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The southern and eastern parts of the African Fynbos region favour the production of honeybush tea.
Honeybush biomass and extracts are used to prepare a beverage both locally and internationally, mainly as
herbal tea with health benefits. Honeybush tea is mostly grown organically requiring natural control measures
for pests and diseases. The leafhopper, Molopopterus sp., is one of the most important pests of cultivated
honeybush in South Africa, as its feeding compromises the quality and quantity of the yield through leaf
discolouration and reduction of the photosynthetic area. Local entomopathogenic fungi (EPF) can provide
a pool of potential biocontrol agents for this pest. Therefore, a total of 98 soil samples were collected from
organically grown honeybush fields and vegetation surrounding the honeybush fields in the Western Cape
province of South Africa. Entomopathogenic fungi were isolated using the insect bait method and were
characterised using molecular techniques. Twenty fungal isolates of Metarhizium anisopliae and Fusarium
oxysporum were recovered from soil samples, of which 70% were from honeybush fields and 30% were from
surrounding vegetation. Fusarium oxysporum isolates comprised 20% of the recovered isolates; M. anisopliae
the remainder. Laboratory bioassays of the recovered isolates against adults and nymphs of the leafhopper,
showed that F. oxysporum isolates caused 10-45% mortality and M. anisopliae isolates 30-80% mortality.
Metarhizium anisopliae isolates J S1, KF S3, KF S11, KF S13, LS1 and LS2 were the most virulent and induced over
60% mortality in both nymphs and adults at a concentration of 1 x 107 conidia/ml.

INTRODUCTION

Honeybush, Cyclopia spp. Vent (Fabaceae), is a papilionaceous genus endemic to South Africa,
used to produce a unique herbal tea with a pleasant honey-like taste and flavour (Schutte 1995;
McGregor 2018). Honeybush tea has gained global recognition due to its enjoyable flavour and, like
other herbal teas, it does not contain caffeine (McGregor 2018). Currently, consumer demand for
honeybush products far outweigh the supply. This growing demand for honeybush tea, both locally
and globally, has resulted in commercialisation of the industry and a shift from wild harvesting to
dedicated planting (Joubert et al. 2011; Slabbert et al. 2019). The shift in cropping can cause changes
in insect populations and possible pest outbreaks (Andow 1983). The honeybush tea industry is a
certified organic industry (Department of Agriculture, Forestry and Fisheries 2014) and thus has
zero tolerance towards the use of synthetic pesticides, which dictates pest control options.

The leathopper, Molopopterus sp. Jacobi (Hemiptera: Cicadellidae), is a sap-sucking pest of
agricultural importance (Hatting 2017). Both adults and nymphs suck plant sap mainly from the
underside of the leaf, causing phytotoxic symptoms termed “hopper burn,” which can result in
complete desiccation. Hopper burn results from a dynamic feeding interaction between insect
feeding stimuli and a complex plant response (Habibi et al. 2001). The leathopper Molopopterus
theae Theron (Hemiptera: Cicadellidae) is one of the major pests associated with Rooibos
Aspalathus linearis (Burm.f.) R. Dahlgren (Fabaceae), a close relative of honeybush. The pest causes
chlorosis, and under high leathopper populations plants have a scorched appearance. As a result,
there is impaired plant growth and, in extreme cases, mortality, which is exacerbated by moisture
stress especially during seasonal summer drought from November to February (Hatting 2017).
Entomopathogenic fungi (EPF) have been explored as a chemical alternative for control of the
leathopper associated with Rooibos (Hatting 2017). Metcalf et al. (2018) called for pre-emptive
control measures due to the damage potential of Molopopterus sp. in Honeybush, which may result
in considerable damage to Honeybush compromising yield quality and quantity.

