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Thefalse codling moth (FCM, Thaumatotibia leucotreta Meyrick) is a major constraint on chilli pepper production
and export in Ghana. Although chemical pesticides remain the main control strategy, their effectiveness is
limited and export restrictions on synthetic residues highlight the need for sustainable alternatives. To address
this challenge, the virulence of seven native Metarhizium isolates (UGKAP1, UGJKCS9, UGJKCS10, UGNAKC1,
UGAFMF20, UGAFMF8 and UGSUHCT) obtained from agricultural fields in Ghana against final instar FCMs at
1 % 108 conidia/mL was evaluated via conidial-sand assays, and compared with that of two USDA ARSEF isolates
(Beauveria bassiana ARSEF 252 and Metarhizium anisopliae sensu lato ARSEF 4570). As abiotic environmental
factors can affect fungal efficacy, the influence of humidity on the infectivity of four selected isolates (UGJKCS9,
UGJKCS10, UGSUHCT and UGAFMF20) was assessed. All seven native isolates caused > 80% pupal mortality
within 21 days. The pupal mortality rates of ARSEF 252 and ARSEF 4570 were 49% and 57%, respectively. The
most virulent isolate, UGJKCS9, exhibited an LC, of 2.7 x 10° conidia/mL and an LT, of 3 days. High pupal
mortality (82-100% at 10° and 107 conidia/mL) occurred across all tested humidity levels (43%, 75% and 98%
RH) for all four isolates. These results indicate that the tested isolates, particularly UGJKCS9, exhibit strong
potential as sustainable alternative control agents for FCMs in Ghana, warranting further evaluation under field
conditions for integration into chilli pepper pest management programmes.

INTRODUCTION

The chilli pepper (Capsicum annuum L.) (Solanales: Solanaceae) is a key component of the daily diet
in Ghana and the third most widely cultivated crop in the country, with annual production exceeding
100 000 metric tonnes (GSS 2014; MoFA-IFPRI 2020). Beyond their strong domestic demand, chilli
peppers are amongst Ghana’s major vegetable exports to the European Union (EU), where the demand,
particularly for the Legon 18 variety, valued for its distinctive flavour and long shelf life, continues to
increase (GEPA 2017). Consequently, the crop is grown throughout the year across all regions, with the
Northern, Eastern and Volta regions being the major production hubs (MOFA-IFPRI 2020).

The false codling moth (FCM) (Thaumatotibia leucotreta Meyrick (Lepidoptera: Tortricidae)) is a
significant barrier to chilli pepper exports, as it is classified amongst the top 20 priority quarantine
pests by the EU, Ghanas principal export destination for this crop (EUROPHYT 2014; Fening
et al. 2020). Domestically, the FCM also imposes substantial production constraints. The adults lay
their eggs on fruits. The neonate larvae burrow into the fruit, where they develop to the final (fifth)
instar stage, feeding on the flesh and seeds and causing premature ripening, fruit drop and decay,
leading to considerable yield losses (Adom et al. 2024a). The cycle continues with the final instar larvae
exiting the fruit to pupate in the soil, followed by adults eclosing from the pupae to oviposit on new
fruits. The EU banned chilli pepper exports from Ghana between 2015 and 2017 owing to repeated
interceptions of infested produce (Fening et al. 2020). This embargo and the restriction of chilli peppers
and two other FCM-infested vegetables (gourds and eggplants) led to an estimated export revenue
loss of approximately US$ 30 million (EPA Monitoring 2017). These regulatory challenges have
significantly curtailed Ghana’s chilli pepper export volumes and earnings. Export statistics from 2010
to 2014 indicated volumes ranging from approximately 984 to 1 080 metric tonnes, with earnings of
US$ 350 442 to 1 184 964 (GEPA 2021; GIRSAL 2023). In contrast, from 2018 to 2021, exports dropped
markedly, from US$ 351 000 to US$ 87 000 (GEPA 2017; GIRSAL 2023).

Pyrethroids, organophosphates, neonicotinoids and oxadiazines are the classes of synthetic
insecticides commonly used for FCM control in Ghana (Fening et al. 2016, 2017). However, their
effectiveness is limited due to the short window for targeting the pest’s concealed eggs and neonates
on fruit surfaces. Moreover, the use of conventional pesticides faces strict regulatory scrutiny in
export markets and raises environmental, health and non-target safety concerns (Wan et al. 2025).
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These limitations highlight the need for practical, sustainable and
non-chemical management options. Whilst entomopathogenic
bacterial-based products have proven effective against the above-
ground life stages of the FCM in Ghana (Adom et al. 2024b),
additional control agents targeting the soil-dwelling stages are
required. This has prompted interest in native entomopathogenic
fungi (EPF) as complementary biocontrol agents.

EPF are an important group of biological agents utilised
worldwide to control arthropod pests (de Faria & Wraight
2007; Lacey et al. 2015; Maina et al. 2018; Hatting et al. 2019;
Acheampong etal. 2023; Luke et al. 2023). These fungi, particularly
the commonly commercialised species, Beauveria bassiana
(Hypocreales: Cordycipitaceae) and Metarhizium anisopliae
(Hypocreales: Clavicipitaceae), occur naturally in soils and have
shown great promise as FCM control agents under laboratory and
field conditions in some African countries, especially in the citrus
industry in South Africa (Goble et al. 2011; Coombes et al. 2013,
2015,2016). However, these microbial controlagents are susceptible
to abiotic environmental constraints, especially ultraviolet (UV)
radiation, temperature and humidity (Acheampong et al. 2020a;
Couceiro et al. 2021; Quesada-Moraga et al. 2024; Nyahe et al.
2025). The use of native EPF over similar commercial products
from other countries is also important as their tolerance to
environmental constraints can be dependent on their geoclimatic
origins (Braga et al. 2001; Bidochka et al. 2002; Rangel et al.
2005; Fernandes et al. 2007, 2015; Bihal et al. 2023; Sharma et al.
2023). Furthermore, using native strains supports biodiversity
conservation and may be significantly cheaper (avoiding import
costs and regulatory barriers, adapted to local environments
and reducing development and production expenses) and more
easily accepted by local farmers (Rajula et al. 2021). Consequently,
the search for EPF as biological control agents for the FCM was
initiated in 2023.

One Metarhizium isolate (UGKAP1) obtained from a chilli
pepper farm in Ghana, and six other Ghanaian Metarhizium
isolates (UGJKCS9, UGJKCS10, UGAFMF8, UGAFMF20,
UGNAKC1 and UGSUHCI) obtained from maize and cocoa
farms (Table 1) have demonstrated significant in vitro infectivity
against key insect pests in Ghana. Although these seven
selected Metarhizium isolates are susceptible to UV radiation
(Nyahe et al. 2025), it may not pose a significant environmental
challenge for these isolates when used against FCMs, as the fungi
would be applied to the soil to target the soil-dwelling stages (final
instar larvae and pupae). Likewise, temperature may not be critical
as soil temperatures within the top 10 cm, where these pre-pupal
stages typically occur, are generally stable. In a previous study,
temperature did not negatively affect EPF performance against
FCMs, albeit under a different climate (South Africa) (Coombes
etal. 2013, 2016). However, soil humidity could play a more critical
role in field success. High relative humidity (RH) (above 90%) is
essential for EPF germination, growth and infectivity (Luz &
Fargues 1999; Shipp et al. 2003; Mishra et al. 2015; Sabri et al. 2022),
and for subsequent sporulation and persistence in the environment
(Arthurs et al. 2001; Roy et al. 2006; Jaronski 2010). Humidity
requirements, however, can vary amongst isolates as some have
demonstrated high infectivity even at moderate ambient RH
(43-55%) (Michalaki et al. 2006; Athanassiou & Steenberg 2007;
Athanassiou et al. 2017; Acheampong et al. 2020b). Understanding
the specific humidity needs of each EPF isolate will be essential
for selecting the most suitable candidate for development into a
mycoinsecticide with reliable performance across Ghana’s various
agroecological zones. While EPF should be environmentally
competent (Quesada-Moraga et al. 2024), there is also a need for
them to retain their virulence against a targeted pest. These seven
EPF have shown high efficacy against fruit flies and other key pests
of crops in Ghana, including the larger grain borer (Prostephanus
truncatus (Horn)) (Coleoptera: Bostrichidae), the maize weevil
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Table 1. Isolation details and geographical origins of native and exotic entomopathogenic fungal isolates used in this study

GPS location

Species GenBank accession Farm type Substrate Year of isolation

Isolate’

coordinates
5°15'55"" N, 1°20°26"" W

number?

