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Simple Summary

The banana aphid (Pentalonia nigronervosa) spreads banana bunchy-top disease (BBTD), an
important viral disease of bananas. Controlling aphids is therefore an important component
of the integrated management of BBTD. Plant extracts and oils (botanicals) and soaps offer a
safer alternative to synthetic insecticides. We screened fresh and fermented botanicals (chili
pepper, garlic, peppermint, and neem oil) and soaps (bathing, laundry bar, and liquid soap)
singly or in mixtures against banana aphids. The botanicals and soaps were compared
with water and commercial products (nimbecidine (Azadirachtin 0.03%), insecticidal soap
and inorganic pesticide, and Acetamectin Force). Though not as effective as commercial
products, both the botanicals and soaps greatly reduced aphid populations in the labora-
tory. Single applications of nimbecidine®, garlic, chili-pepper botanicals, insecticidal, and
bathing soap reduced aphids’ population by over 50% mortality at 96 hps, while mixtures
of chili, garlic, and neem oil with soap caused over 70% mortality. On potted plants, binary
mixtures of neem oil and botanicals (fermented and unfermented) with insecticidal soap,
and neem oil with bar soap, reduced aphid populations to less than 20 per plant compared
to 200 aphids for plants treated with water after week 8. Thus, these botanicals and soaps
have the potential to contribute to integrated BBTD management.

Abstract

Controlling banana aphid (Pentalonia nigronervosa) vectors of banana bunchy-top disease is
crucial for integrated disease management. Synthetic insecticides, though effective in aphid
control, pose health and environmental risks. Biorational pesticides (including botanicals
and soaps) are safer alternatives. This study screened four fresh and fermented aqueous
plant extracts (chili pepper, garlic, neem, and peppermint) and three soaps (bathing, laundry
bar, and liquid soap) singly or in mixtures against banana aphids through in vitro and
in vivo experiments. Aphid-inoculated banana leaf-blade disks were used for the in vitro
studies over 96 h. Potted plantlets were used for the in vivo studies over eight weeks.
Applying these preparations resulted in significant (p ≤ 0.05) aphid mortality (28.6 to 100%)
compared to the water control (3.3%) at 96 h post-spray (hps). In vitro, a single application
of nimbecidine® (Azadirachtin 0.03%), garlic, chili-pepper botanicals, insecticidal, and
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bathing soap caused >50% mortality at 96 hps. Mixed applications of chili pepper, garlic-
based, and neem botanicals with soap caused >70% mortality at 96 hps in vitro. Binary
mixtures of neem oil, garlic, fermented garlic, or fermented peppermint with insecticidal
soap, and neem oil with bar soap, were promising in vivo, reducing the aphid populations
to <20/plant compared to the control, which had >200 aphids after week 8. However,
these potential preparations incurred a higher cost (USD 1.30/banana mat) compared to
the synthetic pesticide (USD 0.022/mat). Thus, biorational mixtures have a potential to
effectively control banana aphids.

Keywords: banana bunchy top virus; biopesticides; crop aphids; economic feasibility;
insecticidal soaps

1. Introduction
Banana bunchy top disease (BBTD), caused by the banana bunchy top virus (BBTV),

is a significant threat to banana (Musa spp.) production worldwide, causing an up to
90–100% yield loss within one to two growing seasons if not effectively controlled [1]. In
Sub-Saharan Africa, the disease is widespread across areas where bananas are cultivated [2].
In Uganda, BBTD was first reported in 2020 [3]. A more recent study [4] showed BBTD to
be widespread, causing severe yield losses in northwestern Uganda and border regions
of Kasese district in western Uganda. More recent outbreaks have also been reported
in different locations in Tanzania [5,6]. Disease prediction maps [4,7] have shown key
Ugandan banana-producing zones, especially in the Lake Victoria basin, to be very prone
to BBTD. The disease is thus exerting increasing pressure on East and Central African
banana production, since it is difficult to control once established, especially in smallholder
farm settings [1,3].

BBTD is spread predominantly through infected planting materials and the BBTV
vector the banana aphid Pentalonia nigronervosa Coquerel (Hemiptera: Aphididae) [8–10].
The aphid is an important banana pest where BBTD exists but, on its own, causes little
economic damage. It is present in all banana-growing and -production regions world-
wide [11,12]. The banana aphid can cause both direct and indirect damage [13]. The
direct albeit minor injury occurs through sucking the phloem contents of all banana pseu-
dostem segments [13,14]. Indirect but high economic damage occurs through the spread
of BBTV [15]. The banana aphid acquires BBTV in a circulative, non-propagative manner
and spreads it persistently [16,17]. This means BBTV circulates within the aphid’s body but
without replication and can be retained and transmitted over a long period, often lasting
for the aphid’s entire lifespan. Through dispersal of winged forms (alates) of P. nigronervosa,
the virus can thus be spread to new, healthy host plants [10,16]. The development of alates
could be triggered by environmental factors, changes in host suitability (due to disease,
aging, or environmental stress), and an increase in numbers beyond a population thresh-
old [16]. Keeping aphid numbers/colonies below a population threshold that minimizes
triggering the development of winged individuals is one of the recommended practices
for BBTD control [8]. Any intervention that reduces aphid population size is thus likely to
result in fewer winged individuals, thereby limiting disease spread.

BBTD management relies on both cultural and chemical approaches. Cultural meth-
ods include using clean planting materials and rogueing diseased mats (i.e., cluster of
plants emerging from a single underground rhizome) [18,19]. Chemical methods focus on
controlling the vectors through pesticide application [20]. Efforts to control aphid vector
populations using pesticides have relied on both contact and systemic pesticides, such

https://doi.org/10.3390/insects17010023

https://doi.org/10.3390/insects17010023


Insects 2026, 17, 23 3 of 23

as diazinon and imidacloprid [16,20]. Robson et al. [20] reported that aphid mortality
following imidacloprid treatment was dose dependent. However, some insecticides have
been discouraged and banned for use [21,22] due to their potential hazards to non-target
insects, animals, beneficial organisms, and human health [23].

Biorational pesticides, such as botanical insecticides and insecticidal soaps, could offer
an alternative to chemical pesticides for controlling banana aphids. Biorational pesticides
are derived from biodegradable natural materials or products of metabolism of microbes,
plants, animals, and minerals [23,24]. Most biorationals are relatively safe due to their
target specificity to insects, low toxicity to animals, easy degradation, short residual effects,
and low persistence on plants [25–27]. Botanical insecticides are derived from plants with
insecticidal properties [28,29]. Meanwhile, insecticidal soaps are derived from plant oils
that have been specifically selected and formulated for their insecticidal action [30].

Many botanical insecticides have been evaluated and shown to be effective against crop-
infesting aphids and other insect pests [31]. For instance, botanical insecticides have been
used to control aphids in crops such as field peas (Pisum sativum), kale (Brassica oleracea) [32],
rapeseed (Brassica napus) [33], and giant rose (Rosa sp.) [34]. Some common botanical biora-
tionals reported to effectively control aphids include chili pepper (Capsicum annuum), garlic
(Allium sativum), hot pepper (Capsicum frutescens), Mexican sunflower (Tithonia diversifolia),
neem (Azadirachta indica), and onions (Allium cepa) [28,32,35]. Some of these botanicals,
for example, neem and wild garlic, were reported to control aphids when fermented [36].
These species of plants are abundant in most areas around homesteads [37]. Botanicals
control insects through their toxic, repellent, anti-feedant, inhibitory, protein denaturation
properties and ovipositional and physiological activities [38,39]. These studies show that
botanicals could be integrated in vector control for BBTD management. To date, there are
few studies on the use and efficacy of botanicals as a viable option for controlling the banana
aphid. For example, Baloch et al. [40] reported that neem oil at 50 g/L controlled banana
aphids in field studies, with a maximum reduction occurring seven days after spraying.
Yongyue et al. [41] reported low toxicity of the castor bean (Ricinus communis), common lan-
tana (Lantana camara), nerium oleander (Nerium indicum), and tomato (Solanum lycopersicum)
extracts to P. nigronervosa in the laboratory. Thus, the efficacy of botanicals vary among plant
species, justifying the need for their screening against target aphid species prior to their use
in pest and disease management.

Some registered soaps (potassium salts of fatty acids) have been used as pesticides [42–44].
For instance, aphids in crops such as sorghum [45] and soybean [46] were controlled with
insecticidal soaps. Dish-washing soap and liquid soap were reported to control aphids
on garden peas [47] and rapeseed [35], respectively. Soap’s mode of action depends on
direct contact with the insect. Upon contact, soaps penetrate the insect’s cuticle and disrupt
cell membranes, thus causing insect desiccation, cell leakage, and death [26,46]. However,
not all soaps produce or exhibit the same effect or efficacy. For instance, a study on the
use and efficacy of soap for banana aphid control showed a 2% fish oil rosin soap to be
least effective against the banana aphid due to its inherent low lethal action as compared
with synthetic insecticides [48]. The authors recommend assessing a broad range of soaps,
including readily available laundry soaps, for banana aphid control.

Some studies have reported that mixtures of botanical extracts improve control of
insect pests including aphids [49–53]. Though synergistic effects have been claimed, the
improved efficacy of biorationals in these studies look to be primarily due to the higher
concentrations of the insecticidal compounds in the mixtures. For example, mixtures of
chili pepper and garlic achieved better control of cowpea (Vigna unguiculata) insect pests
resulting in higher yields [54]. Nzanza and Mashela [35] reported that neem extract combi-
nations with other botanical extracts such as wild garlic cause more pest mortality. Mixtures

https://doi.org/10.3390/insects17010023

https://doi.org/10.3390/insects17010023


Insects 2026, 17, 23 4 of 23

of fermented coriander (Coriandram sativam) leaves, ginger (Zingiber officinale) rhizome, and
sweet flag (Acorus calamus) rhizome achieved high tobacco budworm (Spodoptera litura)
mortality [55].