The use of EPF as mycoinsecticides plays a key role in sustainable pest management programmes
as almost all insects are vulnerable to fungal disease (Mochi et al. 2005). They have garnered
significant interest in research and used as mycoinsecticides because they can be administered
in ways similar to those used for other synthetic pesticides (Zimmermann 2007; Hussain et al.
2014). They are especially ideal in that they are eco-friendly, have a broad host range and they
pose little threat to humans with minimal residues (Bidochka et al. 2001; Barra et al. 2012).
Entomopathogenic fungi are considered advantageous in the control of tea pests as they are cost-
effective, may increase yield as potential endophytes, and have minimal side effects on natural
enemies (Hussain et al. 2014; Wang et al. 2018). They are used for the management of tea pests
on their own or in combination with synthetic insecticides (Hazarika & Puzari 2001). In Brazil,
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EPF have been used successfully for the management of both
nymphal and adult stages of spittlebugs in sugarcane (Mascarin
et al. 2019). In the case of leathoppers, they are an important
biocontrol alternative since their pathogenesis process does not
require ingestion (Thomas & Read 2007; Khan et al. 2012).

The objectives of this study were therefore to: (i) isolate and
identify indigenous isolates of EPF from soil samples obtained
from honeybush agro-ecosystems (cultivated and natural
refugia) and; (ii) investigate the pathogenicity of the isolated EPF
against both the adults and nymphs of Molopopterus sp. under
laboratory conditions.

MATERIALS and METHODS
Soil sampling

Soil samples were collected from three Honeybush farms in
the Western Cape, where it is predominantly grown in South
Africa; in Plettenberg Bay (33°55'55"S, 23°30°31"E), Sedgefield
(33°58736"S, 22°51°50"E) and George (33°56°09"S, 22°12'53"E).
Soil samples were collected from honeybush fields and
surrounding refugia. A total of 98 rhizospheric soil samples were
collected using the sampling procedure described by Goble et al.
(2010). Twelve soil samples, roughly 12 m apart, were collected
per field along two intersecting transects. Twelve samples were
also collected on each farm from the natural refugia within a
2 km radius of the field, with each sampling point 18 m apart. A
cylindrical soil auger (7 cm x 14 cm) with 538 cm® volume was
used to collect soil to a depth of 15 cm after the surface litter was
removed. The soil auger was wiped with 70% ethanol between
each sampling point to limit cross-contamination. Samples were
collected at the beginning of April 2019. The soil samples were
placed in individually labelled plastic ziplock bags, stored at 4 °C
and baited within two months of the sampling period.

Isolation of entomopathogenic fungi from soil samples

Entomopathogenic fungi were isolated using the modified
‘insect bait method’ as described by Meyling (2007) and Meyling
& Eilenberg (2006) with Tenebrio molitor L. (Coleoptera:
Tenebrionidae) late instars used as the bait species. Tenebrio
molitor were obtained from cultures kept at Rhodes University
reared in plastic containers on an artificial diet comprised of a
mixture of oats and wheat bran as protein sources. Potatoes were
supplied as a carbohydrate source and to provide moisture. Soil
samples were sieved through a sterile metal sieve with a mesh
size of 4 mm to remove any unwanted material and make the
soil loose to facilitate movement of bait insect within the soil
samples, after which they were thoroughly mixed. If the soil was
dry, the samples were lightly moistened with sterile distilled
water to ensure enough moisture was present to promote fungal
infection during baiting. Two 200 ml portions were measured
and transferred to 400 ml transparent plastic containers,
previously sterilised with 70% ethanol. Ten late instar larvae of
T. molitor per soil sample were added and the containers sealed.

No heat treatment was applied to the bait insects since
T. molitor do not create webbing. Soil samples were then
incubated in complete darkness at = 25 °C. Containers were
inverted daily for the first week to encourage larval movement
throughout the soil profile. The soil samples were lightly
moistened with distilled water if they became too dry and were
checked for dead insects every three days, a week after baiting,
for a period of 21 days. All dead larvae were surface sterilised by
first washing them in 70% alcohol then 1% sodium hypochlorite
for 30 seconds, before being quickly rinsed three times with
sterilised distilled water to prevent growth of opportunistic
external saprophytic fungi (Oliver et al. 2011). After surface
sterilisation, they were placed in an incubation chamber (sterile
90 mm Petri dish lined with moist filter paper) and kept in a
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controlled environment room at 25 °C, 12:12 light/dark regime
and monitored for fungal outgrowth. Sporulating larvae
and pupae were placed on Sabouraud Dextrose Agar (SDA)
supplemented with 50 mg/l of chloramphenicol for fungal
isolation. Following sufficient growth on the media, conidia were
removed from the outgrowth surrounding the insect cadavers
and diluted in Tween 20 (1:100) before being spread on prepared
media, where they were incubated at room temperature. After
three to four days, individual colonies were then aseptically
removed and transferred to new plates to obtain pure cultures.
The plates were grown for two weeks and later stored in a fridge
at 4 °C prior to bioassays being conducted (Meyling 2007).