2024

Soil
Soil
Soil
Soil
Soil
Soil
Soil
Leptinotarsa decemlineata
(Coleoptera: Chrysomelidae)

Cocoa

Metarhizium anisopliae s.l.

UGJKCS9
UGJKCS10
UGSUHCT
UGNAKC1

UGKAP1

5°15'54" N, 1°20"24" W

2024

PQ778821 Cocoa

PQ800172- PQ800173

Metarhizium sp.

6°03'31" N, 0°24"10" W

2023

Cocoa

Metarhizium sp.

6°04'35"" N, 0°22'27" W

2023

Cocoa

PQ781266
PQ805341-PQ805342

Metarhizium sp.

6°35"19" N, 0°49'42"" W

2023

Chilli pepper

Metarhizium sp.

05°46'57" N, 0°36'31" E

2024

Metarhizium sp. PQ778958 Maize

UGAFMF8
UGAFMF20

5%47'01" N, 0°36'38" E

2024

Maize

Not applicable

Metarhizium anisopliae s.l.

1°16'50" W, 10°14'53" N

1978

Green house

B. bassiana Unknown

ARSEF 252

0°01"35" W, 9°29'59" N

1993

Soil

Macquarie Island

Nankese Cocoa; KAP

Unknown
Suhum Cocoa; NAKCT

Metarhizium anisopliae s.I.

ARSEF 4570
University of Ghana; JUKCS = Jukwa Cocoa Sample; SUHC

regions.* Metarhizium anisopliae sensu lato.

Ada Foah Maize. “Molecular analyses based on the ITS1 and ITS4

Kwaku Appiah Pepper; AFM =

UG=



(Sitophilus zeamais (Motschulsky)) and a cocoa mirid (Distantiella
theobroma (Distant)) (Hemiptera: Miridae) (MA Acheampong,
pers. comm.); however, the variability in pathogenicity between
fungal strains does need to be determined. Thus in this study, the
virulence of these seven Metarhizium isolates as control agents for
FCMs was investigated and compared with that of two isolates
from the USDA ARSEF culture collection (ARSEF 252 and 4570).
In addition, the humidity required for infectivity was determined
in four selected isolates (UGJKCS9, UGJKCS10, UGSUHCI1 and
UGAFMF20).

MATERIALS AND METHODS

Source and culture conditions of insects and fungal isolates

Allfinal instar FCM larvae used in this study were obtained from
the African Regional Postgraduate Programme in Insect Science
(ARPPIS), University of Ghana, where a continuous colony is
maintained on an FCM artificial larval diet (Moore et al. 2014).
The seven indigenous Metarhizium isolates were sourced from
the Entomopathology Laboratory at ARPPIS, where their dried
conidia are preserved on Sabouraud dextrose agar (SDA) at 4 °C.
These EPF were isolated from soils collected from chilli pepper,
maize and cocoa farms in the Central, Eastern and Greater Accra
regions of Ghana. Galleria mellonella L. (Lepidoptera: Pyralidae)
was used as the bait insect following the protocol described by
Goble et al. (2010) (Table 1). Beauveria bassiana ARSEF 252 and
M. anisopliae s.1. ARSEF 4570 isolates were obtained from the
USDA-ARS Collection of Entomopathogenic Fungal Cultures
(ARSEEF) of the US Plant, Soil and Nutrition Laboratory, Ithaca,
New York, USA. All isolates were passed through fifth instar
FCM larvae once prior to use, following the protocol described
by Acheampong et al. (2020a). Conidia obtained from dead
insects were subsequently cultured on SDA, stored at 4 °C and
used as stock cultures for all assays.

Determination of the virulence of native Metarhizium
isolates against the FCM

Pathogenicity assays

The pathogenicity of the native Metarhizium isolates against the
FCM was assessed using conidial-sand bioassays adapted from
Goble et al. (2010) and Coombes et al. (2015). Fungal cultures
were grown on SDA (65 g/L) for 14 days at 25 + 2 °C and 70 + 5%
RH under a 12 h photoperiod. Conidia were suspended in sterile
distilled water containing 0.01% Tween 20 and adjusted to 1 x 10*
conidia/mL using a Neubauer haemocytometer. The germination
rates of all isolates exceeded 80% after 24 h incubation. Briefly
50 pL conidial suspensions of each isolate at 1 x 10° conidia/
mL were plated on SDA and incubated under the same growing
conditions described above. The percentage conidial germination
(out of 300 conidia assessed) was evaluated after 24 h.

For each isolate, 10 final instar larvae were introduced into
each of four replicate Petri plates containing 50 g of sterile sand
(oven-dried at 70 °C for 6 h and autoclaved three times at 121 °C
for 15 min). Each plate was inoculated with 5 mL of conidial
suspension, while controls (four replicates) received sterile
distilled water with 0.01% Tween 20. Treatments were arranged
in a completely randomised design and maintained at 25 + 2 °C
and 70 + 5% RH under a 12 h photoperiod for 7 days.

After exposure, the pupae were transferred into Petri plates
containing untreated sterile sand. Adult emergence chambers
were constructed by inverting 500 mL transparent plastic cups
over the plates, each with a cotton-plugged hole moistened
with sterile water. The plates were placed on trays containing
sterilised perlite to maintain a high ambient humidity conducive
to fungal infection.

Mortality was recorded daily until 10 days after the first adult
emergence. All dead insects (individuals which did not move
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following prodding with an entomological brush) in the fungal
treated sand set-up, as well as those in the non-inoculated sterile
sand, were removed daily. Mycosis was confirmed by surface-
sterilising the cadavers in 0.5% sodium hypochlorite (3.5% active
ingredient) and 70% ethanol for 2 min each, then incubating them
on moistened filter paper in sterile Petri plates at 25 °C for 7 days.
The proportion of cadavers that had fungal overgrowth (the same
as the inoculated EPF, identified by examination of the sporulating
structures under a compound microscope) represented the
percentage of mycosis. The experiment was repeated twice using
fresh fungal cultures.

Concentration-mortality response of FCM:s to selected EPF

Based on the pathogenicity results, four Metarhizium isolates
(UGJKCS9, UGJKCS10, UGAFMF20 and UGSUHCI) that
produced high mortality and mycosis rates were selected for
concentration-mortality trials. Conidial suspensions were
prepared as described above and adjusted to 1 x 10°, 1 x 10°,
1 x 107and 1 x 10® conidia/mL. The same bioassay procedures and
incubation conditions were used as in the pathogenicity assays.

Exposure time response of FCM:s to selected EPF

The relationship between exposure duration and FCM mortality
was examined for the same four isolates (UGJKCS9, UGJKCS10,
UGAFMF20 and UGSUHCI) using conidial-sand bioassays.
Larvae were exposed to 1 x 10® conidia/mL and monitored at six
post-inoculation intervals: 12, 24, 48, 72, 96 and 120 h. Mortality
and mycosis were recorded as previously described.