Mixtures of botanical plant extracts with other organic and inorganic products have
also been evaluated [27,56,57]. However, only a few studies have focused on mixing
(combining) botanical extracts with soap. For instance, Megersa [31] added 1% powdered
soap to Endod (Phytolacca dodecandra), garlic, and neem as a spreading agent soon after
extraction to control pea aphids (Acyrthosiphon pisum). To break liquid surface tension,
soaps were added to plant extracts in small quantities as surfactants (or emulsifiers) during
crude extract preparation [27,58].

These studies show that botanicals and soaps are promising biorational alternatives
for use in insect pest and disease vector management. However, their mixtures have not
been evaluated against banana aphids. The aim of this study was to evaluate the efficacy
and economic viability of non-fermented and fermented botanicals singly or in binary
mixtures with soap in controlling banana aphids in vitro and in vivo.

2. Materials and Methods
2.1. Aphid Rearing

Pentalonia nigronervosa aphids were collected from banana plants in a garden at
the National Agricultural Research Laboratories (NARL), Wakiso, Uganda (0.402364 ◦N,
32.527551 ◦E), using a soft number 3 nylon hairbrush and placed in 800 mL transparent
plastic jars. The aphids were multiplied and maintained in vitro on ~5 × 12 cm2 fresh,
midrib-containing banana-leaf sections in other plastic jars (Figure 1a) at room temperature
(28 ± 2 ◦C), a relative humidity (RH) of 63 ± 3%, and a photoperiod of 12 light and 12 dark
hours. No agar or water was added to maintain or lengthen the freshness of the leaves. The
deteriorated/wilted leaves were replaced with fresh leaf tissues collected from the field at
a weekly interval. Representative specimens of aphid progenies were examined under a
microscope and confirmed as P. nigronervosa based on morphometric attributes [59].

 

Figure 1. Aphid mass rearing and experimental setup. (a) Banana aphid mass rearing in plastic jars
(inset are aphids of different sizes on a leaf portion in the jars); (b) leaf disk assay showing the Petri
dishes (experimental units); (c) leaf disks with aphids in a Petri dish.

2.2. Research Material and Preparation

The botanicals—chili pepper (C. annuum), garlic (A. sativum), neem (A. indica), and
peppermint (Mentha piperita)—were selected based on their reported insecticidal efficacy
against aphids in other crops and their local availability [36,37]. Stocks of aqueous extracts
of chili pepper, garlic, and peppermint were prepared in the laboratory according to
protocols by Iqbal et al. [60] and Kokwane [35]. Herein, 400 g of each fresh raw plant
part (garlic bulbs, chili-pepper fruit, and peppermint leaves) were weighed using an
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electronic compact balance (A/B series analytical electronic scales, Beijing KWF Sci-Tech
Development Co., Ltd., Rm 1904, Building No. 2, International Venture, Park No. 1 Shangdi,
Haidian District, Beijing, China) and chopped into small pieces using a knife. For each
species, the chopped plant part was then separately ground in an electronic blender (Philips,
model HR2058) and dissolved in 1 L (1000 mL) of hot distilled water (≈80 ◦C) to make
a 40% (w/v) stock solution. Hot water was used to increase extraction efficiency. The
resultant solution was shaken by hand for about 10 s and left to stand for at least 24 h.
The supernatant was first filtered using a nylon cloth (pore size about 0.125 mm) and
thereafter filtered again using filter paper (Whatman No. 1) to achieve each botanical
extract’s maximum refined form. The stocks were stored as a standard stock solution at
4 ◦C in 1 L glass jars (Duran® borosilcate glass jars, DWK Life Sciences GmbH—Otto-
Schott-Str. 21, 97877 Wertheim, Germany) bottle made of borosilicate glass 3.3) until
use. Fresh stock solutions were prepared at monthly intervals. The storage glass jar lids
were sealed using cling film to prevent any possibility of active-compound escape. Neem
oil was prepared by cold-pressing the seeds [61], while a commercial-grade biopesticide
nimbecidine (Azadirachtin 0.03%) was used as a botanical control.

The soap stocks used included bathing soap (Geisha brand with aloe vera scent),
laundry bar soap (White Star brand with lemon scent), and liquid soap (Clinisafe brand)
(Table 1). Stocks of both bathing and laundry bar soaps were prepared by weighing 10 g
of each soap, chopping them into small pieces using a knife, and separately dissolving
them in 900 mL of hot distilled water (≈80 ◦C), and topped to the 1 L mark to make a
1% (w/v) solution. A 1% (v/v) stock of liquid soap solution was prepared by diluting
10 mL of a ready-made liquid soap (Table 1) in 990 mL of distilled water. The resultant
stock solutions were left to completely dissolve for 24 h and stored at room temperature
until use. A commercial-grade liquid insecticidal soap (Neudosan) was used as the control
soap (Table 1).

Table 1. List of treatments (insecticides, botanicals, and soaps) used in the study.

Treatment Source
Single

Application Rate (g/L
or mL/L)

Application Rate in
Mixture

(g/L or mL/L)

Chili pepper Backyard gardens 100–400 g 400 g

Garlic and peppermint Local market (LM) 100–400 g 400 g

Neem oil NARL, Kawanda 1–6 mL 10 mL a*

Nimbecidine® (Positive control) RealIPM, Uganda 1–6 mL 6 mL

Bathing soap and laundry bar soap LM 1–10 g 10 g b*

Liquid soap Joint Medical Store, Uganda 1–10 mL -

Neudosan insecticidal soap (Positive control) RealIPM, Uganda 1–6 mL 10 mL

Acetamectin Force® (Main positive control) LM 1.5 mL 1.5 mL

Distilled water (Main negative control) NARL 0 mL 0 mL

Fermented carbohydrate–yeast mixture with
water only (Negative control) This study 0 mL 0 mL

According to the World Health Organization (WHO) classification, nimbecidine® (ai. Azadirachtin 0.03% + neem
oil 90.57%) and Neudosan (ai. potassium salts of fatty acids 470 g/L (47%)) are categorized under class IV (i.e., safe),
while Acetamectin Force® (ai. Acetamiprid 3% + abamectin 1.8% EC) is categorized as class II (i.e., hazardous);
treatments in bold were additionally fermented at the highest concentration (400 g/L); a* application rate increased
in mixtures due to lower mortalities observed. b* Laundry and bathing soap were not significantly different
(p > 0.05) in the single application experiments. As such only laundry bar soap, which was cheaper to access,
was used. The best mixtures with greater than 50% mortality at all post-spray hours in vitro were advanced for
in vivo experiments.
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The stock solutions of chili pepper, garlic, peppermint, bathing soap, laundry soap,
and liquid soap were used at the highest concentration (C6) (Table 2). The stocks were
each diluted by mixing with distilled water to produce five lower concentrations, C1 to C5
(Table 2). Distilled water alone was used as the negative control treatment.

Table 2. Working solutions for treatments used in this study.

Treatments Unit

Working Solutions (% w/v or v/v) for

Single Applications Mixtures

C6 C5 C4 C3 C2 C1

Chili pepper, garlic, and peppermint g/L 40 30 20 10 5 1 40

Bathing soap, laundry soap, liquid soap g/L 1.0 0.8 0.6 0.5 0.3 0.1 1.0

Insecticidal soap (positive control), neem oil,
and nimbecidine (positive control) mL/L 0.6 0.5 0.4 0.3 0.2 0.1 0.6 or 1.0 *

Acetamectin Force® (positive control) mL/L 0.15 0.15

Distilled water and fermented
carbohydrate–yeast mixture with water

only (negative control)
0.0 0.0

* Insecticidal soap and neem oil dilution concentrations of 1% were used in the mixtures.

2.3. Preparation of Fermented Plant Extracts

The fermented plant extracts were prepared according to modified protocols by
Kyan et al. [62], Nzanza and Mashela [36], and Khadem et al. [63]. The botanicals—chili
pepper, garlic, and peppermint—were prepared at 40% (w/v) stock as described previously
but not filtered. After 24 h, the unfiltered stocks were mixed with a carbohydrate mixture
and the baker’s yeast Saccaromycetes cerevisiae (saf-levure®). The carbohydrate mixture was
prepared in 50 mL falcon tubes at a ratio of 30 g:10 g:20 mL of brown sugar (containing
sucrose), glucose, and warm distilled water (≈50 ◦C), respectively. Dry yeast was activated
by dissolving 2 g in 10 mL of lukewarm distilled water (≈38 ◦C) in a separate 50 mL falcon
tube, which was left to stand for 10 min and stirred well. A total of 50 mL of the mixture
containing the carbohydrate mix, plus 10 mL of the mixture containing yeast were added
to each half liter volume of plant-extract stock filled to the mark (with headspace) in an
airtight glass jar. The bottles containing the fermentation mixtures were kept at room
temperature (26 ± 2 ◦C) for 21 days. The carbohydrate mixture was used to supply energy
needed for the yeast, mimicking the main components of molasses used in fermentation
by microbes.