Molecular identification of recovered fungal isolates

Molecular characterisation was done for all the recovered
fungal isolates. DNA was isolated following a modified protocol
by Marzachi et al. (1998). The fungal samples were extracted
from the agar plates using a 1000 pl sterile pipette tip, which
was melted with a lighter, creating a ball that was then used to
macerate the fungi. The samples were macerated in 200 ul sterile
distilled water in a 2 ml microcentrifuge tube, after which 180 pl
of ATL buffer (Qiagen) and 15 ul of proteinase K were added. The
samples were then vortex mixed for 30 seconds prior to being
placed in a heat block overnight at 56 °C. The samples were
then centrifuged at 13 000 rpm for 5 minutes, after which the
supernatant was removed and transferred to a new Eppendorf
tube where 65 ul of 5M sodium chloride was added to the
supernatant. The samples were then vortexed for 30 seconds and
again centrifuged for 5 minutes at 13 000 rpm after which the
supernatant was removed and transferred to a new Eppendorf
tube, where 150 pl of cooled isopropanol was added. The samples
were then placed in the freezer overnight and then centrifuged
again at 13 000 rpm for 5 minutes. The supernatant was removed,
and the DNA pellet was kept. Cooled 70% ethanol (250 pl) was
added to the pellet and centrifuged at 13 000 rpm for 5 minutes
after which the ethanol was removed. The Eppendorf tube was
placed overnight on a heat block at 50 °C to allow any excess
ethanol to evaporate. The DNA pellet was then dissolved in
20-40 pl of AE buffer (Qiagen).

A nanodrop spectrophotometer (Thermo Scientific®) was used
to determine DNA concentration. Universal fungal primers
were used to amplify the internal transcriber spacer region
using the primers ITS1 (5-TCCGTAGGTGAACCTGCGG-3")
and ITS4 (5-TCCTCCGCTTATTGATATGC-3"). Agarose Gel
Electrophoresis (AGE) was used to analyse the PCR products to
confirm whether amplification of the ITS region was successful.
The following PCR cycling parameters were used: initial
denaturation step of 94 °C for 5 minutes, followed by 35 cycles of
94 °C for 30 seconds, 52 °C for 45 seconds, 72 °C for 1 minute and
finalised by one cycle at 72 °C for 5 minutes. The samples were
run on 1% AGE (Marzachi et al. 1998). The samples were then
sent to Inqaba Biotechnical Industries Pty Ltd (South Africa) for
sequencing. Chromatograms were analysed in Finch TV v1.4.0
(Geospiza, Inc., U.S.A.) and samples were identified using the
BOLD and GenBank database. Sequences were aligned using
Chromas (v 2.6.6) and analysed using the maximum likelihood
method in MEGA-X (v 10.2.2).

Fungal pathogenicity bioassays against Molopopterus sp.
Preparation of conidia suspension

Fungal isolates were cultured for two weeks on SDA before
conidia suspensions were prepared. The plates were then flooded
with 20 ml of sterile 0.05% Tween 20 solution. A sterile 1000 ul
pipette tip was used to gently scrape the surface of the media
to dislodge the conidia before transferral into a sterile glass
bottle. The suspension was then vortexed for 5 minutes to



ensure homogenisation before determining the concentration of
the conidia suspension. The concentration of the stock conidia
suspension was determined using a Neubauer haemocytometer
(Marienfeld, Germany) before dilution. Two counts were made
per suspension and the average thereof used to determine the
concentration of the stock suspension. For each isolate, a 1 x
107 conidia/ml suspension was then prepared for use in the
bioassays.

Conidia viability was assessed for each conidial suspension
using the method described by Meyling (2007). A 1 x 10° conidia/
ml suspension (100 pl) was aseptically spread onto freshly
prepared SDA plates. Three replicates were made for each fungal
isolate. The plates were wrapped with foil paper and incubated
for 24 hours at 26 °C. A total number of 100 conidia per plate
were counted under a light microscope (Olympus CX2LED) at
low magnification. Germinating conidia were differentiated
from non-germinating conidia by the presence of a visible germ
tube (Meyling 2007). The average germination percentage was
calculated.