Humidity-mortality response of FCMs to selected EPF

Humidity-mortality assays were conducted to assess the effect
of RH on the pathogenicity of the four Metarhizium isolates
selected above, following the protocol of Acheampong et al.
(2020b) with minor modifications. Target RH of 43%, 75% and
98% were generated using saturated solutions of K,CO,, NaCland
K,SO,, respectively (Greenspan 1977). The solutions were placed
in 500 mL plastic containers within 5 L transparent chambers in
an incubator (with no light exposure) and maintained at 27 °C.
Humidity was monitored using a thermo-hygrometer (REED
R6030) and remained within + 1% of the target values for the
21-day experimental period.

Each isolate was tested at 1 x 10° and 1 x 107 conidia/mL. For
each treatment, 10 fifth instar larvae were placed in four replicate
Petri plates and sprayed with 2 mL of conidial suspension. After
air-drying under a laminar flow hood for 1 h, each larva was
transferred individually into a separate sterile 20 mL glass vial
and the vials placed in the respective humidity chambers. Larval
and pupal mortality were recorded daily. Adult mortality was
not considered, as most pre-pupating larvae and pupae died
within 14 days. Sporulation was observed directly on cadavers
across treatments, hence surface sterilisation was not repeated.
Each experiment was replicated twice using freshly prepared
conidial suspensions.

Statistical analyses

FCM final instar larvae ready to pupate within a day were used
in all assays; therefore, the number of dead larvae and pupae
was combined as one insect stage, pupae. The few adults that
died showed no mycosis and were therefore excluded from the
analysis. Mortality, mycosis and adult emergence data in the
pathogenicity assays were non-normal even after transformation;
therefore, they were analysed using a generalised linear mixed
model with a binomial distribution, implemented in the
glmmTMB package (Brooks et al. 2017). This model provided
the best fit based on the Akaike Information Criterion and the
Likelihood Ratio or Wald chi-squared tests, outperforming
generalised linear models (GLM) (Acheampong et al. 2020a).



Analysis of deviance (ANODEV) was followed by post hoc
pairwise comparisons using the emmeans package (Lenth 2024)
with Tukey’s HSD adjustment (a = 0.05).

For dose-response analyses, mortality data were fitted to
generalised linear models and median lethal concentrations (LC, ),
and times (LT,)) were estimated using the dose.p function in the
MASS package (Venables & Ripley 2002). Pairwise comparisons of
LC,, and LT, values between fungal isolates were performed using
lethal ratio tests (ecotox package; Wheeler et al. 2006).

Humidity-mortality data (cumulative larval and pupal death)
were first combined for the two concentrations and analysed using
GLMs with binomial error structures to determine the interaction
effect. The data at each concentration were subsequently fitted to
the same logistic regressions in the GLMs, followed by ANODEV
and Tukey-adjusted pairwise comparisons using emmeans. All
analyses were conducted in R v4.4.2 (R Core Team 2024).

RESULTS

Pathogenicity assays
Effects of EPF on adult FCM emergence

Adult FCM emergence differed significantly amongst the fungal
treatments (LRT, x*> = 246.81, df = 9, p < 0.001) and ranged
from 3.3% to 18.3% for the seven native Metarhizium isolates
(Figure 1). Two isolates, UGJKCS10 and UGAFMF20, reduced
adult emergence to below 4%. However, their emergence rates
did not differ significantly from the remaining native isolates,
except for UGKAPI, which recorded slightly higher emergence
(18.3%). All seven native isolates significantly reduced adult
emergence compared to the two USDA isolates (ARSEF 252
and ARSEF 4570). The highest adult emergence occurred in the
untreated control (95.3%), which was significantly higher than
that in all fungal treatments (Figure 1).

Effects of EPF on pupal FCM mortality

Pupal mortality also varied significantly across treatments (LRT,
X2 = 246.81, df = 9, p < 0.001). All seven native Metarhizium
isolates caused high pupal mortality (81.7-96.7%), with no
significant differences amongst them, except for UGKAPI,
which caused significantly lower mortality than UGJKCS9,
UGJKCS10 and UGAFM20 (Figure 2). The mortality caused by
all seven native Metarhizium isolates was significantly higher
than that caused by the ARSEF isolates. Mortality in the non-
inoculated control remained below 5% (Figure 2).

Effects of EPF on pupal FCM mycosis

No mycosis was observed on the cadavers of the non-inoculated
control group. Pupal mycosis in the fungal-treated sand differed
amongst isolates (LRT, x* = 80.60, df = 8, p < 0.001) and ranged
from 56.4% to 75.8% for the treatments with native isolates
(Figure 3). The highest levels of mycosis were recorded in the
UGSUHCI1 and UGJKCS9 treatments, but these were not
significantly different from those of the native isolate treatments,
except for UGKAPI which caused significantly less mycosis
than UGSUHCI. The pupal mycosis of the two ARSEF isolate
treatments did not exceed 45% and was significantly lower
than that of the native isolate treatments, with the exception of
the UGKAPI1 group which did not differ statistically from the
ARSEEF isolate groups (Figure 3).

Concentration-mortality response of FCM:s to selected EPF
isolates

Four native isolates (UGJKCS9, UGJKCS10, UGAFMF20 and
UGSUHCI1) which caused high mortality and mycosis in the
pathogenicity assay were tested at four conidial concentrations
(1 x10°% 1 x10% 1 x 107 and 1 x 10® conidia/mL) to determine
the LC,,. UGJKCS9 exhibited the highest virulence, with the
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Figure 1. Mean percentage adult emergence of Thaumatotibia leucotreta
fifth instar larvae treated with entomopathogenic fungal isolates at
108 conidia/mL and incubated for 21 days at 25 + 2 °C, 70 + 5% RH under
a 12 h photoperiod. Error bars represent the standard errors of three
independent experiments, each conducted with a fresh batch of conidia.
Bars followed by the same lowercase letter are not significantly different
(‘emmeans’ adjusted with Tukey’s HSD test using p > 0.05).
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Figure 2. Mean percentage pupal mortality of Thaumatotibia leucotreta
fifth instar larvae treated with entomopathogenic fungal isolates at
108 conidia/mL and incubated for 21 days at 25 + 2 °C, 70 + 5% RH under
a 12 h photoperiod. Error bars represent the standard errors of three
independent experiments, each conducted with a fresh batch of conidia.
Bars followed by the same lowercase letter are not significantly different
(‘emmeans’ adjusted with Tukey’s HSD test using p > 0.05).

lowest LC, (2.7 x 10° conidia/mL), followed by UGJKCS10
(5.8 x 10° conidia/mL), UGAFMF20 (8.1 x 10° conidia/mL) and
UGSUHCLI (9.9 x 10° conidia/mL) (Figure 4). The lethal ratio
test showed no significant differences in the LC, values between
isolates (Table 2).

Exposure time response of FCM:s to selected EPF

The same four isolates were also evaluated for time-mortality
relationships. Larvae were exposed to 1 x 10® conidia/mL and
monitored at 12, 24, 48, 72, 96 and 120 h post-inoculation. The
estimated LT, values for all isolates were approximately 3 days,
indicating similar rates of infection and mortality (Table 3). The
lethal ratio test showed no significant differences in the LT,
values between isolates (Table 4).

Humidity-mortality response of FCMs to selected EPF

The three-way ANODEV showed that the interaction amongst
treatment, concentration and humidity did not significantly
affect pupal mortality (LRT, x* = 6.88, df =8, p = 0.549). However,
the two-way interaction between treatment x humidity (LRT,
x> =18.71, df = 8, p = 0.016) was significant.