Carbon dioxide gas, a by-product of fermentation, was released once every week
from the fermenting mixture by opening the lid of each glass jar [63]. After incubation,
the fermented extracts were filtered through a fine cloth, and then subsequently through
a 15 cm diameter filter paper (Whatman No. 1). The final pH values of the fermented
preparations were measured as follows: fermented garlic (4.18), fermented chili pepper
(4.04), fermented peppermint (4.40), and the fermented carbohydrate–yeast mixture with
distilled water only (3.80), in contrast to distilled water (7.0). Each of the filtered stock
solutions (40%) of fermented chili pepper, garlic, and peppermint were used as formulated.
The fermented carbohydrate–yeast mixture with water only was used as the negative
control for fermented botanical extracts.

2.4. Preparation of Plant–Soap Mixtures

All non-fermented botanicals (neem oil, nimbecidine, and filtrates of chili pepper,
garlic, and peppermint) and fermented botanicals (chili pepper, garlic, and peppermint)
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were each mixed with the two best and/or cheap soaps (insecticidal soap and/or laundry
bar soap) (Table 1) in a ratio of 1:1 (v/v) of botanical/soap. The highest concentrations
derived from a concentration–mortality response in single preparation applications, except
for neem oil and insecticidal soap, were the optimal recommended concentrations used.
The filtered fermented botanicals were used as formulated.

2.5. Bioassays: Assessment of Botanicals and/or Soap In Vitro

The bioassays were conducted based on modified protocols of the Insecticides Resis-
tance Action Committee (IRAC) through the detached leaf-disk assay method for aphids [64].
Modifications on the protocol included using 1.5% (w/v) agar instead of 1% agar, fewer (10)
individual aphids instead of 15 to 20 aphids, and abaxial leaves instead of the adaxial leaves.
The 1.5% (w/v) agar solution was prepared by dissolving 15 g of bacteriological agar (Agar
Agar powder No. 1, Loba Chemie Pvt Ltd.—Jehangir Villa, 107 Woodhouse Road, Colaba,
Mumbai 400005, Maharashtra, India) in 1 L of distilled water. The suspension was then
autoclaved at 121 ◦C and 15 pounds per square inch (psi) for 15 min.

After autoclaving, the agar solution was gently turned upside down to obtain a
uniform mixture. After cooling to about 45 ◦C, the solution was dispensed in 90 mm
diameter Petri dishes to a depth of about 0.8–0.9 cm in a laminar floor hood and allowed
to cool and set overnight. Excess condensed water was wiped off the top inner sides of
the transparent lids using a sterile kitchen towel. Fresh, green, disease-free young leaves
with a softer lamina (leaf blade) were collected from the banana fields at NARL and surface
sterilized with 70% ethanol to minimize fungal growth on cut leaf disks by wiping using
kitchen towels or cotton wool. The leaves were then left for about 30 min to allow for
evaporation of ethanol traces before cutting.

Circular banana leaf disks with a 90 mm diameter were carefully cut from whole East
African highland banana (Musa AAA-EAHB genome) leaves of mixed cultivars using a
circular glass Petri-dish cover template and a sterile surgical blade to avoid tearing through
the leaf blade. Leaf blade portions near the leaf margin (marginal veins) of small leaves
from young banana plants (less than 1 m in length), without any physical, physiological,
or pathological defects, were used [20]. The leaf disks from different leaves and plants
were randomized to different concentrations to minimize variations within the leaf disks.
The circular leaf disks were carefully placed onto the agar media, with the abaxial (lower)
surface down (Figure 1c) to keep the leaf disk in place and fresh during the experiments.

Ten adult banana aphids were randomly introduced to each of the Petri dishes using a
soft number 1 fine nylon hairbrush (Figure 1c). The aphids were allowed to settle on the
leaf disks overnight before applying the treatments. The aphids in the Petri dishes were
each sprayed once with the different treatments in their respective concentrations and/or
mixtures with 4 mist shower shots (≈2 mL volume), using separate 1 L multipurpose, hand-
held sprayers. The shower shots were performed to uniformly cover the Petri dish area [56]
and to ensure aphid contact with the treatment solution while minimizing drowning.

2.6. Experimental Design for the In Vitro Experiments

The in vitro experiments were placed in a completely randomized design (CRD). The
treatments (Table 1) were replicated six times. Each experimental unit comprised a 90 mm
plastic Petri dish containing a circular banana leaf disk of 90 mm in diameter (Figure 1b). For
single (un-mixed) applications of non-fermented botanicals or soaps, all six concentrations
(i.e., C6, C5, C4, C3, C2, and C1) (Table 2) were used. For single applications of fermented
botanicals, the stock concentration (filtrate, i.e., 40%) was used.

For binary treatment mixtures of non-fermented botanicals with soap, the most potent
concentration, 40% (C6), causing higher aphid mortality, was used, while for mixtures
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of fermented botanicals with soap, the stock filtrate was used. Distilled water served
as the negative control, while the systemic pesticide Acetamectin Force® (0.15% v/v)
served as the positive control. The experiments were conducted over 4 days (96 h) at a
room temperature, RH, and photoperiod of 29 ± 4 ◦C, 65 ± 5%, and 12:12 h light–dark,
respectively. Only adult aphids selected from the laboratory-reared aphid colonies were
used for the various bioassays.

After administering the treatments, the numbers of living and dead aphids were
recorded daily (24 h intervals between 15:00 and 18:00 h EAT) over a four-day period. The
aphids (especially nymphs) were counted with the help of a 10× magnifying hand lens.
The aphids were considered dead if they failed to respond to a gentle prod on the body
using a number 1 soft and fine nylon hairbrush. Dead aphids were removed each day after
being counted and recorded.

2.7. Experimental Design for the In Vivo Experiments

The in vivo experiments were laid out in four replicates in a CRD. A total of 12 treat-
ments were evaluated (Figure 2a), informed by analysis of the in vitro experiments. The
treatments included spraying potted plants with mixtures of chili pepper, fermented chili
pepper, garlic, fermented garlic, peppermint, fermented peppermint, and neem oil with
insecticidal soap, and mixtures of fermented chili pepper, garlic, neem oil, and nimbecidine
with bar soap. Distilled water was included as a negative control.

 

Figure 2. In vivo experimental setup. (a) Insect-proof cages; (b) Experimental units (potted plants in
a cage); (c) Infested potted plant leaf in the screenhouse.

Visibly healthy micro-propagated banana plantlets of the cultivar (cv.) ‘Mpologoma’
(Musa AAA-EAHB genome) were obtained from a private tissue culture laboratory (Agro
Genetic Technologies Laboratories, Buloba, Uganda). The plantlets were transferred to
larger polyethylene potting bags (20 cm diameter and 24 cm depth, perforated to avoid
water logging), filled to a 3 L capacity with a mixture of sterilized forest topsoil, composted
chicken manure, and sand in the ratio 3:1:1, respectively. The plantlets were transferred
into insect-proof cages (80 cm long × 70 cm wide × 75 cm high with covering of insect
netting cloth of about 0.125 mm mesh size) (Figure 2a) for in vivo evaluations.

Each experimental unit comprised four potted plants in a cage (Figure 2b). The plantlets
were allowed to acclimatize and grow to about 20–30 cm tall (with at least 3–4 fully devel-
oped leaves) in the insect-proof cages within a screenhouse before aphid infestation. Each
cage cloth was fitted with a zipped door to allow for manipulation. Watering was performed
weekly directly into the soil substrate at soil level rather than to foliage to minimize washing
the aphids off the plants. No fertilizer was applied to the plants during the study period,
but soils in the potting bags were topped up with the soil mixture (described above) at the
onset of first sprays to replenish soil carried off during watering.
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Mixed aphid populations (nymphs and adults) from the laboratory-reared colonies
were used for infestation in the screenhouse. Each plantlet was infested with 20 aphids on
the youngest, partially unfolded leaf (cigar leaf). Efforts were made to randomize aphids
of different ages/sizes equally across the plants. Aphid population build-up (as seen
in Figure 2c) was allowed over a four-week period before treatment application. Plants
were re-randomized between the cages to ensure that plants with the same abundance
of aphids were uniformly spread between the cages at treatment application. This was
performed according to the aphid abundance score modified from Biale et al. [65]. For each
of the 12 treatments, the plantlets with visible aphid colonies were sprayed with 100 mL
solution to wetness at two-week spray intervals over a two-month period (i.e., 4 sprays).
Separate 1 L multipurpose handheld sprayers were used for each treatment. The sprayers
provided a misty spray, which avoided physically dislodging the aphids. The treatments
were only administered through spraying in the evening, and the sprayers were thoroughly
rinsed afterwards.

The number of living aphids was recorded at onset before spray application. Aphids
were counted with the help of a 10× magnification hand-lens. The plants were then
monitored for aphid population dynamics weekly for eight more weeks after first sprays.
A thick, hard, white paper was placed at the base of each plant to collect dead aphids by
gently tapping the plants. The dead aphids physically seen from the plants were removed
before initiating the next spray. All plants were monitored for symptoms of phytotoxicity
due to the treatments.

2.8. Cost and Risk Associated with the Preparations

As a measure of the ease of access and use, the costs and risks associated with the
different biorationals and controls were also assessed. This was based on market prices, the
effective application rates, and researchers’ experiences in their preparation and application.
The market costs of all biorational treatments were obtained through local purchases
in Uganda.

2.9. Statistical Analysis

Data analysis was performed in RStudio v2024.4.2.764 [66] using R programming
language v4.4.1 [67]. For in vitro bioassays, the percentage of cumulative daily mortality of
the aphids was calculated as

Cumulative mortality (%) =
Cumulative number of dead aphids

Number of living aphids + cumulative number of dead aphids
× 100

Prior to analysis, mortality data were checked for normality using the Shapiro–Wilk test and
for skewness within a repeated-measures mixed-effects framework. The model residuals
met the assumptions of approximate normality, homogeneity of variances, and absence of
strong skew; therefore, no data transformation was applied. A repeated-measures ANOVA
was then performed, considering treatments and concentrations as fixed factors, post-spray
hours as the repeated-measures factor, and replications as random factors. The significant
individual factors and/or factor interactions were considered for post hoc tests. Means
were separated using Tukey’s honest significant difference (HSD) at 5% significance.

