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Entomopathogenic fungi (EPF) are cosmopolitan soil borne pathogens that cause epizootics in various insect 
orders. EPF isolates of Metarhizium brunneum and M. pinghaense have shown the potential for use as biological 
agents of important agricultural insect pests. The aim of the current study was to test for the persistence of 
M. brunneum and M. pinghaense on apple bark over a period of three weeks, under laboratory conditions. Apple 
bark was sprayed with conidial suspensions of both fungi, at a standard infective conidial concentration of 
107 conidia/ml. The persistence, or survival, of the conidia on apple bark was measured using codling moth 
larvae (CM) (Cydia pomonella) and females of woolly apple aphid (WAA) (Eriosoma lanigerum) as indicator 
species. The results showed that conidia of M. pinghaense can induce mortality of insect pests through contact 
with an EPF-treated substrate, with mortality of 39% to 82% for WAA over a period of 10 days post application, 
and with mortality of 3% to 68% for CM over a period of 7 days, after application to apple bark. Further 
evaluation showed that the conidia of M. pinghaense persisted longer on apple bark, up to 63%, than did 
M. brunneum, up to 11%, three weeks post application of the conidial suspensions. The study provides insights 
into the potential persistence of fungal isolates on apple bark over time post application. Further evaluation of 
the persistence of the isolates on apple bark under both glasshouse and field conditions should be conducted.

INTRODUCTION

The soil environment is an important reservoir of a large diversity of fungal species, with various 
ecological functions (Shah and Pell 2003; Meyling and Eilenberg 2007). Entomopathogenic fungi 
(EPF) play an important role in pest insect population regulation, and are generally considered to 
be promising biological control agents of insect pests (Charnley and St Leger 1991; St Leger et al. 
1996; Gilbert and Gill 2010). EPF are among the natural enemies that cause epizootics in arthropod 
species in agroecosystems, by means of inducing lethal infection in their host insects, which helps 
regulate pest populations (Leger et al. 1992; Roy et al. 2006; Meyling and Eilenberg 2007; Vega 
et al. 2009; Shahid et al. 2012).

Important EPF species with biocontrol potential are found mainly across two fungal divisions: 
Ascomycota and Entomophthoromycota. The fungal division, Ascomycota, contains Hypocreales 
fungal species, including the Metarhizium anisopliae Metch. Sorokin (Hypocreales: Clavicipitaceae) 
complex and the Beauveria species, of which some are commercially produced and used globally 
for biological control against a variety of agricultural pests (De Faria and Wraight 2007; Quesada-
Moraga et al. 2007; Hatting et al. 2019). Beauveria bassiana (Bals.-Criv.) Vuill. (Hypocreales: 
Cordycipitaceae) and M. anisopliae, which are among the most well-studied fungal species within 
agroecosystems, have been used to control several insect pests in some countries (Chase et al. 1986; 
St Leger et al. 1992; Wraight et al. 2000; Meyling and Eilenberg 2007).

The use of EPF as mycoinsecticides for insect pests is also considered as an environmentally 
acceptable alternative to chemical pesticides, as they tend to pose less harm to the environment 
(St Leger et al. 1996; Shah and Pell 2003). Their long history of use as biological control agents for 
controlling many pest species has been met with varying levels of success (Dedryver et al. 2010). 
The use of local strains of EPF against crop-damaging insects across agricultural ecosystems tends 
to be favoured, because the fungi are generally already adapted to the local climatic conditions 
(Abaajeh and Nchu 2015). EPF can cause mycosis in many different taxa of arthropods, and in 
almost every order of insects, as well as infect all the different life stages of the insects (Dedryver 
et al. 2010; Shahid et al. 2012).

Eriosoma lanigerum L. (Hausmann) (Hemiptera: Aphididae: Pemphiginae), woolly apple aphid 
(WAA), is an important insect pest that attacks apple trees, negatively affecting apple production 
on a global scale (Heunis 2001; Damavandian and Pringle 2002; Short 2003). Infestations and 
feeding of the root colonies of E. lanigerum on an apple root system can have a devastating effect on 
the plant’s health, as their presence can result in damage to the root system through the formation 
of hypertrophic galls on the inner bark of the host plant’s root system (Sandanayaka and Hale 
2003; Sandanayaka et al. 2003). The formation and development of hypertrophic galls on the 
apple tree’s root system restricts water and nutrient movement, and disrupts normal plant growth 
and development (Short 2003; Damavandian and Pringle 2007; Dardeau et al. 2014). Eriosoma 
lanigerum has also developed some level of resistance against a wide array of chemical insecticides 
that have been used in the past for its control (Christians 2003).