The interaction of fungal isolate and humidity induced
consistently high mortality in all four Metarhizium isolate
treatments at both conidial concentrations (Tables 5 and 6). At the
lower conidial concentration (10° conidia/mL), mortality ranged
from 81.7 to 94.2% and did not differ significantly amongst
isolates at any humidity level (Table 5). At the higher conidial
concentration (107 conidia/mL), mortality ranged from 88.3%
to 100% and remained statistically similar across isolates at all
humidity levels tested (Table 6). Control mortality remained low
(5%) and was significantly lower than that in any of the fungal
treatments at either conidial concentration (Tables 5 and 6).

DISCUSSION

To sustain production and meet export demand, microbial
control agents are needed to complement other non-chemical
strategies being developed to control FCMs on chilli peppers in
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Figure 3. Mean percentage pupal mycosis of Thaumatotibia leucotreta
fifth instar larvae treated with entomopathogenic fungal isolates at
10® conidia/mL and incubated for 21 days at 25 + 2 °C, 70 + 5% RH under
a 12 h photoperiod. Error bars represent the standard errors of three
independent experiments, each conducted with a fresh batch of conidia.
Bars followed by the same lowercase letter are not significantly different
(‘emmeans’ adjusted with Tukey’s HSD test using p > 0.05).

Ghana. EPF were therefore identified as a possible solution to
address this urgent need. The conidial-sand bioassays conducted
in this study demonstrated that selected native Metarhizium
isolates possess high pathogenic potential against FCMs on chilli
peppers in Ghana. Exposure of pre-pupae FCMs to Ghanaian
Metarhizium isolates induced high pupal mortality, significantly
reducing adult emergence. These findings closely align with
the work of Goble et al. (2011) and Coombes et al. (2015), who
reported high mortality rates (> 80%) of final instar FCM larvae
following similar assays with South African B. bassiana and M.
anisopliae isolates at 1 x 107 conidia/mL.

UGJKCS9, UGJKCS10 and UGAFMF20 exhibited the highest
pathogenicity (~ 96% within 21 days) amongst the tested isolates.
Whilst the LT, was approximately 3 days for all the tested
isolates, the lowest LC_; (2.7 x 10° conidia/mL) was recorded for

Table 2. Pairwise comparisons of the LC, values between the four
Metarhizium isolates used in the concentration-response bioassays
against Thaumatotibia leucotreta fifth instar larvae.

Isolate

Estimate’ z-ratio p-alue
UGJKCS9-UGIKCST10 -3.2x10° 0.00 1.000
UGJKCS9-UGSUHCT —73x10° 0.00 1.000
UGJKCS9-UGAFMF20 -5.5x10° 0.00 1.000
UGJKCS10-UGSUHCT —4.1 % 10° 0.00 1.000
UGJKCS10-UGAFMF20 -2.3x10° 0.00 1.000
UGSUHCT-UGAFMF20 1.8 % 10° 0.00 1.000

'The estimate is the difference in the LC,  values for each comparison

Table 3. LT, of Thaumatotibia leucotreta fifth instar larvae treated with
native Metarhizium isolates at 10° conidia/mL for 24, 48, 72, 96 and 120 h
at25+2°C.

Isolate LT, (days + SE)
UGJKCS9 3.1(0.3)
UGJKCS10 3.2(0.3)

UGAFMF20 33(0.3)
UGSUHCI 29(0.3)

UGAFMF20

UGJKCS10

1.00 o

8.1 x 108 (+ 6.8 x 106)
075

0.50
0.25

0.00

5.8 % 106 (% 4.9 x 10)

UGJKCS9

UGSUHC1

1.00

P(mortality)

2.7 % 106 (% 1.6 x 10)
0.75

0.50

0.25

0.00

9.9 % 106 (¢ 8.2 x 10)

0 101 102 103 104 105 108 107

108
Dose
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Figure 4. Probit regression dose-response curves for mortality of Thaumatotibia leucotreta pre-pupating larvae exposed to the log dose of four
concentrations (conidia/mL) of the four most virulent tested Metarhizium isolates used in the dose—mortality assays. The central lines represent the
average probability of mortality [P(mortality)], while the shaded regions show the 95% confidence intervals around the mean. Individual data points are
displayed as dots. Each panel corresponds to a specific fungal isolate. The values shown are the median lethal concentrations (LC, + SE).
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Table 4. Pairwise comparisons of the LT, values between the four
Metarhizium isolates used in the time-response bioassays against
Thaumatotibia leucotreta fifth instar larvae.

Isolate Estimate' z-ratio p-value
UGJKCS9-UGJKCS10 -0.13 0.07 0941
UGJKCS9-UGSUHCT 0.25 0.17 0.868

UGJKCS9-UGAFMF20 -0.14 0.08 0.935
UGJKCS10-UGSUHCT 0.38 0.24 0.810
UGJKCS10-UGAFMF20 —-0.01 0.01 0.994
UGSUHCT1-UGAFMF20 -0.39 0.25 0.803

'The estimate is the difference in the LT,  values for each comparison

Table 5. Pupal mortality of Thaumatotibia leucotreta fifth instar larvae
exposed to various fungal isolates at 10° conidia/mL and three relative
humidity levels for 21 days at 25 + 2 °C.

Treatment Mean' % mortality (+ SE) at the three humidity
levels tested
43% 75% 98%

UGJKCS9 942 (1.5 b 850(1.5 b 91.7 (1.1 b
UGJKCS10 90.8(0.8) b 883 (1.1 b 858(1.5b
UGAFMF20 89.2(0.8) b 90.0 (0.0) b 90.8 (0.8) b
UGSUHC1 81.7(1.1)b 90.0 (0.0) b 85.0(1.5) b
CONTROL 50(1.5a 50(.5)a 50(15)a

'Means with the same lowercase letter are not significantly different
(Tukey's HSD test, p > 0.05).

Table 6. Pupal mortality of Thaumatotibia leucotreta fifth instar larvae
exposed to various fungal isolates at 10" conidia/mL and three relative
humidity levels for 21 days at 25+ 2 °C.

Treatment Mean' % mortality (+ SE) at the three-humidity
level tested
43% 75% 98%

UGJKCS9 959 (1.5) b 883 (1) b 983(1.1)b
UGJKCS10 96.7 (14) b 90 (0.0) b 925(13)b
UGAFMF20 100 (0.0) b 92.7(13)b 983(1N0b
UGSUHCI 925(1.3)b 91.7(1.1)b 100 (0.0) b
CONTROL 50(1.5)a 50(1.5)a 50(1.50) a

'Means with the same lowercase letter are not significantly different
(Tukey's HSD test, p > 0.05)

UGJKCS9. Goble et al. (2011) reported a similar LC_, (2.1 x 10°
conidia/mL) for a virulent B. bassiana isolate in their conidial-
sand assays against the FCM. Likewise, Coombes et al. (2015)
recorded an LC_ of 1.92 x 10° conidia/mL for a virulent M.
anisopliae in a concentration-mortality response against the
FCM. The variation in mortality amongst isolates may result
from genetic and physiological differences that control virulence
factors, such as conidial adhesion ability, enzymatic secretion
(proteases, chitinases and lipases) and the capacity to overcome
host immune defences (Charnley 2003; Leland et al. 2005;
Nicoletti & Becchimanzi 2022; Ma et al. 2024).

Although adult mortality is not reported in this study, the few
adults that died showed no mycosis. The absence of mycosis on
adult cadavers indicates that the larval and pupal stages are the
most susceptible to fungal infection, as supported by earlier studies
on the FCM (Goble et al. 2011; Coombes et al. 2015) and other
Lepidopteran insect pests (Omar et al. 2021; Louw et al. 2025).
The sclerotisation of the adult cuticle provides greater resistance
to infection (Carstens & Moore 2020). The high susceptibility
of the subterranean stages of the targeted pest is also beneficial,
as abiotic efficacy-impacting parameters (such as UV radiation
and temperature) do not generally affect the performance of
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EPF in the soil environment where they occur (Coombes et al.
2013, 2016). The potential control of the subterranean stages will
ultimately reduce adult populations and crop infestation in the
field, consequently reducing interceptions in trade.