Probit regression curves were generated for dose–mortality responses. The doses
were log10-transformed in R, while the probit of probability mortality (probit units) was
calculated using the formula:

Probit (mortality) units =
[

qnorm
(

mean percentage mortality
100

)]
+ 5
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where “qnorm” is the standard normal quantile function in R, and the “+ 5” is an adjustment
value to avoid negative probit values.

The mean lethal concentration 50 (LC50) was estimated using the “LC_probit” function
in the ecotox package in R.

For in vivo data, the proportion of living aphids was calculated as

Living aphid proportion (%) =

(
Number of living aphids at week after first spray

Number of living aphids at onset before spray
× 100

)
The proportion of aphid mortality was calculated as

Mortality proportion (%) =100 −
(

Number of living aphids at day after spray
Number of living aphids at onset before spray

× 100
)

The model residuals for percentage of living aphids and aphid mortality assumed a
normal distribution; thus, transformations were not necessary.

In a repeated-measures ANOVA, the treatment (type of biorationals) was considered
as the fixed factor and replication as the random factor. “Weeks” was a repeated-measures
factor for the number and percentage of living adults that were monitored weekly during
8 weeks after the first spray. “Spray weeks” was a repeated-measures factor for aphid
mortality percentage that was recorded at four bi-weekly points. Significant factors were
examined in post hoc tests, as for the in vitro analysis.

For the cost and risk assessment, market costs of the chemical pesticide and biora-
tionals were used to compute the cost of 1 L of the most effective dosage of pesticide
solution. The cost of the solution volume required to spray one banana mat containing
four plants was computed. The ease of preparing biorationals and chemical alternatives
was rated on a subjective scale of 0 (super easy) to 5 (very difficult). The possible human
risk at the recommended dosage of pesticide was rated on a scale of 0 (no risk) to 5 (very
high risk). Labor (for spraying insecticides) and transport costs were excluded from the
assessments. An exchange rate of 3700 UGX per US dollar (USD) was used.

3. Results
3.1. In Vitro Evaluation of Botanicals and Soaps
3.1.1. Aphid Mortality After Single Application of Non-Fermented or Fermented
Botanicals and Soaps

There were highly significant differences in aphid mortality between the non-
fermented biorational treatments (F8,1060 = 189.0, p < 0.001), biorational concentrations
(F5,1060 = 144.3, p < 0.001), and hours post-spray (hps) application (F3,1060 = 107.9, p < 0.001)
(Supplementary Materials Table S1). The two-way interactions in aphid mortality between
the treatments and concentrations was also highly significant (F40,1060 = 5.3, p < 0.001). Mor-
tality significantly increased with concentration from C1 to C6 (R2 = 0.78 to 0.97; Figure 3)
and continued to rise at higher concentrations (Supplementary Materials Figure S1). The
probit probability of aphid mortality was highest for nimbecidine, insecticidal soap, and
garlic, which exhibited the steepest concentration–mortality slopes, indicating a stronger
dose-dependent response, and lowest for peppermint and liquid soap (Figure 3).

The mean LC50 was determined for each of the treatments. The estimates of the LC50

values for botanicals were lowest for nimbecidine and highest for peppermint, while for
soap solutions, they were lowest for insecticidal soap and highest for liquid soap (Table 3).
Nimbecidine and garlic showed the highest slope values (an indicator of steepness) among
botanicals, while insecticidal soap and bathing soap showed the highest slopes among
soaps (Table 3).
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Figure 3. Probit regression dose–response curves showing the effect of non-fermented botanical or
soap concentrations on cumulative aphid mortality at 96 hps.

At the highest concentration, C6, aphid mortality was significantly different between
all non-fermented or fermented botanicals or soap treatments (F14,280 = 127.4, p < 0.001) and
hps (F3,280 = 103.0, p < 0.001) (Supplementary Table S1). Mortality increased with time from
24 to 96 hps. At 24 hps, the mean aphid mortality was higher for the Acetamectin Force
positive control (98.4 ± 0.4%) compared to 6.7 ± 1.4 to 87.2 ± 4.1% for the biorationals.
Mortality of aphids treated with nimbecidine was similar to that of those treated with
Acetamectin Force but was significantly higher than mortality due to insecticidal soap.
Both nimbecidine and insecticidal soap showed higher mortalities (>50%) compared to
other biorationals which had mortalities of less than 50%, though all biorationals (except
for fermented peppermint and fermented garlic) had a significantly higher mortality than
the water controls (Table 4).

Similar trends to treatments at 24 hps were observed for the treatments at 48 hps, with
Acetamectin Force at a maximum (100 ± 0%). At 72 hps, aphid mortality due to biorational
treatments ranged from 24.4 ± 4.2 to 89.6 ± 3.7% and was significantly highest (5% Tukey
HSD) for non-fermented garlic, fermented chili pepper, and nimbecidine. Similar trends to
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those at 72 hps were observed for the treatments at 96 hps, with aphid mortality due to the
biorationals varying between 28.6 ± 4.1 to 91.6 ± 3.1% (Table 4). No significant differences
(5% Tukey HSD) occurred between fermented chili pepper, non-fermented garlic, and
nimbecidine at 96 hps. The insecticidal soap was significantly superior to the other soaps
(5% Tukey HSD).

Table 3. Lethal concentration 50 values of the botanical and soap treatments against P. nigronervosa in
laboratory at 96 hps.

Category Treatment LC50 Estimate
(mg/mL) se LCL UCL Slope slope_se χ2 pgof_sig

Botanical Nimbecidine 1.5 1.15 1.0 1.9 1.974 0.306 4.40 0.355
Neem oil 10.0 1.61 5.7 1473.2 1.015 0.430 1.44 0.837
Garlic 184.6 1.18 128.3 255.7 1.203 0.236 6.71 0.152
Chili pepper 381.6 1.46 210.2 1513.4 0.691 0.202 5.40 0.249
Peppermint 5259.8 8.39 729.6 3.6E-05 0.547 0.338 0.65 0.958

Soap Insecticidal soap 3.6 1.14 2.5 4.8 1.322 0.378 2.77 0.597
Bathing soap 22.0 1.98 10.4 9.2E+08 0.880 0.417 3.52 0.475
Bar soap 32.0 2.67 11.9 0.0 0.770 0.417 2.28 0.685
Liquid soap 154.0 17.12 17.7 4.0E-02 0.556 0.469 0.59 0.964

se = standard error of the LC50 estimate, LCL = lower 95% confidence limit for LC50, UCL = upper 95% confidence
limit for LC50, slope = slope of the concentration–mortality curve, slope_se = standard error of the slope estimate,
χ2 = goodness-of-fit chi-square statistic, pgof_sig = p-value for goodness of fit where p > 0.05 indicates a good
model fit.

Table 4. Percentage mortality of P. nigronervosa for highest concentration (C6) of single application of
botanicals and soaps over time in vitro. ‘hps’ denotes hours post-spray.

Category Treatment 24 hps 48 hps 72 hps 96 hps

Botanical Nimbecidine 87.2 ± 4.1 a 88.1 ± 4.4 a 89.6 ± 3.7 ab 91.6 ± 3.1 ab

Fermented chili pepper 42.7 ± 3.3 bc 58.5 ± 5.1 bc 69.9 ± 5.9 bcd 76.6 ± 6.2 abc

Garlic 33.3 ± 8.8 cd 49.9 ± 8.0 bcd 72.5 ± 8.5 bc 73.7 ± 9.2 abcd

Chili pepper 34.4 ± 9.2 cd 43.7 ± 5.3 bcde 51.7 ± 9.0 cdef 60.0 ± 9.8 cdef

Fermented garlic 6.7 ± 1.3 f 16.8 ± 1.0 fgh 34.6 ± 2.2 fg 51.7 ± 4.4 cdefg

Neem oil 32.5 ± 4.7 cd 37.8 ± 4.0 cdef 43.0 ± 2.8 efg 46.3 ± 4.1 defg

Fermented peppermint 10.3 ± 3.2 ef 17.0 ± 3.7 fgh 24.8 ± 4.4 gh 34.2 ± 4.8 fg

Peppermint 15.4 ± 2.1 def 23.3 ± 3.1 efg 27.2 ± 4.2 fgh 29.6 ± 4.0 gh

Soap Insecticidal soap 62.6 ± 5.3 b 63.0 ± 5.6 b 63.4 ± 4.8 cde 65.4 ± 5.1 bcde

Bathing soap 35.0 ± 4.4 cd 43.2 ± 7.9 bcde 45.2 ± 9.6 defg 45.4 ± 10.0 efg

Bar soap 31.1 ± 2.6 cde 32.3 ± 2.7 def 37.5 ± 3.7 fg 40.5 ± 3.2 efg

Liquid soap 18.7 ± 4.1 def 20.2 ± 4.1 fgh 24.4 ± 4.2 gh 28.6 ± 4.1 ghi

Control Acetamectin Force 98.4 ± 0.4 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a

Fermented carbohydrate–yeast
mixture with water only 1.4 ± 0.9 f 2.0 ± 1.4 gh 3.4 ± 2.2 h 4.6 ± 1.8 hi

Water control 0.2 ± 0.1 f 0.6 ± 0.2 h 1.6 ± 0.4 h 2.1 ± 0.4 i

a–i Within columns, means (± standard error (SE) followed by different letters significantly differ at 5% level of
Tukey’s HSD test.