Cydia pomonella L. (Lepidoptera: Tortricidae), codling moth (CM), is a serious pest of pome 
fruits, with it occurring mainly in temperate areas worldwide (Vreysen et al. 2010). Females lay 
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eggs on the fruit, leaves and twigs of their host plant. After the 
eggs hatch, the first-instar larvae bore into the fruit, coming to 
feed mainly on its inside. The last-instar larvae, having left the 
fruit and dropped from the host tree, tend to overwinter in a 
cocoon in a sheltered environment, possibly underground. Fruit 
infested or damaged by C. pomonella tend to drop and ripen 
prematurely (Pajač et al. 2011). The management of C. pomonella 
in orchards has relied mainly on the use of a broad range of 
chemical insecticides for many years (Riedl et al. 1998). However, 
management has shifted from the use of chemical-based 
pesticides only, to a more generally integrated pest management 
strategy, in terms of which less chemical pesticides are generally 
used, combined with biological control methods. The shift, 
which has taken place due to the development of resistance to 
chemical insecticides, involves the effect of chemical insecticides 
on the environment and on human health (Blomefield 1994; 
Pajač et al. 2011). The process concerned using such biological 
control techniques as the sterile insect technique and mating 
disruption, combined with employing environmentally friendly 
insecticides like novaluron and methoxyfenozide (Pringle et al. 
2003; Vreysen et al. 2010; Odendaal et al. 2015, 2016).

Metarhizium brunneum (Petch) and Metarhizium pinghaense 
Chen and Guo (Ascomycota: Hypocreales: Clavicipitaceae) have 
both been tested and successfully used in controlling various 
insect pests that are present within agroecosystems. In a study 
conducted by Kirubakaran et al. (2018), M. pinghaense was 
shown to have relatively great potential for control against the 
rice leaf folder Cnaphalocrocis medinalis Guenée (Lepidoptera: 
Pyralidae), which is a destructive insect pest that attacks rice 
crops. Another study, conducted by Cossentine et al. (2010), 
assessed the susceptibility of apple clearwing moth, Synanthedon 
myopaeformis Borkhausen (Lepidoptera: Sesiidae), which is 
an invasive European moth species that lays its eggs on the 
damaged bark near graft unions and pruning cuts, to B. bassiana 
and M. brunneum and found that the insect pest was susceptible 
to infection by both EPF species.

The success of an EPF isolate in terms of managing pest insects, 
and in relation to its use in crop protection, partially depends 
on the persistence of the fungal inoculum involved, following 
its field application (Inyang et al. 2000). The persistence of EPF 
refers to the ability of the fungal isolate to remain viable in the 
field, on the surface where it is in contact with the host insect, 
for relatively long periods post application (Jaques 1983). EPF 
isolates that exhibit relatively long field persistence tend to have 
an increased probability of coming into contact with a sufficient 
number of target pest insects, with the isolates being capable of 
causing epizootics in their populations. Fungal isolates that are 
capable of persisting for relatively long periods are comparatively 
suitable for use as biological control agents (Inglis et al. 2001; 
Coombes et al. 2013).

The aim of the current study was to measure the persistence of 
M. pinghaense conidia on apple bark over time, under laboratory 
conditions. Results were evaluated in terms of the number of 
contact infections and the extent of the mortality of the insect 
pests involved following exposure to the apple bark treated with 
conidial suspensions. WAA and CM were used as indicator 
species for conidial persistence. The conidial persistence of 
M. brunneum and M. pinghaense conidia on apple bark over a 
period of three weeks was measured.

MATERIALS AND METHODS

Source of EPF and insects

An isolate of M. pinghaense (DO1) and of M. brunneum 
(3GREY) were obtained from the Stellenbosch University fungal 
collection. All fungal isolates were grown on Sabouraud dextrose 
agar (SDA), supplemented with 200 µl penicillin-streptomycin, 
to prevent bacterial contamination. The EPF cultures were 

incubated in a growth chamber, at the controlled temperature 
of appoximately 25 °C.