The humidity-mortality response assay showed that the
Metarhizium isolates induced consistently high pupal mortality
across the tested humidity levels (43%, 75% and 98% RH).
Interestingly, mycosis was observed on all cadavers across the
humidity levels tested. This contradicts previous studies in
which external sporulation on FCMs was only observed on
cadavers under 98% humidity (Acheampong et al. 2020b).
Ramoska (1984) also observed external sporulation on cadavers
incubated at above 75% RH in similar studies against the
clinch bug, Blissus leucopterus Say (Hemiptera: Lygaeidae).
Comparable EPF infectivity at low ambient humidities has been
reported by several authors (Michalaki et al. 2006; Athanassiou
& Steenberg 2007; Athanassiou et al. 2017; Acheampong et al.
2020b). Such resilience is advantageous for field applications,
especially in tropical and sub-tropical regions where relative
humidity fluctuates throughout the growing season. This
resilience could be possible because these native strains evolved
with tolerance for varied humidity, another reason for exploring
native strains. The humidities tested in the present study are
reflective of ambient RH in Ghana; however, according to three-
month RH datasets from two key pepper growing districts in
the Volta region of Ghana (Peki and Adidome), where field trials
are currently being conducted, RH ranged between 79 and 90%,
averaging 85% in the major growing season for chilli peppers
(July to September) this year (NASA POWER, 2025). This
suggests that humidity may not limit efficacy if the virulence
of the native Metarhizium isolates, particularly UGJKCS9, is
replicated in the field. Their ability to remain infective under
diverse humidity regimes could ensure consistent performance
in both irrigated and rain-fed chilli pepper systems in Ghana.

Globally, there is a growing shift toward the adoption of
microbial control agents in sustainable pest management
approaches. EPF-based products have been incorporated into
integrated pest management programmes in several countries
to reduce chemical pesticide reliance (Maina et al. 2018;
Hatting et al. 2019; Bihal et al. 2023; Chowdhury et al. 2023;
Mesquita et al. 2023). The high pathogenicity of the native
Metarhizium isolates warrants further evaluation under field
conditions to determine their persistence, environmental
tolerance, efficacy and compatibility with other biological
control agents. The observed rapid mortality within a few days
post-exposure also suggests their potential use for curative pest
management through inundative application where immediate
population suppression is desired. These native isolates also
performed better than the ARSEF strains, which supports the
need for environmentally competent strains. A difference of
approximately 40% in pupal mortality was noted between the
native and ARSEF strains. If these isolates are to be applied to
the soil, the degree of formulation that may be required is likely
to be low, which would be economical (Jaronski 2010, 2014,
2023). The fact that these isolates sporulate across all the tested
humidity levels is also beneficial for persistence.

CONCLUSION

The results of the current study have demonstrated the potential
of seven Ghanaian Metarhizium isolates as effective control
agents against FCMs infesting chilli peppers. All isolates caused
more than 80% pupal mortality within 21 days. The most
virulent isolate, UGJKCS9, exhibited an LC,_ of 2.7 x 10° conidia/
mL and an LT, of 3 days. High pupal mortality (82%-100% at
10°and 107 conidia/mL) was recorded across all tested humidity
levels (43%, 75% and 98% RH). These findings suggest that the
tested isolates, particularly UGJKCS9, hold strong promise as
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an additional sustainable integrated pest management tool for
managing FCMs in Ghana and warrant further testing in the
field and subsequent commercialisation.

CONFLICT OF INTEREST

There are no conflicts of interest.

ACKNOWLEDGEMENTS

This work was carried out with the aid of a grant from UNESCO
and the International Development Research Centre (IDRC),
Canada (Grant Number 4500476458). The views expressed herein
do not necessarily represent those of UNESCO-TWAS, OWSD
(Organization for Women in Science for the Developing World),
IDRC or its Board of Governors. The article processing fee was
funded by OWSD. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the
writing of the manuscript; or in the decision to publish the results.

AUTHOR CONTRIBUTIONS

DA: Investigation, Writing — original draft, Writing — review &
editing. VYE: Methodology, Supervision, Writing — review &
editing, Validation. LA-A: Resources, Validation, Writing — review
& editing. PASN: Investigation, Writing - review & editing. CAC:
Methodology, Resources, Formal analysis, Writing - review
& editing. MA: Resources, Writing — review & editing. KOF:
Methodology, Supervision, Writing — review & editing, Validation.
MKB: Methodology, Supervision, Writing — review & editing,
Validation. MYO: Methodology, Supervision, Writing - review &
editing, Validation. DNER: Resources, Writing - original draft. DS:
Resources, Writing - original draft, Writing - review & editing.
OFA: Resources, Formal analysis, Writing — review & editing.
MAA: Conceptualisation, Funding acquisition, Methodology,
Resources, Investigation, Supervision, Writing — original draft,
Writing - review & editing, Visualisation, Project administration,
Validation.

ORCID IDS

Daniel Ameyaw: https://orcid.org/0009-0004-9002-1258
Vincent Y. Eziah: https://orcid.org/0000-0003-4354-625X
Laith K.T. Al-Ani: https://orcid.org/0000-0001-5138-0224
Patricia A.S. Nyahe: https://orcid.org/0009-0002-1914-076X
Candice A. Coombes: https://orcid.org/0000-0002-3868-0895
Medetissi Adom: https://orcid.org/0000-0002-7322-0456

Ken O. Fening: https://orcid.org/0000-0002-5062-9232
Maxwell K. Billah: https://orcid.org/0000-0002-8832-0708
Michael Y. Osae: https://orcid.org/0000-0002-6465-5036
Drauzio E. Rangel: https://orcid.org/0000-0001-7188-100X
Dalia Sukmawati: https://orcid.org/0000-0001-9641-9321
Owusu F. Aidoo: https://orcid.org/0000-0003-3332-0943
Mavis A. Acheampong: https://orcid.org/0000-0003-4547-6881

REFERENCES

Acheampong MA, Coombes CA, Moore SD, Hill MP. 2020b.
Temperature tolerance and humidity requirements of select
entomopathogenic fungal isolates for future use in citrus IPM
programmes. Journal of Invertebrate Pathology. 174: 107436. https://
doi.org/10.1016/j.jip.2020.107436

Acheampong MA, Cornelius EW, Eziah VY, Fening KO, Ofori K,
Storm C et al. 2023. Efficacy of Beauveria bassiana against adults
of Prostephanus truncatus (Horn), Sitophilus zeamais Motschulsky
and Teretrius nigrescens Lewis in stored maize. African Entomology.
31: e11734. https://doi.org/10.17159/2254-8854/2023/a11734

Acheampong MA, Hill MP, Moore SD, Coombes CA. 2020a. UV
sensitivity of Beauveria bassiana and Metarhizium anisopliae
isolates under investigation as potential biological control agents in
South African citrus orchards. Fungal Biology. 124: 304-310. https://
doi.org/10.1016/j.funbio.2019.08.009

Adom M, Fening KO, Billah MK, Aigbedion-Atalor PO, Acheampong
MA, Wilson DD. 2024b. Susceptibility of Capsicum varieties to

African Entomology 2026, 34: €24601 (9 pages)
https://doi.org/10.17159/2254-8854/2026/a24601

Thaumatotibia leucotreta (Lepidoptera: Tortricidae) infestation for
production optimization. Journal of Economic Entomology. 117:
2567-2576. https://doi.org/10.1093/jee/toae213

Adom M, Fening KO, Billah MK, Aigbedion-Atalor PO, Wilson DD.
2024a. Efficacy of selected biopesticides on key pests of chilli pepper
for increased productivity in Ghana. Crop Protection. 176: 106497.
https://doi.org/10.1016/j.cropro.2023.106497

Athanassiou CG, Kavallieratos NG, Rumbos CI, Kontodimas DC. 2017.
Influence of temperature and relative humidity on the insecticidal
efficacy of Metarhizium anisopliae against larvae of Ephestia
kuehniella (Lepidoptera: Pyralidae) on wheat. Journal of Insect
Science. 17: 22-28. https://doi.org/10.1093/jisesa/iew107

Athanassiou CG, Steenberg T. 2007. Insecticidal effect of Beauveria
bassiana (Balsamo) Vuillemin (Ascomycota: Hypocreales) in
combination with three diatomaceous earth formulations against
Sitophilus granarius (L.) (Coleoptera: Curculionidae). Biological
Control. 40: 411-416.