3.1.2. Aphid Mortality Due to Mixing Non-Fermented or Fermented Botanicals with
Best Soaps

Significant differences in aphid mortality were observed due to the treatment mixtures
(F17,340 = 95.9, p < 0.001) and hps (F3,340 = 86.0, p < 0.001) (Supplementary Materials Table S1).
Mortality increased with time from 24 to 96 hps. At 24 hps, the mean aphid mortality was
significantly higher (5% Tukey HSD) for Acetamectin Force (99.9 ± 0.1%) compared to
10.8 ± 3.8 to 85.4 ± 5.0% for the biorational mixtures. Mixtures of nimbecidine, garlic, neem
oil, fermented peppermint, chili pepper, fermented chili pepper, or fermented garlic with
insecticidal soap, as well as nimbecidine with bar soap (71.0 ± 6.9 to 93.8 ± 2.0%) caused
similar aphid mortality compared to the main positive control. Minimal aphid mortality
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of less than 40% was observed only with the fermented peppermint + bar soap treatment,
which did not differ from the water control at 5% Tukey HSD (Table 5).

Table 5. Percentage mortality of P. nigronervosa when treated with mixtures of non-fermented or
fermented botanicals with soaps over time in vitro. ‘hps’ denotes hours post-spray.

Category Treatment 24 hps 48 hps 72 hps 96 hps

Insecticidal
soap based

Garlic + insecticidal soap 90.8 ± 0.4 a 98.3 ± 1.7 a 100.0 ± 0.0 a 100.0 ± 0.0 a

Nimbecidine + insecticidal soap 93.8 ± 2.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a

Fermented peppermint +
insecticidal soap 89.2 ± 4.2 a 93.7 ± 4.2 a 97.4 ± 2.6 ab 98.2 ± 1.8 ab

Fermented garlic + insecticidal soap 79.4 ± 5.5 ab 91.4 ± 5.0 a 93.4 ± 5.4 abc 96.9 ± 3.1 ab

Fermented chili pepper +
insecticidal soap 85.4 ± 5.0 a 92.9 ± 3.0 a 93.4 ± 4.1 abc 93.8 ± 2.9 abc

Neem oil + insecticidal soap 87.6 ± 3.0 a 87.8 ± 4.2 ab 89.3 ± 4.6 abcd 92.9 ± 4.6 abc

Chili pepper + insecticidal soap 71.0 ± 6.9 ab 73.4 ± 7.4 abc 76.9 ± 6.9 abcdef 77.9 ± 7.2 abcde

Peppermint + insecticidal soap 53.1 ± 2.4 bc 59.3 ± 3.7 bcd 61.3 ± 2.6 defg 65.3 ± 2.0 def

Bar soap
based

Nimbecidine + bar soap 80.8 ± 4.4 ab 83.0 ± 4.4 ab 83.6 ± 3.2 abcde 85.5 ± 3.6 abcd

Neem oil + bar soap 51.7 ± 9.6 bc 60.6 ± 6.5 bcd 69.4 ± 5.0 bcdef 71.8 ± 5.2 bcde

Fermented chili pepper + bar soap 53.9 ± 3.8 bc 61.1 ± 6.5 bcd 67.4 ± 6.6 cdef 67.7 ± 6.7 cde

Garlic + bar soap 53.2 ± 6.5 bc 54.3 ± 6.3 cd 56.6 ± 6.0 efg 57.0 ± 5.5 ef

Chili pepper + bar soap 31.1 ± 6.6 cde 46.1 ± 6.2 cde 51.2 ± 4.3 fg 56.4 ± 5.2 ef

Fermented garlic + bar soap 40.2 ± 15.4 cd 46.0 ± 13.8 cde 50.5 ± 12.4 fg 53.4 ± 12.5 ef

Peppermint + bar soap 40.9 ± 2.8 c 44.7 ± 4.7 de 49.4 ± 5.6 fg 51.0 ± 4.2 ef

Fermented peppermint + bar soap 10.8 ± 3.8 de 24.6 ± 6.2 ef 37.5 ± 10.0 g 39.0 ± 10.1 f

Control
Acetamectin Force 99.9 ± 0.1 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a

Water control 2.1 ± 0.3 e 2.9 ± 0.3 f 3.3 ± 0.4 h 3.3 ± 0.4 g

a–h Within columns, means (±SE) followed by different letters differ significantly at 5% level of Tukey’s HSD test.

At 48 hps, aphid mortality was highest and at a maximum for AAcetamectin Force and
nimbecidine + insecticidal soap (100 ± 0%) compared to 24.6 ± 6.2 to 73.4 ± 7.4% for other
biorational mixtures. All biorational mixtures, except for fermented peppermint + bar soap,
were significantly higher (5% Tukey HSD) than the water control. Similar trends to 48 hps
were observed for the treatments at 72 and 96 hps, with garlic + insecticidal soap reaching
maximum (100 ± 0%) at 72 hps, and fermented peppermint + bar soap causing significantly
higher mortality than water control. Mortality increased with time from 24 to 96 hps, with
water control mortality at less than 4% after 96 hps. Treatment mixtures causing greater
than 50% average aphid mortality at all hps were advanced for the in vivo experiments. The
main positive control (Acetamectin Force), nimbecidine (botanical control), and insecticidal
soap (soap control) were not advanced for the in vivo experiments (Table 5).

3.2. In Vivo Evaluation of Selected Botanicals Mixed with Soap
3.2.1. Aphid Population Dynamics Due to Mixtures of Biorationals with Soap

Significant differences (p < 0.001) were observed between the treatments in the number
and proportion of living aphids, separate times of assessment (p < 0.001), and their interac-
tion (p < 0.001) (Table 1; Supplementary Materials Tables S1 and S2). Except for the water
control, in which the aphid population continuously increased, the number of living aphids
fluctuated across weeks following each spray, dropping over the first week after each treat-
ment application before rising again, albeit at different rates in the subsequent week (Table 6;
Supplementary Materials Figure S2). Mixtures of neem oil, garlic, and fermented garlic
with insecticidal soap and neem oil with bar soap displayed the best performance across
the entire eight weeks, showing a general decline in aphid population with bi-weekly
treatment applications. These were followed by mixtures of garlic and fermented chili
pepper with insecticidal soap (Table 6; Supplementary Materials Figure S2). A similar trend
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to that for the number of living aphids was observed for the proportion of living aphids
(Supplementary Materials Table S2).

There were spikes in aphid populations for the other biorationals, visible in the second
week post-treatment. Mixtures of chili pepper and peppermint with insecticidal soap, and
fermented chili pepper and nimbecidine with bar soap had a moderate efficacy during
the eight weeks of evaluations. The aphid population in the water control increased
exponentially, peaking at about 300% (~200 aphids) of the original population after six
weeks (Table 6 and Supplementary Table S2).

Aphid mortality significantly varied (F11,132 = 111.2, p < 0.001) with the type of bio-
rational treatment. Aphid population fluctuated across time after each spray event with
biorational mixtures, except for neem oil + insecticidal soap and garlic + bar soap, for
which populations kept decreasing. The aphid population in the water control always in-
creased with time after spray (Supplementary Table S3). Aphid mortality for all biorational
treatment mixtures was significantly higher (5% Tukey HSD) than for the water control
after each spray time. Aphid mortality for the biorational mixtures ranged from 30.3 ± 7.8
to 80.4 ± 1.2% at first spray, increasing to 51.1 ± 22.4 to 97.8 ± 1.1% at the fourth spray.
However, fermented peppermint + insecticidal soap showed a decline in the proportion of
dead aphids from 87.8 ± 2.6% at the second spray to 48.5 ± 37.6% at the fourth spray.

Neem oil, fermented garlic, fermented chili pepper, and garlic, each mixed with insec-
ticidal soap, showed the best efficacy across the entire spray period, with greater than 70%
aphid mortality. Nevertheless, they were all statistically similar. Chili pepper + insecticidal
soap, nimbecidine + bar soap, and neem oil + bar soap showed moderate efficacy, with
more than 60% aphid mortality from the second to fourth sprays. Most of the mixtures
evaluated showed low or no phytotoxicity (Supplementary Table S3).

3.2.2. Cost and Risk Associated with the Preparation of Biorationals

The cost per liter of the working spray solutions of the single biorationals ranged
from USD 0.014 (liquid soap) to USD 0.570 (fermented biorationals), while the cost of
mixtures ranged from USD 0.074 (nimbecidine + bar soap) to USD 0.705 (mixtures of
insecticidal soap with fermented chili pepper or fermented garlic or fermented peppermint)
(Supplementary Table S4). Assuming 1.8 L of spray is needed per mat of four banana plants,
the trends in cost of spray per mat were similar and ranged from USD 0.024 for liquid
soap to USD 1.269 for the mixtures. In contrast, the cost of Acetamectin Force was USD
0.012 and USD 0.022 for the 1 L working solution and the 1.8 L solution needed to spray
one mat, respectively. In terms of ease of preparation, neem-based treatments and all soap
treatments were easy to prepare, while fermented products were difficult to prepare (thus
labor-intensive). At the recommended dosage, neem oil-, garlic-, and peppermint-based
biorationals were presumably less risky to humans. Acetamectin was rated poorly for ease
of preparation and environmental risk due to its unpleasant pungency and poisonous effect
to humans and the environment in general (Supplementary Table S4).
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Table 6. Pentalonia nigronervosa aphid population when treated with mixtures of biorationals in vivo, assessed weekly from onset to closure of experiments.