The CM last-instar larvae were obtained from stored cultures 
provided by Entomon Technologies (Pty) Ltd, an insect-
rearing facility that is located on Welgevallen Experimental 
Farm in Stellenbosch, Western Cape. The larvae, which were 
reared from eggs, were fed on an artificial diet in a growth 
chamber, where they were kept under diapause conditions, 
with controlled temperatures of 25 °C ± 2 °C and 60% relative 
humidity. Once having reached the stage of last-instar larvae, 
the cultures were stored at temperatures of ± 6 °C, up until their 
use in the experimental trials. The WAA adult females, which 
were collected from root samples collected in an apple orchard, 
were kept in moist containers in the laboratory, from where they 
could be selected for use, as needed.

Preparation of conidial suspensions

Fungal conidia were harvested from 2–3-week-old surface 
cultures by scraping, using sterile surgical blades, with the 
collected conidia being suspended in 20 ml of sterile distilled 
water, supplemented with 0.05% Tween 20, in 28-ml McCartney 
wide-mouth glass bottles. To produce homogenous conidial 
suspensions, the bottles used were closed and vortex-mixed for 
3 min. The suspensions produced were poured through organza 
fabric into a sterilised 100-ml glass beaker, so as to remove the 
fungal hyphae and mycelium. Following the above-mentioned 
procedure, the fungal concentrate in the beaker was poured back 
into the 28-ml McCartney bottles and vortex-mixed for 2 min. 
The concentrate was then used as the conidial stock for the serial 
dilutions (Mathulwe et al. 2021). The methods employed by Inglis 
et al. (2012) were followed to quantify the conidial concentration 
per unit volume. Serial dilutions were conducted to obtain the 
desired concentration of 107 conidia/ml.

Determination of conidial viability and germination

The viability of the conidia was checked to determine the number 
of viable conidia per unit volume of the conidial suspension, as 
the number present might have influenced the efficacy of the 
EPF isolate. The viability of conidia was determined by means 
of spread-plating 100 μl of the diluted conidial suspension, at a 
concentration of 107 conidia/ml, on three SDA plates per isolate. 
Each plate, after being sealed with Parafilm, was incubated in a 
growth chamber at a temperature of ± 25 °C. The percentage of 
conidia germination was examined after 24 h from 100-conidia 
counts conducted on the contents of each plate, which were 
performed under a compound microscope at 40× magnification. 
The conidia that had developed a germ tube were counted as 
viable, or living, whereas the conidia without a germ tube were 
counted as dead, or as nonviable (Ekesi et al. 2002; Inglis et al. 
2012). The average number of the viable conidia was calculated 
for the three plates used, to give the viability percentage of the 
conidia for the fungal isolate being tested. Fungal cultures with 
a viability of > 85% were used in the bioassays.

Contact infections using M. pinghaense

Pieces of apple bark, harvested from apple trees, were used in 
the study. After autoclaving, the bark was dried, followed by 
pieces of it being sprayed with a double conidial concentration 
of 2 × 107 conidia/ml of M. pinghaense. Then, 10 ml of conidial 
suspensions of the normal concentration (107 conidia/ml) were 
transferred to centrifuge tubes, where it was centrifuged for 20 
min, following which the top 5 ml of water was removed, and the 
remaining 5 ml water was vortex-mixed, to mix the pellet at the 
bottom of the centrifuge tube. The conidial suspension was then 
applied to the apple bark, which was then left to dry overnight. 
After every 24 h, 20 pieces of the bark were lightly misted with 
sterile water.
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The persistence and contact infection of the conidia was 
determined by using 10 CM larvae and 10 WAA per piece of apple 
bark studied. The CM larvae or the adult females of the WAA 
were closed in a Petri dish with moistened pieces of the bark. The 
Petri dishes were then placed inside 2-l plastic containers, fitted 
with moist paper towels, and incubated in a growth chamber at 
25 °C ± 2 °C. Every day, for a period of 10 days, dead insects were 
removed from the dishes, surface-sterilised using 70% ethanol, 
and placed on a water agar medium to check for mortality and 
overt mycosis.

