Chapter 5

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
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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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A

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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(A1)
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A

(A2)
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B

C

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.

5
In o c u la ted in s e c ts
U nin o c u la ted in s e c ts

Number of insects
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T im e a fte r in o cu la tio n (h )

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.

4000

CFU/insect

3000

2000

1000

0
0

4

7

Time after inoculation (days)

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.

163

Chapter 5

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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