Category Treatment
Time in Weeks (W)

W0 W1 W2 W3 W4 W5 W6 W7 W8

Insecticidal
soap based

Neem oil + insecticidal soap 80.1 ± 26.1 a 8.6 ± 1.3 c 21.7 ± 6.2 b 6.0 ± 2.1 b 9.3 ± 3.7 b 4.5 ± 1.7 b 6.1 ± 1.8 b 2.2 ± 1.0 b 1.0 ± 0.4 b

Garlic + insecticidal soap 79.4 ± 17.4 a 6.9 ± 2.0 c 12.7 ± 5.6 b 3.5 ± 0.9 b 6.8 ± 1.9 b 5.8 ± 2.0 b 15.1 ± 6.5 b 4.2 ± 0.7 b 4.4 ± 1.0 b

Fermented garlic + insecticidal soap 78.4 ± 31.9 a 10.2 ± 5.8 bc 15.6 ± 10.7 b 4.6 ± 3.0 b 9.1 ± 4.7 b 8.2 ± 6.5 b 14.7 ± 12.0 b 3.4 ± 2.2 b 7.8 ± 4.5 b

Fermented peppermint + insecticidal soap 75.1 ± 9.4 a 18.5 ± 4.8 bc 23.7 ± 4.9 b 4.6 ± 1.0 b 8.1 ± 2.7 b 5.5 ± 2.0 b 9.7 ± 3.9 b 9.2 ± 2.8 b 11.6 ± 3.7 b

Fermented chili pepper + insecticidal soap 76.2 ± 26.5 a 17.1 ± 7.7 bc 27.7 ± 12.1 b 12.3 ± 3.6 b 23.9 ± 8.4 b 12.8 ± 4.0 b 31.0 ± 13.2 b 11.7 ± 3.6 b 21.8 ± 7.4 b

Peppermint + insecticidal soap 77.7 ± 11.6 a 48.2 ± 16.5 bc 68.9 ± 18.5 b 55.6 ± 19.7 b 62.8 ± 18.6 b 44.9 ± 12.0 b 50.0 ± 13.9 b 20.0 ± 1.5 b 30.6 ± 1.9 b

Chili pepper + insecticidal soap 82.4 ± 19.4 a 26.3 ± 7.4 bc 40.0 ± 9.5 b 17.9 ± 5.0 b 17.6 ± 3.5 b 16.8 ± 3.4 b 36.8 ± 7.9 b 25.8 ± 6.5 b 43.0 ± 13.5 b

Bar
soap based

Neem oil + bar soap 73.0 ± 24.5 a 38.7 ± 15.6 bc 40.4 ± 17.7 b 6.7 ± 3.0 b 6.9 ± 3.2 b 6.8 ± 2.8 b 12.0 ± 7.3 b 8.5 ± 5.3 b 15.8 ± 9.0 b

Nimbecidine® + bar soap 78.0 ± 19.1 a 39.9 ± 10.9 bc 60.8 ± 13.1 b 29.5 ± 9.9 b 40.5 ± 14.2 b 21.5 ± 6.6 b 38.5 ± 9.1 b 18.0 ± 5.8 b 26.2 ± 9.2 b

Fermented chili pepper + bar soap 68.2 ± 9.0 a 39.2 ± 11.4 bc 60.2 ± 16.0 b 30.1 ± 10.1 b 41.2 ± 14.3 b 26.0 ± 5.2 b 45.8 ± 9.1 b 25.7 ± 5.3 b 36.2 ± 8.9 b

Garlic + bar soap 73.6 ± 17.4 a 65.5 ± 13.4 ab 76.8 ± 15.5 b 51.8 ± 20.1 b 58.3 ± 21.3 b 38.7 ± 6.5 b 52.8 ± 6.4 b 37.2 ± 5.2 b 54.2 ± 3.8 b

Control Water control 77.1 ± 17.6 a 120.4 ± 20.4 a 146.1 ± 21.0 a 185.0 ± 19.3 a 185.8 ± 21.2 a 199.0 ± 24.9 a 206.2 ± 29.4 a 211.1 ± 31.0 a 219.0 ± 29.5 a

a–c Within columns, means (±SE) followed by different letters differ significantly at 5% level Tukey’s HSD test. Spray applications were performed bi-weekly during weeks W0 (Spray 1),
W2 (Spray 2), W4 (Spray 3), and W6 (Spray 4) of experimentation.
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4. Discussion
This study evaluated the potential of biorationals to control the banana aphid

P. nigronervosa, the main vector of BBTV, for possible inclusion into integrated pest and
disease management (IPDM) strategies for BBTD. Compared to negative control, all the bio-
rationals caused aphid mortality in vitro, with the highest cumulative mortality recorded at
96 h post-spray (hps). The highest number of aphids died within the first 24 hps, increasing
cumulatively over time. These findings align with previous studies [37,58,60] and support
the evidence that botanicals contain toxic compounds [38,39] that are typically more active
within the first 24 hps [37]. The reduced rate of mortality beyond 24 hps can be attributed
to the rapid degradation of the bioactive substances [31].

Aphid mortality, increasing with higher concentrations of non-fermented botanicals,
was consistent with findings by Kayange et al. [37]. The comparable aphid mortality with
non-fermented garlic at the highest concentration to nimbecidine at 96 hps suggests that it
is highly effective at high dosages. However, from a practical and economic standpoint,
sourcing or preparing such high-concentration solutions may be challenging for large-
scale field application [37]. All biorationals outperformed the water control, especially
from 72 to 96 hps, suggesting partial to substantial efficacy against banana aphids. The
differences in aphid mortality across biorationals likely resulted from variations in their
insecticidal activity due to differences in content, quality, and potency of active ingredients
over time [68,69].

Fermented botanicals, particularly chili pepper and garlic, also demonstrated good
insecticidal activity. This aligns with findings from Nzanza and Mashela [36] and Kha-
dem et al. [63]. Fermentation modifies the chemical composition of bioactive substances
present in botanicals [70,71], which may explain the reduced mortality observed with
fermented vs. non-fermented garlic. However, it is still necessary to optimize fermenta-
tion conditions regarding materials used and time allowed for the fermentation process.
Fermented chili pepper likely produces secondary metabolites—such as capsaicinoids (an
alkaloid), flavonoids, glycosides, phenolic derivatives, and terpenoids—with stronger in-
secticidal effects [72,73]. The metabolites help protect plants from biotic stressors by acting
as toxins, repellents, or natural enemy attractants [73]. Garlic fermentation, on the other
hand, reduces allicin content, which is key to its toxicity [71]. Further studies are needed to
identify and quantify these compounds in fermented versus non-fermented extracts.

Soaps applied singly also showed increased aphid mortality with increasing concen-
trations. This could be attributable to the disruption of insect cell membranes by fatty
acids in soaps. Among all the soaps evaluated, bathing soap was the most comparable to
insecticidal soap, indicating notable efficacy. Differences in efficacy across soaps can be
linked to variations in their chemical composition and surfactant properties. Lower aphid
mortality with insecticidal soap (63.4%± 4.8 at 72 hps) in this study compared to Kraiss
and Cullen [46] [83.3% mortality of Aphis glycines with 2% soap applied] may be due to
the lower concentration used (0.6%). When the concentration was increased to 1%, as in
mixtures, banana aphid mortality rose to 96.7% (Supplementary Figure S1). Differences in
banana aphid mortality compared to other aphid species could also be due to differences
in their sensitivity to various biorationals or chemical insecticides.

Lower mortality with laundry bar and liquid soaps at a 1% concentration agrees
with findings on Trialeurodes vaporariorum by Arias et al. [74] and reports by Curkovic [27].
However, increasing concentrations to 3–10% improved efficacy significantly. For instance,
a 3% laundry bar soap solution and a 10% liquid soap solution resulted in 65.1% and
75.2% mortality, respectively, at 24 hps (Supplementary Figure S1). Similar results have
been reported for Dactylopius opuntiae and cabbage aphids [35,75]. Application of viscous,
high-concentration soap solutions may be improved by preheating to reduce clogging and
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enhance ease of spraying. Declining mortality beyond 24 hps is likely due to degradation of
active ingredients and the need for the soap to remain in liquid form for maximum contact
efficacy [31,57,76].

Mixtures of botanicals (e.g., nimbecidine, neem oil, garlic, fermented peppermint)
with insecticidal soap demonstrated comparable mortality to Acetamectin Force. This
is supported by Mwanauta et al. [77] and Siam and Abu-Elela [78], who also observed
over 85% pest mortality using botanical–soap mixtures. These combinations improve the
uniformity and persistence on plant surfaces, thereby enhancing contact with insects [54].
The increased effectiveness of soap–botanical mixtures may be due to synergistic effects
from combining different modes of action [57,79]. Notably, neem oil, non-fermented
garlic, fermented chili pepper, and fermented peppermint mixtures with insecticidal soap
demonstrated high effectiveness. Mixtures involving bar soap were less effective than those
with insecticidal soap, though they still performed well with botanicals like nimbecidine,
neem oil, and fermented chili. Interestingly, the nimbecidine + bar soap mixture was less
effective than nimbecidine alone, suggesting potential incompatibility or a dilution effect
that might have reduced the mixture’s overall efficacy [57]. Studies exploring combinations
of different plant extracts to harness potential additive or synergistic effects for better
efficacy are lacking and recommended for banana aphid control.