Persistence of M. pinghaense and M. brunneum conidia on 
apple bark

The apple bark pieces were prepared as detailed above. Thirty 
pieces of the bark were then sprayed with a conidial concentration 
of 107 conidia/ml of M. pinghaense and M. brunneum, 
respectively. Thereafter, the sprayed pieces of bark were air-dried 
and divided into three groups, constituting 10 pieces of bark per 
group, for each fungal isolate. After each piece of bark from the 
three groups was transferred to, and sealed within, Petri dishes 
(9 cm diameter) they were incubated at approx. 25 °C.

Weekly, for three weeks, 10 of the treated bark pieces from each 
fungal isolate were removed from the incubator and washed, 
using 5 ml sterile distilled water to collect the fungal conidia 
from the bark. The above was done by placing each piece of bark 
in a 50-ml plastic Falcon centrifuge tube containing 5 ml sterile 
distilled water, where it was vortex-mixed for 2 min. The apple 
bark was then removed from the tube, with the suspension being 
centrifuged for a period of 15 min. Following centrifugation, the 
top 1 ml of supernatant was removed, and the remaining 4 ml 
was mixed with the centrifuged pellet.

The persistence and pathogenicity of the conidia was 
determined by means of using 10 CM larvae per piece of apple 
bark. Each of the CM larvae was dipped in the 4 ml conidial 
suspension and placed in a 9-cm Petri dish fitted with filter paper, 
moistened using distilled water. The Petri dishes were then sealed 
and incubated in a growth chamber at a controlled temperature of 
approx. 25 °C. The same process was repeated weekly, and every 
day, for a period of 10 days, dead insects were removed from the 
Petri dishes, surface-sterilised using 70% ethanol, and placed on 
a water agar medium, to check for mortality and overt mycosis.

Data analysis

Analysis of the collected data was done, using the statistical 
software, STATISTICA, version 13.5.0.17 (TIBCO Software Inc. 
2018). The data obtained was analysed, using a one-way ANOVA 
(analysis of variance), a comparison of means, employing LSD 
(least significant difference) tests, and a post-hoc test (Games–
Howell post-hoc test), at 95% confidence intervals.

RESULTS

Contact infection of codling moth

The persistence of M. pinghaense conidia on apple bark for 7 days 
following application is depicted in Figure 1, using CM larvae 
as the indicator. A significant difference in conidial persistence 
was observed across the 7 days of the trial (F(6,63) = 17.052, 
p < 0.01). No significant difference was found in the persistence 
of the infective conidia of M. pinghaense between the first (68% 
± 13.17%) and second day (67% ± 23.59%), following application 
to the bark. However, a significant difference was observed 
between the first 2 days and days 3 to 6, as well as day 7, with 
a low infection rate of 3% ± 6.75%. The results showed a sharp 
decline of M. pinghaense conidial persistence on the bark, over 
the 7 days, with little infection occurring on day 7 (Figure 1).

Contact infection of the woolly apple aphid

The percentage of WAA mortality, due to fungal infection, 
following exposure to apple bark treated with 2 × 107 conidia/
ml of M. pinghaense, for a period of 10 days, is indicated in 
Figure 2. The results showed a significant difference in the 
extent of WAA mortality over time (F(4,95) = 30.33, p < 0.01). 
The mortality of WAA, following exposure to apple bark treated 
with dried M. pinghaense, declined over time, with the highest 
percentage being obtained for day 2 (82% ± 15.76%), followed by 
the percentage obtained for day 4 (74% ± 16.67%), day 6 (64% 
± 13.53%), day 8 (46% ± 15%) and day 10 (39% ± 11.91%). No 
significant difference was observed for mortality either between 
days 2 and 4, or between days 8 and 10 (p > 0.05), whereas day 
6 differed significantly in mortality from all the other days (p < 
0.05) forming part of the study (Figure 2).

The growth of M. pinghaense on CM larvae (Figure 3A) and on 
WAA adult-stage females (Figure 3B), following their exposure 
to apple bark treated with a concentration of 2 × 107 conidia/ml 
of M. pinghaense, is indicated in Figure 3.

