGATGATTCACTGAATTCTGCAATTCACACTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGA
TCCGTTGTTGAAAGTTGTAATTATTAATTTGTTACTGACGCTGATTGCAATTACAAAAGKTTTATGTTTGTCCTAGTGGTG
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GGCGAACCCACCAAGGAAACAAGAAGTACGCAAAAGACAAGGGTGAATAATTCAGCAAGGCTGTAACCCCGAGAGGTCCAG
CCCGCCTTCCATATT
Alternaria oregonensis
CGGGATCCGTGTCTGCCTTTCTTTTCCTCCGCTTATTGATATGCTTCAGGGTCAGCGGTCCTCCCTACCTAATCAGAAGCA
GGGGTTGAAAAAAGGGTTGCTGACGGCTGACCTTACTGGGGAGGAGCCGACTTGTGCTGCCTTGCGAAACCGGGGGCGCCG
AGTTGCCATCGACTTTAAGGCGAGCCTCCAGCGACCTGGAGACAACAGACACCCAACACCAAGCGAAGCGGGAGCATACGG
ATGAGGCTCGAGGAGGCCTGTAGTTTAGCCTACAACCGGCTGTAACGATCATTGGGGGATTCGATGGTTCGCGTTTTTTCT
GCAATTCACACTATGATCTCTTTTTGCTGCGTTCTTCAACGCATGCACAGGCAAGAGGTTCGTTGAAAAATTTGTTTTTAC
TTACGTTGCTACCGGACGGCTGATTGAAATAACAATTGGTTTGGTGCTTCGGCGCGGAGGGGCGGCCCACCCGCACCCAAG
AAACAAGAAGTACGAAAAGGAAATGTATAAATAATGTAGGCGGGAGGCTGGCCCCGCCA
Alternaria triticina
TCCGCTTATTGATATGCTTAAGTTCAGCGGGTATCCCTACCTGATCCGAGGTCAAAGGTTGAAAAAAGGCTTGCTGGACGC
TGACCTTGGCTGGGCAAGAGCGCGACTTGTGCTGCGCTCCGAAACCAGTAGGCCGGCTGCCAATGACTTTAAGGCGAGTCT
CCAGCGAGCTGGAGACAAAAGACGCCCAACACCAAGCAAAGCTGGAGGGTACAAATGACGCTCGAACAGGCATGCCCTTTG
GAATACCAAAGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACACTACGTATCGCATTTCGC
TGCGTCCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGGAAGGTTGTATTTAATTACGTGGTTACTGACGCTTGATTG
CTATTAACAAAAAGGTTTAATGGTTGGTCCTGATGGGCGGGCGAGCCCACCCAGGAAACAAGGAAGTACGCAAAAGACACG
GGGTAAATAATTTCAGCAGGGCCGG
Aphanocladium aranearum
GCCGTTACTGGGGCAATCCCTGTTGGTTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATTCCTACCTGAT
CCGAGGTCAACGTTCAGAAAGTGGGGTGTTTTACGGCGTGGCCACGTCGGGGTTCCGGTGCGAGGTTGGATTACTACGCAG
AGGTCGCCGCGGACGGGCCGCCACTCCATTTCGGGGCCGGCGGTATGCTGCCAGTCCCCAACGCCGATTTCCCCAAAGGGA
AGTCGAGGGTTGAAATGACGCTCGAACAGGCATGCCCGCCAGAATGCTGGCGGGCGCAATGTGCGTTCAAAGATTCGATGA
TTCACTGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTT
GAAAGTTTTGATTCATTTGTTTTGCCTTGCGGCGGATTCAGAAAAAACTGCTGATACAAAATAGTTTTGGTGGTCTCCGGC
GGCCGCCTGGATCCGGGCCGCGGGCGGCGCTAGGCCGTCCGGACGCCGGGGCGAGTCCGCCGAAGCAACATCGTGGTATGT
TCACATAAGG
Apiosporina morbosa
CAGTGCCACTGCTGACGGCGCGCGATCTAACCACCGCGGATGTTCATAACCCTTTGTTGTCCGACTCTGTTGCCTCCGGGG
CGACCCTGCCTTCGGGCGGGGGCTCCGGGTGGACACTTCAAACTCTTGCGTAACTTTGCAGTCTGAGTAAACTTAATTAAT
AAATTAAAACTTTTAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTG
CAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTTCGAGCGTCAT
TTCACCACTCAAGCCTCGCTTGGTATTGGGCAACGCGGTCCGCCGCGTGCCTCAAATCGACCGGCTGGGTCTTCTGTCCCC
TAAGCGTTGTGGAAACTATTCGCTAAAGGGTGTTCGGGAGGCTACGCCGTAAAACAACCCCATTTCTAAGGTTGACCTCGG
ATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAAACGGAACAAACAGGCACGGAGTCACT
Arthothelium spectabile
CACGAAGCAGCATTCTACTGCGCTCCGCTGACAAGGCACGTCGAGTTGCGTTTGAGGGACGCGCCGCCGGGCGGCACGATC
CCCATGACCAAGTAAACTTGAGAGTTGCAACGACGCTCGGACAGACATGCCCCCCGGAGAACCGAGGGGCGCAATGTGCGT
TCAAAGACTCGATGATTCACGTAAATCTGCAATTCACACTAGCTATCGCATTTCGCTGCGTTCTTCATCGATGTTGGA
Aureobasidium pullulans
CAGTATGAGTAACCGGTGCTCAGGCGCCCGACCTCCACCCTTTGTTGTTAAAACTACCTTGTTGCTTTGGCGGGACCGCTC
GGTCTCGAGCCGCTGGGGATTCGTCCCAGGCGAGCGCCCGCCAGAGTTAAACCAAACTCTTGTTATTTAACCGGTCGTCTG
AGTTAAAATTTTGAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTCGCATCGATGAAGAACGCAGCGAAATGCGA
TAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCGAGGGGCATG
CCTGTTCGAGCGTCATTACACCACTCAAGCTATGCTTGGTATTGGGCGTCGTCCTTAGTTGGGCGCGCCTTAAAGACCTCG
GCGAGGCCACTCCGGCTTTAGGCGTAGTAGAATTTATTCGAACGTCTGTCAAAGGAGAGGAACTCTGCCGACTGAAACCTT
TATTTTTCTAGGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAAAAGAAAACAA
GCACGAGAGTCC
Beauveria bassiana