Plant material and insect source

Adult Molopopterus sp. were collected from Cyclopia longifolia
Vogel (Fabaceae) plants cultivated at Kurland using an active
beating method. Infested plants were actively beaten by hand
to dislodge the insects while a sweep net (diameter 32 cm x 55
cm length) was positioned below to catch the insects. An electric
pooter was used to collect the insects from the net before being
transferred into pill vials with perforated lids. The vials were
placed on ice to lower the temperature during transport. Third
to fourth instar nymphs were also collected from Kurland using
the active beating method. The nets were emptied into a tray
(40 x 50 cm) and the contents were evenly spread out before being
turned upside down. The nymphs remained attached to the tray
and were then transferred to transparent tubs with perforated
lids for transport. Cyclopia longifolia seedlings which were due
for transplanting were acquired from the Kurland nursery.

Experimental procedure

A completely randomised design with 21 treatments, including
the control, replicated five times was used for the bioassay. The
bioassay test was repeated twice on different dates with a fresh
batch of fungal isolates and insects. The experimental setup
comprised a modified assay chamber consisting of a sterilised
2-1 soft drink transparent plastic bottle, which was cut at the
bottom and used to cover the treated seedlings to prevent the
insects from escaping and an inverted, transparent plastic
container to help seal the bottom of the assay chamber. Seedlings
of C. longifolia with a minimum number of 20 and a maximum
number of 40 leaves were used for the bioassay. The seedlings
were transplanted from trays into 250 ml disposable foam cups.
The seedlings were first washed with distilled water, allowed to
dry and then sprayed with 0.4 ml fungal suspension (107 conidia/
ml) using a spray bottle and left to dry at room temperature. The
Control treatment was sprayed with distilled water.

Ten adult leathoppers were introduced from the top which was
sealed thereafter to prevent the insects from escaping. The lid
of each chamber was briefly opened daily to prevent moisture
from accumulating inside the chamber as this promotes the
growth of saprophytic and opportunistic fungi (Oliver et al.
2011). Mortality was checked after seven days by counting the
number of dead insects in each treatment. The bioassay was also
conducted on the immature stages of the Molopopterus sp. using
the same method as that described but with slight modifications.
Transparent tubs (11 cm diameter x 8 cm height) with perforated
lids were used as bioassay chambers. Branches of C. longifolia
were inserted into a wet floral foam in a Petri dish, then placed
at the bottom of the tub. Ten crawling nymphs were then
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transferred to the bioassay chamber using a fine needle-nosed
paint brush. Mortality was assessed as for the adults.

Data analysis

Abbott’s (1925) formula was used to adjust for natural mortality.
A one-way analysis of variance (ANOVA) was used to compare
the differences in the mean mortality of Molopopterus sp. between
20 treatments of fungal isolates. A Bonferroni Least Significant
Differences (LSD) test was used to separate the means. Data were
analysed using R software version 4.0.0. One-way ANOVA was
specified using the “stats” package. The Shapiro-Wilk and the
Bartlett test were used to check for normality and homogeneity
of variances, respectively. LSD tests were specified using the
“agricolae” package (Mendiburu & Muhammad 2020).

RESULTS
Isolation and identification of entomopathogenic fungi

Twenty fungal isolates were recovered from 98 soil samples
(20.04%). Fourteen isolates (70%) were recovered from 58
samples collected in planted fields while six isolates (30%) were
recovered from 40 samples collected in the surrounding refugia.
Metarhizium anisopliae was the most recovered species in
both the field and refugia while Fusarium oxysporum Schlecht.
emend. Snyder & Hansen (Hypocreales: Nectriaceae) was the
other isolated fungal species. Most of the fungal isolates were
isolated from Plettenberg Bay (17) while the remainder of the
isolates originated from Sedgefield (2) and George (1) (Table 1).
A maximum likelihood phylogenetic tree was drawn using only
sequences that displayed some degree of variability (identical
ITS1-5.8S-ITS2 regions with previously reported sequences
excluded from the tree for clarity). Metarhizium and Fusarium
isolates each formed their own clade (Figure 1).