Persistence of M. pinghaense and M. brunneum conidia on 
apple bark

The average percentage of conidial persistence, measured by 
washing and concentrating the EPF conidia, and by using the 
infection of CM larvae as an indicator, for both M. pinghaense 
and M. brunneum on apple bark, showed a decline over time 

Figure 2. Average percentage (95% confidence interval) of Eriosoma 
lanigerum mortality, due to infection following exposure to apple bark 
exposed to dried Metarhizium pinghaense (one-way ANOVA; F(4,95) = 
30.33, p < 0.01). Different letters indicate a significant difference (p < 0.05) 
between the days and insect infection

Figure 1. Percentage (95% confidence interval) of Metarhizium pinghaense 
mycosis of codling moth larvae, after being dried on apple bark over a 
period of 7 days (one-way ANOVA; F(6,63) = 17.052, p < 0.01). Different 
letters indicate a significant difference (p < 0.05) between the days and 
the extent of conidial persistence.
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Figure 3. The growth of Metarhizium pinghaense on codling moth larvae (Cydia pomonella) (A) and on female Eriosoma lanigerum (B), following exposure 
to apple tree bark exposed to M. pinghaense fungal conidia

Figure 4. Conidial persistence (95% confidence) of Metarhizium 
pinghaense and M. brunneum on apple bark, sprayed with a conidial 
concentration of 107 conidia/ml over 3 weeks. The dried conidia were 
washed off from the bark and concentrated, with codling moth being 
used as the indicator of conidial persistence. Different letters indicate a 
significant difference (p < 0.05) between the fungal treatments over time

(Figure 4). For M. pinghaense, the results showed a significant 
difference in the extent of conidial persistence between the 
3 weeks of the trial (F(2,27) = 9.74, p < 0.01). The first week 
after application showed the highest level of infection (63% ± 
33.02%), which declined from the second week (37% ± 29.83%) 
to the third week, during which week the lowest percentage was 
found in conidial persistence (8% ± 18.74%). For M. brunneum, 
no significant difference in the average percentage of conidial 
persistence was observed between the 3 weeks after application 
(F(2,27) = 6.32, p > 0.05). A decline in persistence was observed 
from the first week (11% ± 12.87%) through the second week 
(1% ± 3.162%), with zero persistence occurring in the third week.

The infection of CM larvae with the Metarhizium isolates was 
observed by way of the hardening of the insect cadaver and by 
way of the growth of the hyphae and the overt mycosis taking 
place on the cadaver, following incubation on the water agar 
medium (Figure 5).

DISCUSSION

In the current study, the persistence of two EPF isolates, M. 
brunneum and M. pinghaense, following application to apple 
bark, at a standard conidial concentration of 107 conidia/ml, 
under laboratory conditions, was investigated. The results 
obtained, after washing and concentrating the conidia, showed 
that M. pinghaense had higher levels of conidial persistence on 
the apple bark over three weeks, relative to the levels obtained 

with M. brunneum. For both EPF isolates, the persistence of 
conidia on the apple bark (as indicated by CM larval infection) 
was also observed to decrease with an increase in the passing 
of time after the application. The above-mentioned results are 
like those that were obtained in a study conducted by Coombes 
(2012), assessing the persistence of fungal isolates derived from 
M. anisopliae and B. bassiana species, under field conditions. 
They found that, over time, the persistence of fungal conidia 
under field conditions also declined. However, the results from 
the current study conflict with those of Coombes (2012), who 
showed the extended persistence of infective EPF conidia for 
a minimum of 6 months in the soil, under field conditions. 
However, such persistence can be attributed to the high 
conidial concentrations used for the study involved, relative 
to the current study, in which only a relatively low standard 
concentration of 107 conidia/ml was used to test for EPF conidial 
persistence. Coombes (2012) also highlights that M. anisopliae-
derived isolates tend to persist better under field conditions than 
do B. bassiana isolates. Such persistence is not exceptional, as 
the isolates derived from the M. anisopliae EPF species have 
been shown to be well adapted to surviving under fluctuating 
environmental conditions (Bidochka et al. 1998).

Application of M. pinghaense to apple bark has shown that the 
isolate might be capable of infecting the insect pests as they come 
into contact with the sprayed parts of the trees concerned. The 
fungal conidia of the species were able to persist when they were 
exposed on the bark at a level of > 60% for 7 days post treatment. 