ArthursSP, Thomas MB, LawtonJL.2001.Seasonal patternsof persistence
andinfectivity of Metarhizium anisopliaevar. acridumingrasshopper
cadavers in the Sahel. Entomologia Experimentalis et Applicata.
100: 69-76. https://doi.org/10.1046/j.1570-7458.2001.00849.x

Bidochka M]J, Menzies FV, Kamp AM. 2002. Genetic groups of the
insect-pathogenic fungus Beauveria bassiana are associated with
habitat and thermal growth preferences. Archives of Microbiology.
178: 531-537. https://doi.org/10.1007/s00203-002-0490-7

Bihal R, Al-Khayri JM, Banu AN, Kudesia N, Ahmed FK, Sarkar R
et al. 2023. Entomopathogenic fungi: an eco-friendly synthesis
of sustainable nanoparticles and their nanopesticide properties.
Microorganisms. 11: 1617-1629.  https://doi.org/10.3390/
microorganisms11061617

Braga GUL, Flint SD, Miller CD, Anderson AJ, Roberts DW. 2001.
Variability in response to UV-B among species and strains
of Metarhizium isolated from sites at latitudes from 61°N to
54°S. Journal of Invertebrate Pathology. 78: 98-108. https://doi.
0rg/10.1006/jipa.2001.5048

Brooks ME, Kristensen K, van Benthem K], Magnusson A, Berg CW,
Nielsen A etal. 2017. glmmTMB balances speed and flexibility among
packages for zero-inflated generalized linear mixed modeling. The R
Journal. 9: 378-400. https://doi.org/10.32614/R]-2017-066

Carstens E, Moore S. 2020. Thaumatotibia leucotreta (false codling
moth (FCM)). CABI Compendium. https://doi.org/10.1079/
cabicompendium.6904

Charnley AK. 2003. Fungal pathogens of insects: cuticle-degrading
enzymes and toxins. Advances in Botanical Research. 40: 241-321.
https://doi.org/10.1016/S0065-2296(05)40006-3

Chowdhury S, Banerjee M, Basnett D, Mazumdar T. 2023. Natural
pesticides for pest control in agricultural crops: an alternative and
eco-friendly method. Plant Science Today. 11: 433-450. https://doi.
org/10.14719/pst.2547

Couceiro JDC, Fatoretto MB, Demétrio CGB, Meyling NV, Delalibera
[ Jr. 2021. UV-B radiation tolerance and temperature-dependent
activity within the entomopathogenic fungal genus Metarhizium
in Brazil. Frontiers in Fungal Biology. 2: 645737. https://doi.
org/10.3389/ffunb.2021.645737

Coombes CA, Hill MP, Moore SD, Dames JF. 2016. Entomopathogenic
fungi as control agents of Thaumatotibia leucotreta in citrus
orchards: field efficacy and persistence. Biological Control. 61: 729-
739. https://doi.org/10.1007/s10526-016-9756-x

Coombes CA, Hill MP, Moore SD, Dames JF, Fullard T. 2013. Persistence
and virulence of promising entomopathogenic fungal isolates
for use in citrus orchards in South Africa. Biocontrol Science and
Technology. 23: 1053-1066. https://doi.org/10.1080/09583157.2013.
819489

Coombes CA, Hill MP, Moore SD, Dames JF, Fullard T. 2015. Beauveria
and Metarhizium against false codling moth (Lepidoptera:
Tortricidae): a step towards selecting isolates for potential
development of a mycoinsecticide. African Entomology. 23: 239—
242. https://doi.org/10.4001/003.023.0107

de Faria MR, Wraight SP. 2007. Mycoinsecticides and mycoacaricides:
a comprehensive list with worldwide coverage and international
classification of formulation types. Biological Control. 43: 237-256.
http://dx.doi.org/10.1016/j.biocontrol.2007.08.001

EPA Monitoring. 2017. Ghanaian pre-emptive export ban on chilli


https://doi.org/10.1016/j.jip.2020.107436
https://doi.org/10.1016/j.jip.2020.107436
https://doi.org/10.17159/2254-8854/2023/a11734
https://doi.org/10.1016/j.funbio.2019.08.009
https://doi.org/10.1016/j.funbio.2019.08.009
https://doi.org/10.1093/jee/toae213
https://doi.org/10.1016/j.cropro.2023.106497
https://doi.org/10.1093/jisesa/iew107
https://doi.org/10.1046/j.1570-7458.2001.00849.x
https://doi.org/10.1007/s00203-002-0490-7
https://doi.org/10.3390/microorganisms11061617
https://doi.org/10.3390/microorganisms11061617
https://doi.org/10.1006/jipa.2001.5048
https://doi.org/10.1006/jipa.2001.5048
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1079/cabicompendium.6904
https://doi.org/10.1079/cabicompendium.6904
https://doi.org/10.1016/S0065-2296(05)40006-3
https://doi.org/10.14719/pst.2547
https://doi.org/10.14719/pst.2547
https://doi.org/10.3389/ffunb.2021.645737
https://doi.org/10.3389/ffunb.2021.645737
https://doi.org/10.1007/s10526-016-9756-x
https://doi.org/10.1080/09583157.2013.819489
https://doi.org/10.1080/09583157.2013.819489
https://doi.org/10.4001/003.023.0107
http://dx.doi.org/10.1016/j.biocontrol.2007.08.001

peppers, aubergines and other leafy vegetables may be just the
beginning. Available at https://epamonitoring.net/ghanaian-pre-
emptive-export-ban-on-chilli-peppers-aubergines-and-other-leafy-
vegetables-may-be-just-the-beginning [accessed 15 August 2020].

EUROPHYT (European Union Notification System for Plant
Health Interceptions). 2014. Annual Report. Available at https://
foodlawlatest.com/2015/10/07/europhyt-annual-report-2014-plant-
health-interceptions-in-eu/ [accessed 30 June 2025].

Fening KO, Billah MK, Kukiriza CN. 2016. Protocol for evaluating the
efficacy of six products against the false codling moth, fruit flies,
thrips and whiteflies on chillies, garden egg and ridged gourd in
Ghana. Accra: GhanaVeg.

Fening KO, Billah MK, Kukiriza CN. 2017. Roadmap for pest reduction
in Ghana’s export vegetable sector. In: GhanaVeg Sector Reports.
Accra: GhanaVeg.

Fening KO, Billah MK, Nankinga C. 2020. Management of pests of
quarantine importance in Ghana’s export vegetables (chili, eggplant,
and ridged gourds). In: Khamis RK, Keith AM, Goergen RS, Dubois
T (eds), Sustainable Management of Invasive Pests in Africa. Cham:
Springer. pp 227-243. https://doi.org/10.1007/978-3-030-41083-4_18

Fernandes EK, Rangel DE, Braga GU, Roberts DW. 2015. Tolerance
of entomopathogenic fungi to ultraviolet radiation: a review on
screening of strains and their formulation. Current Genetics. 61:
427-440. https://doi.org/10.1007/s00294-015-0492-z

Fernandes EK, Rangel DE, Moraes AM, Bittencourt VR, Roberts DW.
2007. Variability in tolerance to UV-B radiation among Beauveria
spp. isolates. Journal of Invertebrate Pathology. 96: 237-243. https://
doi.org/10.1016/j.jip.2007.05.007

GEPA (Ghana Export Promotion Authority). 2017. Sector capabilities:
chilli pepper from Ghana. Available at https://www.gepaghana.org/
import/ghana-product/chilli-pepper-ghana/ [accessed 15 August
2020].