Fungal pathogenicity bioassays against Molopopterus sp.

All the isolates had over 85% conidia germination on SDA plates.
Control treatments had low mortalities of 9 + 1.7% and 6 + 2.1%

Table 1: Entomopathogenic fungi isolates according to the source and
species identification.

Sample Region Source Species ID

JS1 George Field Metarhizium anisopliae
KF1 S1 Plettenberg Bay Field Metarhizium anisopliae
KF1 ST Plettenberg Bay Field Metarhizium anisopliae
KF1 S12 Plettenberg Bay Field Metarhizium anisopliae
KF1 513 Plettenberg Bay Field Metarhizium anisopliae
KF1 S3 Plettenberg Bay Field Metarhizium anisopliae
KF1 S6 Plettenberg Bay Field Metarhizium anisopliae
KF1 S8 Plettenberg Bay Field Metarhizium anisopliae
KF1 S9 Plettenberg Bay Field Metarhizium anisopliae
KF2 S2 Plettenberg Bay Field Fusarium oxysporum
KF2 S3 Plettenberg Bay Field Fusarium oxysporum
KF2 S5 Plettenberg Bay Field Fusarium oxysporum
KR S1 Plettenberg Bay Refugia  Metarhizium anisopliae
KR S2 Plettenberg Bay Refugia  Metarhizium anisopliae
KR S4 Plettenberg Bay Refugia  Fusarium oxysporum
KR S6 Plettenberg Bay Refugia  Metarhizium anisopliae
KRS7 Plettenberg Bay Refugia  Metarhizium anisopliae
KR S8 Plettenberg Bay Refugia  Metarhizium anisopliae
LS Sedgefield Field Metarhizium anisopliae
LS2 Sedgefield Field Metarhizium anisopliae




L S2 Metarhizium anisopliae
KR S5 Metarhizium anisopliae
KF1 S1 Metarhizium anisopliae
L S1 Metarhizium anisopliae
KR S7 Metarhizium anisopliae
KR S6 Metarhizium anisopliae
KR S2 Metarhizium anisopliae
KF1 S13 Metarhizium anisopliae
KF1 812 Metarhizium anisopliae
KF1 S3 Metarhizium anisopliae

8e KF1 S6 Metarhizium anisopliae
KF1 S11 Metarhizium anisopliae
100 KF1 S8 Metarhizium anisopliae

KR S8 Metarhizium anisopliae
KF1 S9 Metarhizium anisopliae
J S1 Metarhizium anisopliae
KF2 S2 Fusariam oxysporum
100 KF2 S3 Fusarium oxysporum
KF2 S5 Fusarium oxysporum

KR S4 Fusarium oxysporum

Isaria fi osea

Figure 1. Phylogenetic analysis. Maximum likelihood analysis of the
[TS1-5.85-ITS2 region Numbers below and above branches represent
bootstrap percentages of 1000 replicates. Isaria fumorosea was used as
outgroups

in adults and nymphs, respectively, and was used to control
for natural mortality within each experimental treatment. The
average adult mortality differed significantly between treatments
(Fyy 5o = 16.892, p = 0.0021) (Figure 2). The highest mortality
(72%) was reported for M. anisopliae KF1 S13, whilst the lowest
mortality (11%) was reported for F. oxysporum KF2S2. Similarly,
the average nymph mortality differed significantly between
treatments (Fwy 1o = 5463, p = 0.00097) (Figure 3). Metarhizium
anisopliae isolates induced higher mortalities against both
adults and nymphs (25-80%) compared to F. oxysporum isolates
(10-60%). Metarhizium anisopliae isolates J S1, KF S3, KF S6, KF
S11, KF $12 and KF S13 induced mortalities greater than 60% in
both adults and nymphs.
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DISCUSSION

A relatively low recovery rate of EPF from soil samples was
consistent with findings by Goble et al. (2010) who recovered
21.53% from South African citrus orchards and Dlamini et al.
(2020) who recovered 37% from deciduous fruits and grapevine
orchards in the Western Cape Province of South Africa.
However, higher recovery rates have been reported in other
parts of the world. Bidochka et al. (1998) recovered 91% from
temperate soils in Canada, and Keller et al. (2003) had a recovery
rate of 96% from different habitats in Switzerland using the
insect bait method in both natural and disturbed soils. The low
recovery rate was also coupled with low species diversity as only
two species of fungi were recovered. Dlamini et al. (2020) also
recovered two species M. anisopliae and Beauveria bassiana.
However, Abaajeh (2014), discovered six different fungal species
in pomegranate farms in the Western Cape of which B. bassiana
was the most common species.