CAGTGCACTGAGCGTTTTCACTCCCGAACCCTTATGTGAACCTACCTATCGTTGCTTCGGCGGACTCGCCCCAGCCGGACG
CGGACTGGACCAGCGGCCGCCGGGGACCATCAAACTCTTGTATTATCAGCATCTTCTGAATACGCCGCAAGGCAAAACAAA
TAAATTAAAACTTTCAACAACGGATCTCTTGGCTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATT
GCAGAATCCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGCATTCTGGCGGGCATGCCTGTTCGAGCGTCA
TTTCAACCCTCGACCTCCCTTTGGGGAAGTCGGCGTTGGGGACCGGCAGCACACCGCCGGCCCTGAAATGGAGTGGCGGCC
CGTCCGCGGCGACCTCTGCGTAGTAAACCAACTCGCACCGGAACCCCGACGTGGCCACGCCGTAAAACACCCAACTTCTGA
ACGTTGACCTCGAATCAGGTAGGACTACCCGCTGAACCTTAAGCATATCAATAAGCGGAGGAAAGTTGCTTAGCGCATAGC
AACGCAGCCCCG
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Beauveria brongniartii
GTTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTAGTCCTACCTGATTCGAGGTCAACGTTCAGAAGTTGGG
TGTTTTACGGCGTGGCCACGTCGGGTTTCCGGTGCGAGTTGGATTACTGCGCAGAGGTCGCCGCGGACGGGCCGCCACTCC
ATTTCGGGGCCGGCGGTGGGCTGCCGGTCCCCAACGCCGACTTCCCCAAGGGGAAGTCGAGGGTTGAAATGACGCTCGAAC
AGGCATGCCCGCCAGAATGCTGGCGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGGATTCTGCAATTCACATTAC
TTATCGCGTTTCGCTGCGTTCTTCATCGATGCCAGAGCCAAGAGATCCGTTGTTGAAAGTTTTAATTTATTTGTTTTGCCT
TGCGGCGTATTCAGAAGATGCTGATAATACAAGAGTTTGGGGGTCTCCGGCGGCCGCCTGGTCCAGTCCGCGTCCGGCTGG
GGCGAGTCCGCCGAAGCAACAGTAGGTAGGTTCACATAAGGGTTTGGGAGTTGTAAACTCGGTAATGATCCCTCCGCTGGT
TCACC
Chaetomium globosum
CTACGAGTTGCAAACTCCCTAACCATTGTGAACGTTACCTAAACCGTTGCTTCGGCGGGCGGCCCCGGGGTTTACCCCCCG
GGCGCCCCTGGGCCCCACCGCGGGCGCCCGCCGGAGGTCACCAAACTCTTGATAATTTATGGCCTCTCTGAGTCTTCTGTA
CTGAATAAGTCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGT
GAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAG
CGTCATTTCAACCATCAAGCCCCGGGCTTGTGTTGGGGACCTGCGGCTGCCGCAGGCCCTGAAAAGCAGTGGCGGGCTCGC
TGTCACACCGAGCGTAGTAGCATACATCTCGCTCTGGGCGTGCTGCGGGTTCCGGCCGTTAAACCACCTTTTAACCCAAGG
TTGACCTCGGATCAGGTAGGAAGACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAAAAGAAACCAACAGGGATTGCCC
TAGTAACGGCAGTTGGGAAGCGGCAAA
Cladosporium cladosporioides
GTAGGTGAACCTGCGGAGGGATCATTACAAGTGACCCCGGTCTAACCACCGGGATGTTCATAACCCTTTGTTGTCCGACTC
TGTTGCCTCCGGGGCGACCCTGCCTTCGGGCGGGGGCTCCGGGTGGACACTTCAAACTCTTGCGTAACTTTGCAGTCTGAG
TAAACTTAATTAATAAATTAAAACTTTTAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATA
AGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCC
TGTTCGAGCGTCATTTCACCACTCAAGCCTCGCTTGGTATTGGGCAACGCGGTCCGCCGCGTGCCTCAAATCGACCGGCTG
GGTCTTCTGTCCCCTAAGCGTTGTGGAAACTATTCGCTAAAGGGTGTTCGGGAGGCTACGCCG
Cladosporium herbarum
CCCGGGCTTCGGCCTGGTTATTCATAACCCTTTGTTGTCCGACTCTGTTGCCTCCGGGGCGACCCTGCCTTCGGGCGGGGG
CTCCGGGTGGACACTTCAAACTCTTGCGTAACTTTGCAGTCTGAGTAAACTTAATTAATAAATTAAAACTTTTAACAACGG
ATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAA
TCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTTCGAGCGTCATTTCACCACTCAAGCCTCGCTTG
GTATTGGGCAACGCGGTCCGCCGCGTGCCTCAAATCGTCCGGCTGGGTCTTCTGTCCCCTAAGCGTTGTGGAAACTATTCG
CTAAAGGGTGTTCGGGAGGCTACGCCGTAAAACAACCCCATTTCTAAGGTTGACCTCGGATCAGGTAGGGATACCCGCTGA
ACTTAAGCATATCAATAAGCGGAGGAAAAGAAACCAACAGGGATTGCTCTAGTAACGGCGAGTGAAGCGG
Claviceps purpurea
TGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGATTCCGTTGGTGAACCAGCGGAGGGATCATTACCGAGTTTACAACT
CCCAAACCCACTGTGAACTTATACCCAAAACGTTGCCTCGGCGGGCACAGCGGTACCCGAGCCCCCGCAAGGGAGCAGAGG
CGCCCGCCCGCCAGGGGACCAAAACTCTTCTGTATACCCATAGCGGCATGTCTGAGTGGATTTAAAAACAAATGAATCAAA
ACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATACGTAATGTGAATTGCAGAATTC
AGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCC
TCAAGCCCTGCTTGGTGTTGGGGACCGGCTCAGCGGGTGCGGGCTTCGGCCCGTCCCGTGCCGCCCCCGAAATGGATCGGC
GGTCTCGTCGCAGCCTTCTTTGCGTAGTAACATACCACCTCGCAACAGGAGCGCGGCGCGGCCACTGCCGTAAACGCCCAA
CTTTTTAGAGTTGACCTCGAATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAAAAGAAACCAACA
GGGATTGCCCCAGTAACGGCGAGTGAAGCGGCAAATCGAATTCCCGC
Cordyceps bassiana
TTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTAGTCCTACCTGATTCGAGGTCAACGTTCAGAAGTTGGGTG
TTTTACGGCGTGGCCGCGTCGGGGTTCCGGTGCGAGCTGTATTACTGCGCAGAGGTCGCCGCGGACGGGCCGCCACTCCAT
TTCAGGGCCGGCGGTGTGCTGCCGGTCCCCAACGCCGACCTCCCCAAGGGGAGGTCGAGGGTTGAAATGACGCTCGAACAG
GCATGCCCGCCAGAATGCTGGCGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGGATTCTGCAATTCACATTACTT
ATCGCGTTTCGCTGCGTTCTTCATCGATGCCAGAGCCAAGAGATCCGTTGTTGAAAGTTTTGATTCATTTGTTTTGCCTTG
CGGCGTATTCAGAAGATGCTGGAATACAAGAGTTTGAGGTCCCCGGCGGGCCGCTGGTCCAGTCCGCGTCCGGGCTGGGGC
GAGTCCGCCGAAGCAACGATAGGTAGGTTCACAGAAGGGTTAGGGAGTTGAAAACTCGGTAATGATCCCTC
Drechslera biseptata
GACCCTCATTGGGGCGTAACGTCACGCCGTGTCCGCAATAGCGTCATTGCTGTTGTGCTGACGCGGCGGGGGGTAACGCCC
TTTTGGGCCAGTCTGACTCCATATTCACCCATGTCTTTTGCGTACTACTTGTTTCCTTGGCGGGTTCGCCCGCCAATTGGA
CCCAATTAAACCTTTTTTGTAATTGCAATCAGCGTCAGCAAAACAATGTAATAAATTACAACTTTCAACAACGGATCTCTT
GGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGA
ACGCACATTGCGCCCTTTGGTATTCCAAAGGGCATGCCTGTTCGAGCGTCATTTGTACCCTCAAGCTTTGCTTGGTGTTGG
GCGTTTTTGTCTCGGGTCCGCCCCGAGACTCGCCTTAAAATCATTGGCAGCCGGCCTACTGGTTTCGGAGCGCAGCACATT
TTTGCGCTTTGTCCAGTCGTGGTCTTGCGTCCATGAAGCGAATATTTTCAACGTTTGACCTCGGATCAGGTAGGGATACCC
GCTGAACTTAAGCATATCAAT
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Drechslera dematioidea
CTCCGTTTGTGTGAACCACGGAGGGATCATTACACAAATATGAGAAGCAGACCCTCACTGAGGGCGTAACCTCACGCCGTG
TCCGCAATGGTGCATTCGCCGTTGTGCTGACGCGGCGGCGGGGTACGTTCTTTTGAGCCAGTCTGACTCCATATTCACCCA
TGTCTTTTGCGTACTACTTGTTTCCTTGGCGGGTTCGCCCGCCAATAGGACCCAATTAAACCTTTTTTGTAATTGCAATCA
GCGTCAGCAAAACAATGTAATAAATTACAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAA
TGCGATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCTTTGGTATTCCAAAGG
GCATGCCTGTTCGAGCGTCATTTGTACCCTCAAGCTTTGCTTGGTGTTGGGCGTTTTTGTCTCGGGTCCGCCCCGAGACTC
GCCTTAAAATCATTGGCAGCCGGCCTACTGGTTTCGGAGCGCAGCACATTTTTGCGCTTTGTCCAGTCGTGGTCTTGCGTC
CATGAAGCGAATATTTTTCAACGTTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGCAG
GAACACAGATAATCACACGGCAGCGAATGACCCT
Foliar endophyte of Picea glauca
TCCGGGGTTCTAAACCCCGGGTGGTAGAGGTAACACTCGCACGCGCCACATGCCTTAATCCTTTTTTTACGAGCACCTTTC
GTTCTCCTTCGGTGGGGCAACCTGCCGTTGGAACTTATCAAAAACCTTTTTTTGCATCTAGCATTACCTGTTCTGATACAA
ACAATCGTTACAACTTTCAACAATGGATCTCTTGGCTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTGTGA
ATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCATGGGGCATGCCTGTTCGAGCG
TCATCTACACCCTCAAGCTCTGCTTGGTGTTGGGCGTCTGTCCCGCCTCTGCGCGCGGACTCGCCCCAAATTCATTGGCAG
CGGTCCTTGCCTCCTCTCGCGCAGCACATTGCGCTTCTCGAGGTGCGCGGCCCGCGTCCACGAAGCAACATTACCGTCTTT
GACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAAT
Fusarium lateritium
TACCTTAATGTTGCCTCGGCGGATCAGCCCGCGCCCCGTAAAACGGGACGGCCCGCCAGAGGACCCAAACTCTAATGTTTC
TTATTGTAACTTCTGAGTAAAACAAACAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAA
CGCAGCAAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCTGGT
ATTCCGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAACCCCCGGGTTTGGTGTTGGGGATCGGATTCTCTCTGA
GGATCCGCCCCCTAAATCTATTGGCGGTCTCGCTGCAGCCTCCATTGCGTAGTAGCTAACACCTCGCAACTGGAACGCGGC
GCGGCCATGCCGTAAAACCCCAACTTCTGAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAAT
AAGCGGAGGAAAAGAAACCAACAGGGATTGCCCTAGTAACG
Fusarium tricinctum
TACCTTTAATGTTGCCTCGGCGGATCAGCCCGCGCCCCGTAAAACGGGACGGCCCGCCAGAGGACCCAAACTCTAATGTTT
CTTATTGTAACTTCTGAGTAAAACAAACAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGA
ACGCAGCAAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCTGG
TATTCCGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCCCCCGGGTTTGGTGTTGGGGATCGGCTCTGCCTCA