GEPA (Ghana Export Promotion Authority). 2021. Statistics on
performance of exportable fruits and vegetables annual report
2010-2021. Ghana Export Promotion Authority, Accra, Ghana.

GIRSAL (Ghana Incentive-Based Risk Sharing System for Agricultural
Lending). 2023. Reviving Ghana’s fresh chili pepper exportindustry:
commercial chili production trial net houses by GIRSAL and
partners. Available at https://www.girsal.com/2023/04/12/reviving-
ghanas-fresh-chili-pepper-export-industry-a-commercial-trial-
of-production-of-chili-in-net-houses-by-girsal-and-partners/
[accessed 30 June 2025].

Goble T, DamesJ, Hill MP, Moore SD. 2010. The effects of farming system,
habitat type, and bait type on the isolation of entomopathogenic
fungi from citrus soils in the Eastern Cape Province, South Africa.
BioControl. 55: 399-412. https://doi.org/10.1007/s10526-009-9259-0

Goble TA, Dames JF, Hill MP, Moore SD. 2011. Investigation of native
isolates of entomopathogenic fungi for the biological control of
three citrus pests. Biocontrol Science and Technology. 21: 1193—
1211. https://doi.org/10.1080/09583157.2011.608907

Greenspan L. 1977. Humidity fixed points of binary saturated aqueous
solutions. Journal of Research of the National Bureau of Standards.
Section A, Physics and Chemistry. 81A: 89-96.

GSS (Ghana Statistical Service). 2014. Ghana living standards survey
report of the sixth round (GLSS6). Available at https://statsghana.
gov.gh/gssmain/fileUpload/Living%20conditions/GLSS6_
Main%20Report.pdf [accessed 30 June 2025].

Hatting JL, Moore SD, Malan AP. 2019. Microbial control of
phytophagous invertebrate pests in South Africa: current status
and future prospects. Journal of Invertebrate Pathology. 165: 54-66.
https://doi.org/10.1016/j.jip.2018.02.004

Jaronski ST. 2010. Ecological factors in the inundative use of fungal
entomopathogens. BioControl. 55: 159-185. https://doi.org/10.1007/
§10526-009-9248-3

Jaronski ST. 2014. Mass production of entomopathogenic fungi: state of
the art. In: MoralesRamos JA, Rojas MG, Shapirollan DI (eds), Mass
Production of Beneficial Organisms. London: Academic Press. pp
357-413. https://doi.org/10.1016/B978-0-12-391453-8.00011-X

Jaronski ST. 2023. Mass production of entomopathogenic fungi—
state of the art. In: Morales-Ramos JA, Rojas MG, Shapiro-Ilan
DI (eds), Mass Production of Beneficial Organisms, 2nd ed.
London: Academic Press. pp 317-357. https://doi.org/10.1016/
B978-0-12-822106-8.00017-8

African Entomology 2026, 34: €24601 (9 pages)
https://doi.org/10.17159/2254-8854/2026/a24601

Lacey LA, Grzywacz D, Shapiro-Ilan DI, Frutos R, Brownbridge M,
Goettel MS. 2015. Insect pathogens as biological control agents: back
to the future. Journal of Invertebrate Pathology. 132: 1-41. https://
doi.org/10.1016/j.jip.2015.07.009

Leland JE, McGuire MR, Grace JA, Jaronski ST, Ulloa M, Park YH,
Plattner RD. 2005. Strain selection of a fungal entomopathogen,
Beauveria bassiana, for control of plant bugs (Lygus spp.)
(Heteroptera: Miridae). Biological Control. 35: 104-114. https://doi.
org/10.1016/j.biocontrol.2005.06.005

Lenth RV. 2024. emmeans: estimated marginal means, aka least-squares
means. R Package Version 1.10.5-0900003. Available at https:/
rvlenth.github.io/emmeans/ [accessed 30 May 2025].

Louw S, Paradza VM, van den Berg J, du Plessis H. 2025. Susceptibility
of Spodoptera frugiperda to commercial entomopathogenic
fungi formulations in South Africa. Insects. 16: 656. https://doi.
org/10.3390/insects16070656

Luke B, Acheampong MA, Rangel DEN, Cornelius EW, Asante SK,
Nboyine JA et al. 2023. The use of Beauveria bassiana for the control
of the larger grain borer, Prostephanus truncatus, in stored maize:
semi-field trials in Ghana. Fungal Biology. 127: 1505-1511. https://
doi.org/10.1016/j.funbio.2023.08.004

Luz C, Fargues J. 1999. Dependence of the entomopathogenic
fungus, Beauveria bassiana, on high humidity for infection of
Rhodnius prolixus. Mycopathologia. 146: 33-41. https:/doi.
0rg/10.1023/A:1007019402490

Maina UM, Galadima IB, Gambo FM, Zakaria D. 2018. A review on the
use of entomopathogenic fungi in the management of insect pests of
field crops. Journal of Entomology and Zoology Studies. 6: 27-32.

Mesquita E, Hu S, Lima TB, Golo PS, Bidochka MJ. 2023. Utilization of
Metarhizium as an insect biocontrol agent and a plant bioinoculant
with special reference to Brazil. Frontiers in Fungal Biology. 4:
1276287. https://doi.org/10.3389/ffunb.2023.1276287

Ma M, Luo J, Li C, Eleftherianos I, Zhang W, Xu L. 2024. A life-and-
death struggle: interaction of insects with entomopathogenic
fungi across various infection stages. Frontiers in Immunology. 14:
1329843. https://doi.org/10.3389/fimmu.2023.1329843

Michalaki M, Athanassiou CG, Kavallieratos NG, Batta YA, Balotis
GN. 2006. Effectiveness of Metarhizium anisopliae (Metschinkoff)
Sorokin applied alone or in combination with diatomaceous earth
against Tribolium confusum Jacquelin Du Val larvae: influence
of temperature, relative humidity and type of commodity. Crop
Protection. 25: 418-425.

Mishra S, Kumar P, Malik A. 2015. Effect of temperature and humidity
on pathogenicity of native Beauveria bassiana isolate against Musca
domestica L. Journal of Parasitic Diseases. 39: 697-704. https://doi.
0rg/10.1007/s12639-013-0408-0

MOFA-IFPRI (Ministry of Food and Agriculture and International
Food Policy Research Institute). 2020. Ghana’s chilli market. MoFA-
IFPRI market brief No. 4, vol. 2020. MoFA-IFPRI, Accra.

Moore SD, Richards GI, Chambers C, Hendry D. 2014. An improved
larval diet for commercial mass rearing of the false codling moth,
Thaumatotibia leucotreta (Meyrick) (Lepidoptera: Tortricidae).
African Entomology. 22: 216-219. https://doi.org/10.4001/003.022.0125

NASA (National Aeronautics and Space Administration) POWER.
2025. NASA POWER (Prediction of Worldwide Energy Resources)
data. Available at https://power.larc.nasa.gov/ [accessed 1/10/2025].