In vivo evaluations showed that all soap–biorational mixtures significantly reduced
aphid populations over eight weeks, consistent with in vitro findings, and demonstrat-
ing the value and effectiveness of combining biorationals with different modes of ac-
tion [79]. Neem oil- and garlic-based mixtures with insecticidal soap were particularly
effective against banana aphids, corroborating results with papaya mealybugs from Mwa-
nauta et al. [77]. Slight population rebounds observed in the second week after sprays
likely resulted from declining stability and degradation of active compounds upon ex-
posure to environmental sunlight, moisture, and air [31]. This highlights the need for
timely reapplication and alignment with periods of lower pest pressure. The rapid degra-
dation rate of these compounds could also minimize environmental risks and harm to
non-target organisms.

Peppermint mixtures showed inconsistent results, potentially due to their strong
repellent effects which may have caused aphids to dislodge rather than die [80]. This
study did not, however, determine the repellent effects of the botanicals. The difference
in efficacy of neem and other botanicals across weeks may be influenced by variation in
their composition and stability, which could have depended on plant material source, plant
maturity, and extraction quality [31,81]. The use of market-sourced and backyard-grown
materials may have limited the uniformity of results. Lower mortality observed with
garlic + bar soap and fermented peppermint + insecticidal soap after the fourth spray
(c.f. Supplementary Table S3) may be due to increased aphid reproduction or concealment
within leaf sheaths [82].

Aphid populations in the water control consistently increased, indicating natality
and population growth under no treatment. In contrast, the best-performing mixtures
significantly reduced aphid populations, indicating their potential as sustainable aphid
management tools. As previously observed by Walter [83] and Harris [57], the neem-based
mixtures showed promise for use against banana aphids and in future biorational pesticide
development. While some mixtures exhibited mild phytotoxicity (Supplementary Table S3),
especially those with insecticidal soap [31], their overall efficacy indicates strong potential
for integration into IPDM strategies. This can be further supported by the overall objective
of not eradicating all aphids, but of maintaining aphid populations below the threshold
that allows the development of winged individuals, especially in mats close to rogued
symptomatic plants/mats.
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The synthetic insecticide Acetamectin Force was the cheapest option but comparable to
the soaps when used singly. In contrast, the botanicals and fermented or mixed formulations
were more expensive and often labor-intensive to prepare, limiting their practicality on
farms. The high costs of biorationals and effort-intensive nature of their preparation were
attributed to higher concentrations used/required. Similar observations of the high cost
of biopesticides and their limited on-farm adoption have been reported by Malinga and
Laing [84] and Fusar Poli et al. [85]. In addition, most of the biorationals were sourced from
urban markets, suggesting potential access limitations in rural environments. From an
environmental perspective, all biorationals could presumably pose low to moderate risks
at recommended dosages. Natural products like peppermint, garlic, and their fermented
forms have been reported to have a low-risk profile [23]. Despite their higher cost and
preparation demands, fermented formulations are often valued for their broad-spectrum
activity, which can enhance pest control and delay resistance development [72]. Therefore,
a trade-off between affordability, sustainability, and efficacy—driven by farmer objectives
and production constraints—must be carefully considered when integrating biorationals
into the IPDM of BBTD.

5. Conclusions and Recommendations
This study demonstrates the potential of eco-friendly, biorational products for con-

trolling banana aphid populations. Mortality varied with biorational-extract concentration
and evaluation time, with mixtures showing superior control. Binary mixtures of neem oil,
garlic, or fermented garlic with insecticidal soap were particularly promising. These suggest
a strong foundation for developing biorational formulations for banana aphid management.
Effective pest control will require optimized mixture stability and precise application timing.

Effective control should aim to suppress aphid populations below the threshold that
triggers the development of winged forms, and by limiting alate dispersal through their
immobilization and/or death. Rather than relying on widespread applications to eliminate
all aphids in a field, a pragmatic IPDM strategy could focus on targeted sprays/treatments—
particularly on rogued infected plants and plants adjacent to them, i.e., asymptomatic plants
and mats that might already be infected—to reduce the risk of further BBTD spread.

The feasibility of using biorationals to control banana aphids varies according to
formulation, balancing cost, ease of preparation, and human safety. While simple soap-
based solutions are affordable and eco-friendly, complex botanical mixtures may offer
benefits within IPM frameworks despite logistical challenges. Integrating economic and
practical considerations is key to sustainable adoption. Further field trials are needed to
validate their real-world effectiveness and operational viability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects17010023/s1, Figure S1: Mortality of Pentalonia nigronervosa
at 24 up to 96 hours after treatment with higher concentrations of single applications of non-fermented
botanicals and soaps in vitro; Figure S2: Aphid abundance after treatment with mixtures of biorationals
in vivo, assessed weekly from onset to closure of trials. Aphid abundance was scored on a scale of
0–9 modified from Biale et al. (2017) [65]; where 0 = no visible aphids, 1 = 1 aphid, 2 = 2–5 aphids,
3 = 6–20 aphids, 4 = 21–100 aphids, 5 = 101–200 aphids, 6 = 201–300 aphids, 7 = 301–400 aphids,
8 = 401–500 aphids and 9 = more than 500 aphids; Table S1: Repeated measures analysis of variance for
aphid population and mortality for the in vitro and in vivo studies conducted at National Agricultural
Research Laboratory, Kawanda; Table S2: Proportion of living Pentalonia nigronervosa aphids (%) when
treated with mixtures of biorationals in vivo, assessed weekly from onset to closure of experiments;
Table S3: Proportion of dead Pentalonia nigronervosa aphids (%) of assessed bi-weekly, 36 hours after
each spray and phytotoxicity due to biorational treatment mixtures in vivo; Table S4: Cost and risk
assessment for the biorational treatments used during in vitro single applications and in vivo mixtures.
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2016. Available online: https://cms.ctahr.hawaii.edu/wangkh/Research-and-Extension/Banana-IPM/Banana-IPM-Guidebook
(accessed on 4 March 2024).

17. Anhalt, M.D.; Almeida, R.P.P. Effect of temperature, vector life stage and plant access period on transmission of Banana bunchy
top virus to banana. Phytopathology 2008, 98, 743–748. [CrossRef] [PubMed]

18. Omondi, B.A.; Were, E.; Karamura, D.; Tinzaara, W.; Kubiriba, J.; Blomme, G. The effectiveness of consistent roguing in managing
banana bunchy top disease in smallholder production in Africa. Plant Pathol. 2020, 69, 1754–1766. [CrossRef]

19. Smith, M.C.; Holt, J.; Kenyon, L.; Seal, S.E. Quantitative epidemiology of banana bunchy top virus disease and its control. Plant
Pathol. 1998, 47, 177–187. [CrossRef]

20. Robson, J.D.; Wright, M.G.; Almeida, R.P. Effect of imidacloprid foliar treatment and banana leaf age on Pentalonia nigronervosa
(Hemiptera: Aphididae) survival. N. Z. J. Crop Hortic. Sci. 2007, 35, 415–422. [CrossRef]

21. Jactel, H.; Verheggen, F.; Thiéry, D.; Escobar-Gutiérrez, A.J.; Gachet, E.; Desneux, N. Alternatives to neonicotinoids. Environ. Int.
2019, 129, 423–429. [CrossRef]

22. El-Gendy, I.R.; El-Banobi, M.I.; Villanueva-Jimenez, J.A. Bio-pesticides alternative diazinon to control peach fruit fly, Bactrocera
zonata (Saunders) (Diptera: Tephritidae). Egypt. J. Biol. Pest Control 2021, 31, 49. [CrossRef]

23. Haddi, K.; Turchen, L.M.; Viteri Jumbo, L.O.; Guedes, R.N.C.; Pereira, E.J.G.; Agostini, L.T.; Oliveira, E.E. Rethinking biorational
insecticides for pest management: Unintended effects and consequences. Pest Manag. Sci. 2020, 76, 2286–2293. [CrossRef]

24. Shankar, B.K.; Tripathi, P. Bio-rational approaches for management of major brinjal pests: A review. Pharma Innov. J. 2021,
10, 378–381. Available online: https://portal.sapp.lk/Resources_4_LCV/4.g.2%20biorational%20brinjal%20pest%20control.pdf
(accessed on 5 March 2024).

25. Isman, M.B. Botanical insecticides, deterrents, and repellents in modern agriculture and an increasingly regulated world. Annu.
Rev. Entomol. 2006, 51, 45–66. [CrossRef]

26. Walia, S.; Saha, S.; Rana, V.S. Phytochemical pesticides. In Advances in Plant Biopesticides; Singh, D., Ed.; Springer: New Delhi,
India, 2014; pp. 265–286. [CrossRef]

27. Curkovic, T. Detergents and soaps as tools for IPM in agriculture. In Integrated Pest Management (IPM): Environmentally Sound Pest
Management; Gill, H.K., Goyal, G., Eds.; IntechOpen: Rijeka, Croatia, 2016; pp. 155–189. [CrossRef]

28. Kareru, P.; Rotich, Z.K.; Maina, E.W. Use of botanicals and safer insecticides designed in controlling insects: The African case.
In Insecticides—Development of Safer and More Effective Technologies; Trdan, S., Ed.; IntechOpen: London, UK, 2013; pp. 297–309.
[CrossRef]

29. Dimetry, N.Z. Different plant families as bioresource for pesticides. In Advances in Plant Biopesticides; Singh, D., Ed.; Springer:
New Delhi, India, 2014; pp. 1–20. [CrossRef]

30. Henn, T.; Weinzierl, R. Botanical insecticides and insecticidal soaps. In Alternatives in Insect Management; University of Illi-
nois at Urbana-Champaign: Champaign, IL, USA, 1989; Illinois Natural History Survey Circular 1296; Available online:
https://www.ideals.illinois.edu/items/29094 (accessed on 5 March 2024).