CGGCGGTGCCGCCCCCGAAATACATTGGCGGTCTCGCTGCAGCCTCCATTGCGTAGTAGCTAACACCTCGCAACTGGAACG
CGGCGCGGCCATGCCGTAAAACCCCAACTTCTGAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATAT
CAATAAGCGGAGGAAAAGAAACCAACAGGGATTGCCCTAGTAACG
Gibberella pulicaris
CGTTACTAGGGCAATCCCTGTTGGTTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATTCCTACCTGATCC
GAGGTCAACATTCAGAAGTTGGGGTTTAACGGCGTCGGCCGCGACGATTACCAGTAACGATGTGTAAATTACTACGCTATG
GAAGCTCGACGTGACCGCCAATGTATTTGGGGAGTGTCAGACGACAGCTCCCAACACCAAGCTGGGCTTGAGGGTTGAAAT
GACGCTCGAACAGGCATGCCCGCCAGAATACTGGCGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCA
ATTCACATTACTTATCGCATTTTGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGTTTTGATTTAT
TTGTTTTTTTACTCAGAAGTTCCACTAAAAACAGAGTTTAGGGTCCTGCGGCGGGCCGTTCCGAGGAACGGGCTGATCCGC
CGAGGCAACATAAAGGTATGTTCACAGGGGTTTGGGAGTTGTAAACTCGGTAATGATCCCT
Metschnikowia pulcherrima
ATATTATTACACACTTTTAGGCACAAACTCTAAATCTTAACCGTCAATAATTCTTTAAAAAAACTTTCAACAACGGATCTC
TTGGTTCTCGCATCGATGAAGAACGCAGCGAATTGCGATACGTAATATGACTTGCAGACGTGAATCATTGAATCTTTGAAC
GCACATTGCGCCCCGGGGTATTCCCCAGGGCATGCGTGGGTGAGCGATATTTACTCTCMAAYCTCTGGTTTGGTCCTGCCT
CGGCCTAATATCAACGGCGCTAGAATAAGTTTTAGCCCCATTCTTTTTCCTCACCCTCGTAAGACTACCCGCTGAACTTAA
GCATATCAATAAGCGGAGGAAAAGAAACCAACAGGGATTGCCTCAGTAACGGCGAGTGAAGCG
Mucor hiemalis f. corticola
CCAGTCATCGAGTGTCCGAGTGGCCTGGCTAGATCTTGTTCTAGTTAGGTTCATTCTTTTTTACTGTGAACTGTTTTAATT
TTCAGCGTTTGAGGAATGTCTTTTAGTCATAGGGATAGACTATTAGAATGTTAACCGAGCTGAAGTCAGGTTTAGACCTGG
TATCCTATTAATTATTTACCAAAAGAATTCAGTATTATTATTGTAACATAAGCGTAAAAAACTTATAAAACAACTTTTAAC
AACGGATCTCTTGGTTCTCGCATCGATGAAGAACGTAGCAAAGTGCGATAACTAGTGTGAATTGCATATTCAGTGAATCAT
CGAGTCTTTGAACGCAACTTGCGCTCAATGGTATTCCATTGAGCACGCCTGTTTCAGTATCAAAAACACCCCACATTCATA
ATTTTGTTGTGAATGGAACTGAGAATTTCGACTTGTTTGAATTCTTTAAACTTATTAGGCCTGAACTATTGTTCTTTCTGC
CTGAACATTTTTTTAATATAAAGGAATGCTCTAGTATTAAGACTATCTCTGGGGCCTCCCAAATAAAACTTTCTTAAATTT
GATCTGAAATCAGGCGGGATTACCCGCTGAACTTAAGCATATCAATAAGCGGAGTATATACTGTATAATACAGCACGAGAT
ACCCC
Nectria mauritiicola (direct PCR)
ACTGAGGCAATCCCTGTTGGTTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATTCCTACCTGATCCGAGG
TCAACCTTAAAAAATTGGGGGTTTCACGGCGTGGCCGAGCCGCTCTCCGGTGCGAGGTGTGCTACTACGCAGGGGAGGCTG
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CGGCGCGACCGCCACTCAATTTGGGGGACAGGGGCCCGGAGGCCGCTGATCCCCAGCACCAGGTCCCCCCCGAAAGGGGGT
CCTGAGGGTTGAAATGACGCTCGGACAGGCATGCCCGCCGGAGTGCCGGCGGGCGCAATGTGCGTTCAAAGATTCGATGAT
TCACTGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAGCCAAGAGATCCGTTGTTG
AAAGTTTTGATTCATTTTGTTTTCGGGCTTTCGCCCCTCAGAGATTCACAATAAAATCAGAGTTTGGTTGTCCCCGGCGGA
CGCCCGGAGCCCGGAGGCACCGCGCGCTGAGCCCGCCGAGGGAACGATAGGTATGTTCACAATGGGTTGGAGAGCCTAGGG
CACTCTGGTAATGATCCCTCC
Nectria mauritiicola (Culture)
AGGGATCATTACCAGAGTGCCCTAGGCTCTCCAACCCATTGTGAACATACCTATCGTTCCCTCGGCGGGCTCAGCGCGCGG
TGCCTCCGGGCTCCGGGCGTCCGCCGGGGACAACCAAACTCTGATTTTATTGTGAATCTCTGAGGGGCGAAAGCCCGAAAA
CAAAATGAATCAAAACTTTCAACAACGGATCTCTTGGCTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGT
GAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCGGCACTCCGGCGGGCATGCCTGTCCGAG
CGTCATTTCAACCCTCAGGACCCCCTTTCGGGGGGGACCTGGTGCTGGGGATCAGCGGCCTCCGGGCCCCTGTCCCCCAAA
TTGAGTGGCGGTCGCGCCGCAGCCTCCCCTGCGTAGTAGCACACCTCGCACCGGAGAGCGGCTCGGCCACGCCGTGAAACC
CCCAATTTTTTAAGGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAAAAGAAAC
C
Paraphaeosphaeria michotii
CCAAGTGAATCCGGTCGTGAGATCCAGCGATGACAGAGTCGCAGAGCCTCCGGGTGAAAGCCTGGGTGGTTTCGCGCCGCA
TTCCTGCACCCTTTTTTTACGAGCACCTTTGTTCTCCTTCGGCGGGGCAACCTGCCGCTGGAACTTAATAAAACCTTTTTT
GCATCTAGCATTACCTGTTCTGATACAAATAATCGTTACAACTTTCAACAATGGATCTCTTGGCTCTGGCATCGATGAAGA
ACGCAGCGAAATGCGATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTCGG
TATTCCGTGGGGCATGCCTGTTCGAGCGTCATCTACACCCTCAAGCTCTGCTTGGTGTTGGGCGTCTGTCCCGCCTCTGCG
CGCGGACTCGCCCCAAATTCATTGGCAGCGGTCTTTGCCTCCTCTCGCGCAGCACAATTGCGTCTGCGAGGGGGCGTGGCC
CGCATCCACGAAGCAACATTACCGTCTTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGG
TAGGATAAAGATGTTGTATCACAACAGCAAGGAGAGATACCCCC
Penicillium cecidicola
CGTTACTGAGGCAATCCCTGTTGGTTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTAACTTCCTACCTTGA
TCCGAGGTCAACCGTGGTAAAAAATACAGTTGTGACAGACGTGCGCAGGTCCTTCCCGAGCGAGTGACAAAGCCCCATACG
CTCGAGGACCGGACGCGACGTCGCCGCTGCCTTTCGGGCAGGTCCCCCCGCCAGGGAGGGGACCACACCCAACACACAAGC
CGTGCTTGAGGGCAGAAATGACGCTCGGACAGGCATGCCCCCCGGAATGCCAGGGGGCGCAATGTGCGTTCAAAGATTCGA
TGATTCACGGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCGGAACCAAGAGATCCATT
GTTGAAAGTTTTGACAATTTTCATTTATAACTCAGACAGCCCATATTCATCAGGGTTCATGAGGCGCATCGGCGGGCGCGG
ACCCGAGGGCACAGAGGCCCCCCGGCGACCGGACCGAAGCCCAGTGGGCCCGCCGAAGCAACAGGGTATGTTTAAAACACG
GGTGGGAGGTTGGGCTCACGAAGGAGCCCTCACTCGGTAATGATCC
Penicillium chrysogenum
CAGTACCGAGCTGACGGGCGCGTCGTGGCTCCACCTCCCACCCGTGTTTATTTTACCTTGTTGCTTCGGCGGGCCCGCCTT
AACTGGCCGCCGGGGGGCTTACGCCCCCGGGCCCGCGCCCGCCCGAAGACACCCTCGAACTCTGTCTGAAGATTGTAGTCT
GAGTGAAAATATAAATTATTTAAAACTTTCAACAACGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGA
TACGTAATGTGAATTGCAAATTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGC
CTGTCCGAGCGTCATTTCTGCCCTCAAGCACGGCTTGTGTGTTGGGCCCCGTCCTCCGATCCCGGGGGACGGGCCCGAAAG
GCAGCGGCGGCACCGCGTCCGGTCCTCGAGCGTATGGGGCTTTGTCACCCGCTCTGTAGGCCCGGCCGGCGCTTGCCGATC
AACCCAAATTTTTATCCAGGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAACGCGGAGGAAT
AAGAATAGCGCAGAGCATGCGATCCAC
Penicillium pinophilum
CCCTTGTCTCTATACACCTGTTGCTTTGGCGGGCCCACCGGGGCCACCTGGTCGCCGGGGGACGCACGTCTCCGGGCCCGC
GCCCGCCGAAGCGCTCTGTGAACCCTGATGAAGATGGGCTGTCTGAGTACTGTGAAAATTGTCAAAACTTTCAACAATGGA
TCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCCGTGAATCATCGAAT
CTTTGAACGCACATTGCGCCCCCTGGCATTCCGGGGGGCATGCCTGTCCGAGCGTCATTTCTGCCCTCAAGCACGGCTTGT
GTGTTGGGTGTGGTCCCCCCGGGGACCTGCCCGAAAGGCAGCGGCGACGTCCGTCTGGTCCTCGAGCGTATGGGGCTCTGT
CACTCGCTCGGGAAGGACCTGCGGGGGTTGGTCACCACCATGTTTTACCACGGTTGACCTCGGATCAGGTAGGAGTTACCC
GC
Phaeosphaeriaceae sp. GS4N3a
GGGGGAGCGGAAAGCTTGCCAGCCTGCTGGCCTGCGAGTATGTTCTCTGTCTGAACCCTTGTCTTTTTGCGTACTCATGTT
TCCTCGGCGGGCTTGCCCGCCGGCTGGACAACTTATAAACCTTTTTTAATTTTCAATCAGCGTCTGAATAATTATAATAAT
TACAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTGTGAATTGCAGA
ATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCATGGGGCATGCTTGTTCGAGCGTCATTTGT
ACCCTCAAGCTTTGCTTGGTGTTGGGTGTTTGTCCTTTCCCTGCGTCAGGACTCGCCTTAAATTCATTGGCAGCCGATGTA
TTGGTTTGAAGCGCAGCACA
Phoma herbarum
CCTCTGTTTGTGGGAACCACGGAGGGATCATTACCTAGAGTTGCGGGCTTTGCCTGCTATCTCTTACCCATGTCTTTTGAG
TACTTACGTTTCCTCGGTGGGTTCGCCCGCCGATTGGACAATTTAAACCCTTTGCAGTTGCAATCAGCGTCTGAAAAACAT
AATAGTTACAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTGTGAAT
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TGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCATGGGGCATGCCTGTTCGAGCGTC
ATTTGTACCTTCAAGCTTTGCTTGGTGTTGGGTGTTTGTCTCGCCTTTGCGTGTAGACTCGCCTTAAAACAATTGGCAGCC
GGCGTATTGATTTCGGAGCGCAGTACATCTCGCGCTTTGCACTCATAACGACGACGTCCAAAAGTACTTTTTTACACTCTT
GACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGATAAAGATCCAACAGGCAGTGAGCCC
T
Phomopsis sp. PHAg
GGTTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATTCCTACCTGATCCGAGGTCAAATTTTCAGAAGTTG
GGGTTTAACGGCAGGGCACCGCCAGGCCTTCCAAAGCGAGGGTTTAACTACTGCGCTCGGAGTCCTGGCGAGCTCGCCACT
ATATTTCAGGGCCTGCTCTCGGGTAAAGAGCAGTGCCCCAACACCAAGCCAGGCTTGAGGGTTGAAATGACGCTCGAACAG
GCATGCCCTCCGGAATACCAGAGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTT
ATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGTTTTGATTCATTTATGTTTTATAC
TCAGAGTTTCAGTTTTAAAAACAGGGTTAATTTGGCCACCGGCCGGCTGCTCCTTGTTGCCAAGGGACCCCTGTCAGGGGA
CGGCCCGCGCCGAGGCAACAGTGGGGTATGAGTTCACAAAGGGTTTCTGGGTGCGCCAGGGGCGCGTTCCAGCAATGATCC
CT
Pithomyces chatarum
GCGGAAACAAGCCTCGAGCGGTTTGGGGTCCTCCCCTTCACGCGCGCACGACTGCCATCCTTACTTTACGAGCACCTTCTG
TTCTCCCTCGGCGGGGCAACCTGCCGTTGGAACCGAATAAACTCTTTTTGCATCTAGCATTACCTGTTCCGAAACAAACAA
TCGTTACAACTTTCAACAATGGATCTCTTGGCTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTGTGAATTG
CAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTCGGTATTCCGTGGGGGCATGCCTGTTCGAGCGTCA
TCTACACCCTCAAGCTCTGCTTGGTGTTGGGCGTCTGTCCCGCCTCCGCGCGTGGACTCGCCCCAAATTCATTGGCAGCGG
TCCTTGCCTCCTCTCGCGCAGCACATTGCGCTTCTTGAGGGGCTCCGGTTCGCGTCCAACAAGCACATTTACCGTCTTTGA
CCTCGGATCAGTAGGGATACCCGCT
Psathyrella cf. gracilis
ACTAGGGGAATCCTTGTTAGTTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTAGTCCTACCTGATTTGAGG
TCAAATTGTCAAAAGATTGTCCTTGCGGACGATTAGAAGCAAGTCTAAGCCCAATCCACGGCGTAGATAATTATCACACCA
ATAGACGGAGCCCAGTTTGAACTCGCTAATTCATTTCAGGGGAGCAGACAGCTGTTACGCGTTCTGCATAAACCCCCACAT
CCAAGCTTCACACAGTTCCATAACAAAACTGATGAAGTTGAGAATTTAATGACACTCAAACAGGCATGCTCCTCGGAATAC
CAAGGAGCGCAAGGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTT
CTTCATCGATGCGAGAGCCAAGAGATCCGTTGCTGAAAGTTGTATTTTGTTTTATAGGCTTGAAAGCCCATTGACTACATT
CATTATCATACAATTGGGGTTTGTAAAGGTACATAGACCTGGAAATTCAAAGAGAGCCGGCCTTGCGACACGGCAATCTCT
GTATCCGCTCGGTGTGAGCGAGGGTTATCCAGATCTACATTAAGTGCACAGGTGGAAAGATAAGAATGACGGGTGTGCACA
TGCTCCTAGAAGCCAGCTACAACCAACGCCATAGTTATTTCATTAAT
Pseudozyma fusiformata
AATTGTCGGATGGAGCCTTTTTTCTGAGGTGTGGCTCGCACCTGTCTAACTAAAATTGAGCTACCATTTTAAACACGGTTG
CATCGGTTGGGGTCCCGTCAAGTAGCGCAAGCTACGCGAAGAGGCCTCGACACTTTACACAAACACTTTTGATGATCTAGG
ATTTGAATGAAAGTTCATTTTTGTGATGGAACCGACTGGTAATGCGGTCGTCTAAATCTATAGAAACAACTTTTGGCAACG
GATCTCTTGGTTCTCCCATCGATGAAGAACGCAGCGAATTGCGATAAGTAATGTGAATTGCAGAAGTGAATCATCGAATCT
TTGAACGCACCTTGCGCTCCCGGCAGATCTAATCTGGGGAGCATGCCTGTTTGAGGGCCGCGAATTGTTTCGAACGGCAGC
TTTTTTCACAAAGAGCTGACGGATCGGTAGTGAGGGTCTTGCCATTCATCGTGGCTCCCTCGAAATACATTAGCGCATCCA
TTTGATAGGCAAGACGGACGAAGGCTCACTCTTTCGTCCTTTTCTTCCCTGCCGGGTTTTGATAATATCAGGACTTCGGAG
CGGTGGAAGAGGGCACGAGCTGGACGCAACGACTTGCTGGTTGGATTGCTTCTGAACCCCGCCCTTTTTGTAGAAATTGGG
ATTTATAATTCATCGGCCTCAGATTGGTAGGACTACCCGCTGAACTTAAGCGATATCATATAAGCGGAAGGAAGTAGGGAC
TGCGCGCGGTTGCCCC
Rhodotorula mucilaginosa
TAGTTTCTTTTCCTCCGCTTATTGATATAGCTTAAGTTCAGCGGGTAGTCCTCATCTGATTTGAGATACTAATCTTAAAAT
GTAGACATTCTGATTAGAAGCTTCCTTTAACCCAACCCGGCTCTAGTCCGAAGACTAGAATTCCTCAGCGAATAGTCTATT
ACGCCAAGTCAATCCGAAGTTCGATTGCGGATGCTAATGCATTACGAACGAGCTAGACCGTAAAGGCCAGCAGCGCTCAGA
AACCAAACACCTCTTCAATCATTAAGAAAGAGGAGGGTTGAAGTATTCATGACACTCAAACAGGCATGCTCCACGGAATAC
CATGGAGCGCAAGGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTT
CTTCATCGATGCGAGAGCCAAGAGATCCGTTGTTGAAAGTTTTATTTTGTTATAAAATTTAATACATTCATAGACTTTGTG
TTTATAAGTGAATAGGAGTTCGCTCTCTTGCGAGAGTTACTATCCCAAACAAGTGCACAGGGTTAGAAAGTGAGAGTTCGG
ACTCCA
Sclerotinia sclerotiorum
CGTTACTGAGGTAATCCCTGTTGGTTTCTTTTCCTCCGCTTATTGATATGCTTAAGTTCAGCGGGTATCCCTACCTGATCC
GAGGTCAACCATAGAAAAATTTGGGTTTTGGCAGAAGCACACCGAGAACCTGTAACGAGAGATATTACTACGTTCAGGACC
CAGCGGCGCCGCCACTGATTTTAGAGCCTGCCATTACTGACATAGACTCAATACCAAGCTAAGCTTGAGGGTTGAAATGAC
GCTCGAACAGGCATGCCCCCCGGAATACCAAGGGGCGCAATGTGCGTTCAAAGATTCGATGATTCACTGAATTCTGCAATT
CACATTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCGTTGTTGAAAGTTTTAACTATTATA
TAGTACTCAGACGACATTAATAAAAAGAGTTTTGGTATTCTCTGGCGAGCATACAAGGCCCGAAGGCAGCTCGCCAAAGCA
ACAAAGTAATAATACACAAGGGTGGGAGGTCTACCCTTTCGGGCATGAACTCTGTAATGATCCCTC