Nicoletti R, Becchimanzi A. 2022. Ecological and molecular interactions
between insects and fungi. Microorganisms. 10: 96. https://doi.
org/10.3390/microorganisms10010096

Nyahe PAS, Eziah VY, Al-Ani LKT, Akumyoungta M, Coombes
CA, Rangel DEN et al. 2025. Extreme UV sensitivity of native
Metarhizium spp. as potential biocontrol agents for false codling
moth (Thaumatotibia leucotreta Meyrick) on chili pepper in Ghana.
Frontiers in Fungal Biology. 6: 1660692. https://doi.org/10.3389/
ffunb.2025.1660692

Omar G, Ibrahim A, Hamadah K. 2021. Virulence of Beauveria
bassiana and Metarhizium anisopliae on different stages of the
pink bollworm, Pectinophora gossypiella (Saunders) (Lepidoptera:
Gelechiidae). Egyptian Journal of Biological Pest Control. 31: 102.
https://doi.org/10.1186/s41938-021-00447-w

Quesada-Moraga E, Gonzélez-Mas N, Yousef-Yousef M, Garrido-Jurado
I, Ferndndez-Bravo M. 2024. Key role of environmental competence
in successful use of entomopathogenic fungi in microbial pest


https://foodlawlatest.com/2015/10/07/europhyt-annual-report-2014-plant-health-interceptions-in-eu/
https://foodlawlatest.com/2015/10/07/europhyt-annual-report-2014-plant-health-interceptions-in-eu/
https://foodlawlatest.com/2015/10/07/europhyt-annual-report-2014-plant-health-interceptions-in-eu/
https://doi.org/10.1007/978-3-030-41083-4_18
https://doi.org/10.1007/s00294-015-0492-z
https://doi.org/10.1016/j.jip.2007.05.007
https://doi.org/10.1016/j.jip.2007.05.007
https://www.gepaghana.org/import/ghana-product/chilli-pepper-ghana/
https://www.gepaghana.org/import/ghana-product/chilli-pepper-ghana/
https://www.girsal.com/2023/04/12/reviving-ghanas-fresh-chili-pepper-export-industry-a-commercial-trial-of-production-of-chili-in-net-houses-by-girsal-and-partners/
https://www.girsal.com/2023/04/12/reviving-ghanas-fresh-chili-pepper-export-industry-a-commercial-trial-of-production-of-chili-in-net-houses-by-girsal-and-partners/
https://www.girsal.com/2023/04/12/reviving-ghanas-fresh-chili-pepper-export-industry-a-commercial-trial-of-production-of-chili-in-net-houses-by-girsal-and-partners/
https://doi.org/10.1007/s10526-009-9259-0
https://doi.org/10.1080/09583157.2011.608907
https://statsghana.gov.gh/gssmain/fileUpload/Living%20conditions/GLSS6_Main%20Report.pdf
https://statsghana.gov.gh/gssmain/fileUpload/Living%20conditions/GLSS6_Main%20Report.pdf
https://statsghana.gov.gh/gssmain/fileUpload/Living%20conditions/GLSS6_Main%20Report.pdf
https://doi.org/10.1016/j.jip.2018.02.004
https://doi.org/10.1007/s10526-009-9248-3
https://doi.org/10.1007/s10526-009-9248-3
https://doi.org/10.1016/B978-0-12-391453-8.00011-X
https://doi.org/10.1016/B978-0-12-822106-8.00017-8
https://doi.org/10.1016/B978-0-12-822106-8.00017-8
https://doi.org/10.1016/j.jip.2015.07.009
https://doi.org/10.1016/j.jip.2015.07.009
https://doi.org/10.1016/j.biocontrol.2005.06.005
https://doi.org/10.1016/j.biocontrol.2005.06.005
https://rvlenth.github.io/emmeans/
https://rvlenth.github.io/emmeans/
https://doi.org/10.3390/insects16070656
https://doi.org/10.3390/insects16070656
https://doi.org/10.1023/A:1007019402490
https://doi.org/10.1023/A:1007019402490
https://doi.org/10.3389/ffunb.2023.1276287
https://doi.org/10.3389/fimmu.2023.1329843
https://doi.org/10.1007/s12639-013-0408-0
https://doi.org/10.1007/s12639-013-0408-0
https://doi.org/10.4001/003.022.0125
https://power.larc.nasa.gov/
https://doi.org/10.3390/microorganisms10010096
https://doi.org/10.3390/microorganisms10010096
https://doi.org/10.3389/ffunb.2025.1660692
https://doi.org/10.3389/ffunb.2025.1660692

control. Journal of Pest Science. 97: 1-15. https://doi.org/10.1007/
§10340-023-01622-8

Rajula ], Pittarate S, Suwannarach N, Kumla ], Ptaszynska AA,
Thungrabeab M et al. 2021. Evaluation of native entomopathogenic
fungi for the control of fall armyworm (Spodoptera frugiperda) in
Thailand: a sustainable way for eco-friendly agriculture. Journal of
Fungi (Basel). 7: 1073. https://doi.org/10.3390/jof7121073

Ramoska WA. 1984. The influence of relative humidity on Beauveria
bassiana infectivity and replication in the chinch bug, Blissus
leucopterus. Journal of Invertebrate Pathology. 43: 389-394. https://
doi.org/10.1016/0022-2011(84)90085-5

R Core Team. 2024. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Austria.
Available at https://www.R-project.org/ [accessed 30 May 2025].

Rangel DEN, Braga GUL, Anderson AJ, Roberts DW. 2005. Variability
in conidial thermotolerance of Metarhizium anisopliae isolates from
different geographic origins. Journal of Invertebrate Pathology. 88:
116-125. https://doi.org/10.1016/j.jip.2004.11.007

Roy HE, Steinkraus DC, Eilenberg J, Hajek AE, Pell JK. 2006. Bizarre
interactions and endgames: entomopathogenic fungi and their
arthropod hosts. Annual Review of Entomology. 51: 331-357. https://
doi.org/10.1146/annurev.ento.51.110104.150941

Sabri MNA, Jahan M, Gotoh T, Déker I, Ullah MS. 2022. Effect of
relative humidity on the efficacy of entomopathogen Beauveria
bassiana-based mycopesticide against red spider mite Tetranychus
macfarlanei. Systematic and Applied Acarology. 27: 2414-2425.
https://doi.org/10.11158/saa.27.12.4

Sharma A, Sharma S, Yadav P. 2023. Entomopathogenic fungi and
their relevance in sustainable agriculture: a review. Cogent Food &
Agriculture. 9: 2180857. https://doi.org/10.1080/23311932.2023.2180857

Shipp JL, Zhang Y, Hunt DWA, Ferguson G. 2003. Influence of humidity
and greenhouse microclimate on the efficacy of Beauveria bassiana
(Balsamo) for control of greenhouse arthropod pests. Environmental
Entomology. 32: 1154-1163.

Venables WN, Ripley BD. 2002. Modern applied statistics with S. New
York (NY): Springer Science and Business Media.

Wan NF, Fu L, Dainese M, Kieer LP, Hu YQ, Xin F. 2025. Pesticides have
negative effects on non-target organisms. Nature Communications.
16: 1360. https://doi.org/10.1038/s41467-025-56732-x

Wheeler MW, Park RM, Bailer AJ. 2006. Comparing median lethal
concentration values using confidence interval overlap or ratio tests.
Environmental Toxicology and Chemistry. 25: 1441-1444. https:/
doi.org/10.1897/05-320R.1

African Entomology 2026, 34: €24601 (9 pages)
https://doi.org/10.17159/2254-8854/2026/a24601


https://doi.org/10.3390/jof7121073
https://www.R-project.org/
https://doi.org/10.1016/j.jip.2004.11.007
https://doi.org/10.1146/annurev.ento.51.110104.150941
https://doi.org/10.1146/annurev.ento.51.110104.150941
https://doi.org/10.11158/saa.27.12.4
https://doi.org/10.1080/23311932.2023.2180857
https://doi.org/10.1038/s41467-025-56732-x
https://setac.onlinelibrary.wiley.com/doi/abs/10.1897/05-320R.1