Figure 5. The growth of Metarhizium isolates on codling moth larvae 
(Cydia pomonella), following exposure to apple tree bark exposed to dried 
Metarhizium conidia, washed and concentrated after 7 days
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Although a decline in the percentage of conidial persistence 
was observed from 63% to 37% from week 1 to week 2, the M. 
pinghaense isolate offered a better chance of survival relative to 
M. brunneum, which did not show enhanced performance in 
conidial persistence, following application. Therefore, further 
evaluation of the conidial persistence of M. pinghaense, when 
applied under field conditions, should be conducted at a higher 
conidial concentration of > 107 conidia/ml in apple orchards. 
The application of M. pinghaense at a conidial concentration 
slightly higher than 107 conidia/ml under field conditions might 
serve to ensure a good probability that the insect pests will come 
into contact with a sufficient number of fungal conidia.

Contact infection of the WAA females, following exposure to 
apple tree bark treated with a concentration of 2 × 107 conidia/ml 
of M. pinghaense and dried over a period of 10 days, showed a 
decline in the persistence of the fungal species on apple bark 
over time, with the WAA mortality induced ranging between 
82% on day 1 and 39% on day 10. The results prove that conidial 
persistence tends to decline over time, and that, with increased 
conidial concentrations, the higher are the chances of EPF 
persistence, and of the EPF coming into contact with a sufficient 
number of the target insect pest during the set period involved. 
Using relatively high concentrations should also help to ensure 
the success of the M. pinghaense isolate, in terms of causing 
epizootics in the pest insect’s populations.

Taking into consideration that the above-mentioned results 
were obtained under controlled environmental conditions in the 
laboratory, they might be found to vary under field conditions. 
In the field, a variety of abiotic environmental factors, like 
rainfall, solar radiation, environmental temperature, wind, 
water availability and relative humidity, might drastically 
affect the efficacy of EPF against target pest insects, with them 
possibly affecting the persistence of the fungus over time (Inglis 
et al. 2001; Goble 2009). Under field conditions, the EPF have 
been found to be highly susceptible to the damage caused by 
solar radiation when they are exposed to sunlight, particularly 
when they are exposed to the UV-B portion (258–315 nm) of 
the solar spectrum, which could result in the inactivation of 
the fungal conidia (Inglis et al. 2001; Goble 2009). In a study 
conducted by Inglis et al. (1993), investigating the persistence of 
the EPF, B. bassiana, on the Phylloplanes of crested wheatgrass 
(Agropyron cristatum L. Gaertn) and alfalfa (Medicago sativa), 
the fungal conidia persistence was observed to decline when the 
conidia were exposed to solar radiation, under field conditions.

Environmental temperatures are also likely to have a significant 
effect on the efficacy and success of M. pinghaense against insect 
pests, under field conditions. Ambient temperatures are well 
documented as affecting the rate of infection and the time of 
death of insect pests that have been treated with hyphomycetous 
EPF, with the optimum ambient temperature requirements 
ranging from 20 °C to 25 °C. Temperatures of above 30 °C are 
likely to inhibit the vegetative growth of the EPF on infected 
insects (Inglis et al. 2001). Relative humidity might also affect 
the effectiveness of M. pinghaense conidia under field conditions, 
as high moisture levels are required for conidiogenesis to occur 
on the surfaces of the insect cuticle (Inglis et al. 2001). Reduced 
levels of relative humidity also tend to lower the production 
of conidia, thus decreasing the chances of transmission of the 
infective conidia from the infected insects to healthy individuals 
(Inglis et al. 2001; Goble 2009).

In conclusion, the results obtained through the current 
study provide insights into the potential persistence of fungal 
isolates on the bark of apple trees. Therefore, further evaluation 
of the persistence of the local M. pinghaense isolate on apple 
bark, following application under both glasshouse and field 
conditions, should be conducted, and the effect of various 
biotic factors on the persistence of the fungal conidia should 

be assessed. Depending on the success of M. pinghaense under 
field conditions, the above provides an opportunity to use the 
fungal isolate in the integrated pest management of insect pests, 
particularly those that have developed some level of resistance 
against a variety of chemical insecticides.
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