198

Sporobolomyces ruberrimus
GGAACCCGAACTTCTCAATTCTAACTTTGTGCATCTGTATTATGGCGAGCAGTCTTCGGATTGTGAGCCTTCACTTATAAA
CACTAGTCTATGAATGTAAAATTTTTATAACAAATAAAAACTTTCAACAACGGATCTCTTGGCTCTCGCATCGATGAAGAA
CGCAGCGAAATGCGATACGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCATCTTGCGCTCTCTGGT
ATTCCGGAGAGCATGTCTGTTTGAGTGTCATGAATTCTTCAACCCAATCTTTTCTTGTAATCGATTGGTGTTTGGATTTTG
AGCGCTGCTGGCTTCGGCCTAGCTCGTTCGTAATACATTAGCATCCCTAATACAAGTTTGGATTGACTTGGCGTAATAGAC
TATTCGCTAAGGATTCGGTGGAAACATCGAGCCAACTTCATTAAGGAAGCTCCTAATTTAAAAGTCTACCTTTTGATTAGA
TCTCAAATCAGGCAGGATTACCCGCTGAACTTAAGCATATCAATAAGCGGAGGAACAGAAACTAACAAGGATTCACCTAGT
AACGGCGAGTGAAAGCGGCAA
Uncultured fungus
ATGGTCGACCTGCAGGCGGCCGCACTAGTGATTTCCGTAGGTGAACCTGCGGAGGGATCATTACCGAGCGAGGGCCTCCGG
GTCCGACCTCTCAACCCCATGTTATCCGACACTGTTGCCTCGGGGGCGACCCGGCCCCTTGCGGGCGTCGGGGCCCCCGGC
GGACCGTCAAACGCTGCATCTGTGCGTCCGAGTCTTATGAGAAATCAATCAAAACTTTCAACAACGGATCTCTTGGTTCTA
GCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACA
TTGCGCCCTCTGGTATTCCGGGGGGCATGCCTGTTCGAGCGTCATTTCACCACTCCAGCCTCGCTGGGCCTTGGGCGCCGC
TGCTCTGTCGGCGCGCCCCAATGTCTCCGGCTGAGCCGTCCGTCTCAAAGCGTTGTGGCAACTCATCCGCTTGTGGGACCG
GGGGGCTCGTCGCCGTCAAAACACACCATTTTACCAGGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATA
TCAATAAGCGGAGGAAATCCCGCGGCCA
Uncultured soil fungus clone
TTGCCGCTTTCACTCGCCCGTTACTAGAGCAAATCCCTGTTGGGTTTCATTTTCCTCCGCTTATTGATATGCTTAAGTTCA
GCGGGTATCCCTACCTGATCCGAGGTCAACCTTAGAAATGGGGTTGTTTTACGGCGTAGCCTCCCGAACACCCTTTAGCGA
ATAGTTTCCACAACGCTTAGGGGACAGAAGACCCAGCCGGTCGATTTGAGGCACGCGGCGGACCGCGTTGCCCAATACCAA
GCGAGGCTTGAGTGGTGAAATGACGCTCGAACAGGCATGCCCCCCGGAATACCAGGGGGCGCAATGTGCGTTCAAAGATTC
GATGATTCACTGAATTCTGCAATTCACATTACTTATCGCATTTCGCTGCGTTCTTCATCGATGCCAGAACCAAGAGATCCG
TTGTTAAAAGTTTTAATTTATTAATTAAGTTTACTCAGACTGCAAAGTTACGCAAGAGTTTGAAGTGTCCACCCGGAGCCC
CCGCCCGAAGGCAGGGTCGCCCCGGAGGCAACAGAGTCGGACAACAAAGGGTTATGAACATCCCGGTGGTAGACCGGGGTC
ACTGAATGACCCTCCGCTGGTTCACCACCGGGG
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Appendix 2.17. Selected fungal species recovered from insect spp. Figures in parenthesis are
mean spore size.

Acremonium sp.

Acremonium strictum III (59.0 μm2)

Alternaria sp.