This study rendered two fungal species important for use as
biological control agents against this leathopper (Molopopterus
sp.) but did not detect any strains of the popularly reported B.
bassiana. Occurrence and distribution of entomopathogenic
fungi is influenced by several factors such as location, habitat
type, soil properties and cropping system which may further
influence recovery of isolates (Klingen et al. 2002; Asensio et al.
2003; Meyling & Eilenberg 2006). Differences in recovery could
also be explained by different isolation protocols, variations in
the bait insect species, the number of bait insects per sample,
baiting temperature, and volume of soil. Galleria mellonella is the
most commonly used insect species in the insect bait technique
and is very sensitive to isolation of entomopathogenic fungi in
the soil. Goble et al. (2010) recovered significantly more isolates
from G. mellonella compared to Ceratitis capitata Wiedemann
(Diptera Tephritidae) and Thaumatotibia leucotreta Meyrick
(Lepidoptera: Tortricidae). The “insect bait” method was used
in this study, however, mealworms, T. molitor, were used instead
of the common G. mellonella. Albertyn et al. (2021), had a
slightly higher recovery of 34.3% using T. molitor, therefore, bait
insect species alone cannot explain low recovery rate. This then
suggests that other factors are responsible for the low species
diversity rather than the bait insect species used. Alternatively,

abcd
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- M. anisopliae
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|
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Treatment (Fungal isolates)

Figure 2. Corrected percentage mortality (+ standard error) of Molopopterus sp. adults seven days after treatment with the different fungal isolates
applied at a conidial concentration of 10" conidia/ml. The same letters above bars indicate no significant difference between isolates (Bonferroni

LSD p < 0.05)
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Figure 3. Corrected percentage mortality (+ standard error) of Molopopterus sp. nymphs seven days after treatment with the different fungal isolates
applied at a conidial concentration of 10" conidia/ml. The same letters above bars indicate no significant difference between isolates (Bonferroni

LSD p < 0.05)

sampled Honeybush plantations and their surrounding refugia
may simply not contain other species of fungus.

The study showed that habitat type, cultivated land versus
natural refugia, played a significant role in both the occurrence
and recovery of fungal isolates. Soils harbouring Fusarium
oxysporum were more commonly recovered from surrounding
refugia, but the presence of M. anisopliae was more strongly
associated with cultivated Honeybush fields. This is consistent
with the findings of Bidochka et al. (1998) and Tkaczuk et al.
(2013), who recovered more isolates and greater species richness
in natural habitats over disturbed ecosystems. Occurrence of EPF
is naturally associated with organic matter in the soil (Bidochka
etal. 2001). This may be due to cation exchange in organic matter
facilitating adsorption of fungal conidia (Inglis et al. 2012).
However, this is in contrast to findings by Goble et al. (2010), who
recovered more isolates from refugia than in citrus orchards. The
difference could be explained by conventional pest management
practices in citrus orchards which can influence occurrence
of fungi in the soil. Honeybush tea, is a perennial crop that is
organically grown; under certain conditions it may provide a
microhabitat that supports a greater diversity of arthropod hosts
in which fungi can multiply (Slabbert et al. 2019).