A. alternata (106.2 μm2)
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Alternaria tricinctum

A. tricinctum (75.3 μm2)

Aphanocladium aranearum

(6.4 μm2)

Arthothelium spectabile (9.5 μm2)
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(25.2 μm2)

Arthrinium sacchari

(6.6 μm2)

Aspergillus niger

Aurobassidium pullulans

(23.9 μm2)
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Beauveria sp.

B. bassiana (7.3 μm2)

B. brongniartii (5.3 μm2)

Botrytis cinerea

Chaetomium globosum

(37.8 μm2)
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Cladosporium cldosporiordes C. herbarum (20.4 μm2) C. herbarum

(8.1 μm2)

Cordyceps bassiana(4.9 μm2)

Drechslera biseptata
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Epicoccum purpurascens

(212.6 μm2)

Fusarium lateritium (155.9 μm2) F. tricinctum (151.2 μm2)

Mucor hiemalis f. corticola

(181.6 μm2)

Gibbberella pulicaris(699.8 μm2)

(14.4 μm2)
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(61.4 μm2)

Nectria mauritiicola

(4.5 μm2)

Paecilomycetes lilacinus

Penicillium chrysogenum (7.0 μm2)

Penicillium sp.

P. restrictum (6.2 μm2)
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Penicillium citreonigrum

(9.0 μm2)

Penicillium sp. (3.7 μm2)

Penicillium verrucosum

Penicillium sp.

Penicillium sp.

Pestalotiopsis guepinii (202.4 μm2)
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(181.3 μm2)

Pithomycetes chartarum

(6.9 μm2)

Phoma herbarum

(8.6 μm2)

Phoma herbarum

Trichoderma sp.

(4.2 μm2)

(7.3 μm2)
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Lewia infectoria

Verticillium lecanii

(118.4 μm2)

(4.6 μm2)

Pseudozyma fusiformata
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Sporobolomyces ruberrimus (28.1 μm2)

Yeast sp. (12.8 μm2)
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CHAPTER 3 APPENDICES
Appendix 3.1. Glucose Cornmeal Agar (GCMA)
17 g of cornmeal agar, (Difco Labs, Detroit, MI, USA).
2 g of glucose,
1 L of distilled water.
Appendix 3.2. Flemming’s Oatmeal Agar (FOMA)
30 g Flemming’s Oatmeal,
20 g agar,
1 L of distilled water.
NB: All agar were sterilised (autoclave) for 15-20 min at 121ºC (15psi)
Appendix 3.3. Fusarium tumidum inoculum storage
Prepare 1 x 106 conidia/mL.
Add 30 mL glycerol to 70 mL distilled water, shake to mix and sterilize.
Mix 0.5 mL of conidia suspension with 0.7 mL glycerol solution.
Leave at room temperature for 30 min then store at -80ºC.
Appendix 3.4 Total dry weight of gorse plants aged 8, 16 and 32 weeks at 5 weeks after
inoculating with 106 conidial/mL of F. tumidum suspension. Mean of 13 plants in Experiment
2. Values in parentheses are back-transformed means after log10 transformation.
Treatment

Total dry weight (g)
16 weeks*
(3.78) 0.671 c
(3.52) 0.643 c
(1.49) 0.382 b
(0.91) 0.273 a

Control
Wounding only
Fusarium only
Wounding & Fusarium

8 weeks*
(0.63) 0.208 c1
(0.64) 0.212 c
(0.39) 0.143 b
(0.29) 0.107 a

LSD (P < 0.05)
Interaction (P)

-

0.0324
0.092

-

0.0770
0.140

Main effect
No wounding
Wounding
No Fusarium
Fusarium
LSD (P < 0.05)

(0.51)
(0.47)
(0.64)
(0.34)
-

0.175
0.160
0.210
0.125
0.0229

(2.63)
(2.22)
(3.65)
(1.20)
-

0.527
0.458
0.657
0.328
0.0544

32 weeks
(28.92) 1.429
(26.37) 1.405
(27.02) 1.424
(24.93) 1.376
(27.97)
(25.65)
(27.65)
(25.98)
-

0.0654
0.604
1.427
1.390
1.417
1.400
0.0462

* Data were log (x + 1) transformed prior to analysis by ANOVA.
1

Treatment means within columns followed by the same letter are not significantly different based on
LSD tests at P < 0.05.
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CHAPTER 4 APPENDIX
Appendix 4.1 Emergence of gorse seedlings sown with sterile wheat grain (A) or sown
without wheat grain (B).

A

B
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CHAPTER 5 APENDICES
Appendix 5.1 Chlorotetracycline stock
2 g of Chlorotetracycline in 100 ml ethanol and 100 ml distilled water
Stored by wrapping bottle in foil in the freezer.
Add 2 ml of stock to 1 litre of agar to make working stock of 20 μg/ml agar.
Appendix 5.2 Analysis of variance
Variate: log_CFU/insect
Source of variation
Spp
Time
Lin
Quad
Deviations
Spp.Time
Spp.Lin
Spp.Quad
Deviations
Residual
Total
Tables of means

d.f.
2
3
1
1
1
6
2
2
2
24
35

s.s.
2.4751
2.0577
1.8340
0.0138
0.2099
1.7230
1.3896
0.3010
0.0324
4.2137
10.4696

m.s.
1.2376
0.6859
1.8340
0.0138
0.2099
0.2872
0.6948
0.1505
0.0162
0.1756

v.r.
7.05
3.91
10.45
0.08
1.20
1.64
3.96
0.86
0.09

F pr.
0.004
0.021
0.004
0.782
0.285
0.181
0.033
0.437
0.912

Appendix 5.3. The number of F. tumidum (log 10 CFU/insect) carried and deposited on agar
by three insect species. Values in parentheses are back transformed means after log 10
transformation of CFU data.
Insect spp.
E. postvittana
C. ulicetana
A. ulicis
LSD (P < 0.05)

Carried
(72.6)
(40.4)
(13.8)

1.830 b
1.595 b
1.115 a
0.2649

Deposited
(29.0)
(10.0)
(8.0)

1.429 b
0.788 a
0.853 a
0.4957
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