Recovery of F. oxysporum was quite unusual as many
Fusarium spp. are well known for their role as plant pathogens
and mycotoxin producers (O’Donnell et al. 2018). The genus
Fusarium is well known to switch between different life stages
and act on non-plant hosts (Van Diepeningen & De Hoog 2016;
Santos et al. 2020). Research on Fusarium-insect interaction has
been limited as they are generally characterised as opportunistic
insect pathogens. However, some Fusarium spp. are reported to
possess entomopathogenic properties (Santos et al. 2020). The
Fusarium oxysporum species complex has been isolated from
soil samples using the Galleria bait method (Sharma & Marques
2018; Santos et al. 2020). Abaajeh (2014), recovered seven
Fusarium spp., in the Western Cape from citrus plantations,
five of which were F. oxysporum isolates. Recently, Sharma and
Marques (2018) did a review seeking to address Fusarium-insect
pathogenicity under field conditions. Feng-Yan and Quing-Tao
(1991), recovered 180 Fusarium isolates from 150 different insect
cadavers including spiders. This demonstrates the potential of
Fusarium spp. as potential biocontrol agents.
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Different Fusarium spp. have shown low to high mortality
when tested against lepidopterans (Ali-Shtayeh et al. 2003),
while showing moderate to high mortality against Coleoptera
and Hemiptera (Anwar et al. 2017; Sharma & Marques 2018).
Ganassi et al. (2001) recorded 60% mortality induced by
Fusarium spp. against the aphid, Schizaphis gramium Rondani
(Hemiptera: Aphididae). Thangam et al. (2014) also recorded
45-60% mortality in mango leathoppers following Fusarium spp.
application. Moreover, Fusarium spp. have also been identified
to produce Beauvericin, a cyclic depsipeptide and one of the
major toxins produced by B. bassiana which exhibits insecticidal
properties (Wang & Xu 2012; Wang et al. 2018). However, there
is controversy as to whether they can adequately be classified as
EPF. Navarro-Velasco et al. (2011), studied histological evidence
to comprehend its infection process and concluded that they do
possess insect pathogenicity properties. Fusarium oxysporum
isolates induced low mortalities against Molopopterus sp.,
however, they may still retain potential as biocontrol agents
against other Honeybush tea pests. Although Fusarium spp.
have the potential for biocontrol, further evaluations concerning
their safety and environmental impacts need to be undertaken
before consideration as biocontrol agents.

Both adults and nymphs of Molopopterus sp. had similar
responses to infection by the tested fungal pathogens with some
isolates inducing mortalities over 60%. Discrepancies were also
observed amongst isolates in the mortalities induced between
adults and nymphs. According to Mochi et al. (2005), not all
life stages are vulnerable to penetration by propagules; some
are more vulnerable than others. Gul et al. (2015) conducted
pathogenicity tests against different life stages of the peach
fruit fly, Bactrocera zonata Saunders (Diptera: Tephritidae),
and observed higher mortalities in adults than immature and
pupal stages. Therefore, the life stage which is targeted can
influence the probability of infection. Pupal stages are often
most resistant, while nymphs and adults are most susceptible
(Aatif et al. 2020). These discrepancies could be attributed to
behavioural differences, coupled with inoculation technique
used in this study (based on secondary pick-up). Moreover,
the time of inoculation prior to ecdysis and the length of the
intermoult period play a critical role. If moulting occurs shortly
after inoculation, it may remove penetrating conidia before



colonisation of the insect host (Boomsma et al. 2014).

Previous studies on pests in the order Hemiptera have recorded
even higher mortalities using M. anisopliae. Sain et al. (2019),
recorded high mortality (89%) on Bemisia tabaci Genadius
(Hemiptera: Aleyrodidae) while, Bayissa et al. (2017), recorded
comparable mortalities (73%) at 107 conidia/ml against aphid
pest species of crucifers and okra which were consistent with
the findings of this study. Tounou et al. (2003), discovered that
increasing time of exposure in bioassays to 15 days resulted in
even higher mortalities (97%) when they evaluated EPF against
the green leathopper Empoasca decipiens Paoli (Homoptera:
Cicadellidae). Susceptibility of an insect is dependent on several
factors that directly or indirectly impact pathogen performance.

In conclusion, the M. anisopliae isolates, J S1, KF S3, KF S11,
KF S13, LS1 and LS2 are recommended for further evaluation
as they caused the highest mortality in both adults and
nymphs. However, further evaluation needs to occur before
being considered for field application. This includes further
characterisation of virulence (dose- and time-response) as
well as semi-field trials to establish their performance under
more realistic conditions, where several uncontrollable abiotic
and biotic factors may influence their efficacy. Given that
M. anisopliae may be capable of infecting other important
pests of honeybush, determining whether this is possible is also
warranted as it may promote the development of a biopesticide
which can be targeted against more than just Molopopterus
sp. in honeybush and other cultivated crops where this pest is
problematic.
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