31. Megersa, A. Botanical extracts for control of pea aphid (Acyrthosiphon pisum Harris). J. Entomol. Zool. Stud. 2016, 4, 623–627.
Available online: https://www.entomoljournal.com/archives/2016/vol4issue1/PartI/3-5-16.pdf (accessed on 5 March 2024).

32. Atieno, B. Assessment of the Effectiveness of Using Garlic, Hot Pepper, and Soap Spray in Control of Green Aphids
(Brevicoryne brassicae L.) on Kales. Bachelor’s Thesis, University of Embu, Embu, Kenya, 2017. Available online:
http://repository.embuni.ac.ke/handle/embuni/3524 (accessed on 6 March 2024).

33. Bhatta, K.; Chaulagain, L.; Kafle, K.; Shrestha, J. Bio-efficacy of plant extracts against mustard aphid (Lipaphis erysimi Kalt.) on rape-
seed (Brassica campestris Linn.). Syrian J. Agric. Res. 2019, 20, 10–20. Available online: https://agri-research-journal.net/sjar/wp-
content/uploads/2019/12/v6n4p44.pdf (accessed on 6 March 2024).

https://doi.org/10.3390/insects17010023

http://hdl.handle.net/10125/101297
https://scholarspace.manoa.hawaii.edu/items/1ce4696d-59be-4d13-bc1d-4f8ad92aae31
https://doi.org/10.3390/v5020758
https://www.ncbi.nlm.nih.gov/pubmed/23435241
https://cms.ctahr.hawaii.edu/wangkh/Research-and-Extension/Banana-IPM/Banana-IPM-Guidebook
https://doi.org/10.1094/PHYTO-98-6-0743
https://www.ncbi.nlm.nih.gov/pubmed/18944300
https://doi.org/10.1111/ppa.13253
https://doi.org/10.1046/j.1365-3059.1998.00230.x
https://doi.org/10.1080/01140670709510209
https://doi.org/10.1016/j.envint.2019.04.045
https://doi.org/10.1186/s41938-021-00398-2
https://doi.org/10.1002/ps.5837
https://portal.sapp.lk/Resources_4_LCV/4.g.2%20biorational%20brinjal%20pest%20control.pdf
https://doi.org/10.1146/annurev.ento.51.110104.151146
https://doi.org/10.1007/978-81-322-2006-0_15
https://doi.org/10.5772/64343
https://doi.org/10.5772/53924
https://doi.org/10.1007/978-81-322-2006-0_1
https://www.ideals.illinois.edu/items/29094
https://www.entomoljournal.com/archives/2016/vol4issue1/PartI/3-5-16.pdf
http://repository.embuni.ac.ke/handle/embuni/3524
https://agri-research-journal.net/sjar/wp-content/uploads/2019/12/v6n4p44.pdf
https://agri-research-journal.net/sjar/wp-content/uploads/2019/12/v6n4p44.pdf
https://doi.org/10.3390/insects17010023


Insects 2026, 17, 23 21 of 23

34. Gupta, G.; Sharma, S.; Kumar, N. Evaluation of Carica papaya aqueous leaf extracts against rose aphids (Macrosiphum rosae L.).
J. Entomol. Zool. Stud. 2020, 8, 960–964. Available online: https://www.researchgate.net/profile/Garima-Gupta-21/publication/
342171675_Carica_papaya_aqueous_leaf_extracts_as_potential_botanical_insecticide_against_rose_aphids_Macrosiphum_
rosaeformis_D/links/5ee75d8b458515814a5ea9df/Carica-papaya-aqueous-leaf-extracts-as-potential-botanical-insecticide-
against-rose-aphids-Macrosiphum-rosaeformis-D.pdf (accessed on 11 March 2024).

35. Kokwane, R. Potential of Some Botanical Extracts, Soap Solutions and Companion Plants Against Cabbage Aphid (Brevicoryne brassicae
L.) on Rape (Brassica napus L.). Master’s Thesis, Botswana University of Agriculture and Natural Resources, Gaborone, Botswana,
2021. Available online: https://researchhub.buan.ac.bw/handle/13049/380 (accessed on 11 March 2024).

36. Nzanza, B.; Mashela, P.W. Control of whiteflies and aphids in tomato (Solanum lycopersicum L.) by fermented plant extracts of
neem leaf and wild garlic. Afr. J. Biotechnol. 2012, 11, 16077–16082. [CrossRef]

37. Kayange, C.D.; Masangano, C.M.; Mloza-Banda, H.R.; Nyirenda, S.P.; Mponela, P.; Phiri, N.A.; Belmain, S.R.; Stevenson, P.C.
Field and laboratory evaluation of pesticidal plants for bioactivity against rape and tomato pests in Malawi. Adv. Agric. 2022,
2022, e8750950. [CrossRef]

38. Chengala, L.; Singh, N. Botanical pesticides—A major alternative to chemical pesticides: A review. Int. J. Life Sci. 2017, 5, 722–729.
Available online: https://www.researchgate.net/profile/Nandita-Singh-16/publication/354728412_Botanical_pesticides_-
a_major_alternative_to_chemical_pesticides_A_review/links/6149f805a595d06017e11568/Botanical-pesticides-a-major-
alternative-to-chemical-pesticides-A-review.pdf (accessed on 11 March 2024).

39. Lengai, G.M.W.; Muthomi, J.W.; Mbega, E.R. Phytochemical activity and role of botanical pesticides in pest management for
sustainable agricultural crop production. Sci. Afr. 2020, 7, e00239. [CrossRef]

40. Baloch, S.A.; Lanjar, A.G.; Syed, T.S.; Jamali, A.A.; Rajput, N.A.; Khoso, G.M.; Mirani, A.H.; Panhwar, M.A.; Ali, Q.; Khanzada,
M.A. Efficacy of different insecticides and botanicals against banana aphids (Pentalonia nigronervosa) under field conditions. Pure
Appl. Biol. 2023, 12, 1302–1314. [CrossRef]

41. Yongyue, L.; Guangwen, L.; Wanting, S.; Ping, C. Effect of plant extracts on banana aphid (Pentalonia nigronervosa f. Caladii Van
der Goot). J. Huazhong Agric. Univ. 2002, 21, 334–337.

42. Hata, T.Y.; Hara, A.H.; Jang, E.B.; Imaino, L.S.; Hu, B.K.S.; Tenbrink, V.L. Pest management before harvest and insecticidal dip
after harvest as a systems approach to quarantine security for red ginger. J. Econ. Entomol. 1992, 85, 2310–2316. [CrossRef]

43. Hansen, J.D.; Hara, A.H.; Tenbrink, V.L. Insecticidal dips for disinfesting commercial tropical cut flowers and foliage. Int. J. Pest
Manag. 1992, 38, 245–249. [CrossRef]

44. Ferreira, S.A.; Trujillo, E.E.; Ogata, D.Y. Banana bunchy top virus. Plant Dis. 1997, 12, 1–4. Available online: https://scholarspace.
manoa.hawaii.edu/bitstream/10125/12378/1/PD-12.pdf (accessed on 12 March 2024).

45. Rodríguez-del-Bosque, L.A. Field evaluation of bioinsecticides against Melanaphis sacchari (Hemiptera: Aphididae) on sorghum.
Southwest. Entomol. 2021, 45, 917–920. [CrossRef]

46. Kraiss, H.; Cullen, E.M. Efficacy and nontarget effects of reduced-risk insecticides on Aphis glycines (Hemiptera: Aphididae) and
its biological control agent Harmonia axyridis. J. Econ. Entomol. 2014, 101, 391–398. [CrossRef]

47. Ochieng, S.O.; Nderitu, P.W. Biocontrol approach to management of green peach aphid Myzus persicae in garden peas for a
sustainable ecosystem. J. Hortic. For. 2011, 3, 231–237. Available online: https://academicjournals.org/journal/JHF/article-full-
text-pdf/62743421641 (accessed on 12 March 2024).

48. Ramanatha Menon, M.; Christudas, S.P. Investigations on the control of the banana aphid Pentalonia nigronervosa Coq. Agric.
Res. J. 1966, 4, 92–94. Available online: http://14.139.185.57:8080/xmlui/handle/123456789/2051 (accessed on 12 March 2024).

49. Oparaeke, A.M. Synergistic activity of aqueous extracts mixtures of some Nigerian plants against Maruca vitrata and Clavigralla
tomentosicollis on field cowpea (Vigna unguiculata). Arch. Phytopathol. Plant Prot. 2007, 40, 257–263. [CrossRef]

50. Romero, M.; Pinos-Rodríguez, J.M.; Herrera, J.G.; García, A.; González, S.S.; Bárcena, R.; Cobos, M.A.; Hernández, A. Influence of
zilpaterol and mineral-yeast mixture on ruminal fermentation and growth performance in finishing steers. J. Appl. Anim. Res.
2009, 35, 77–81. [CrossRef]

51. Divekar, P. Botanical pesticides: An eco-friendly approach for management of insect pests. Acta Sci. Agric. 2023, 7, 75–81.
Available online: https://www.researchgate.net/profile/Pratap-Divekar/publication/367769355_Botanical_Pesticides_An_Eco-
Friendly_Approach_for_Management_of_Insect_Pests/links/63e3cf37dea612175793104d/Botanical-Pesticides-An-Eco-
Friendly-Approach-for-Management-of-Insect-Pests.pdf (accessed on 12 March 2024). [CrossRef]

52. Nxumalo, K.A.; Aremu, A.O.; Fawole, O.A. Potentials of medicinal plant extracts as an alternative to synthetic chemicals in
postharvest protection and preservation of horticultural crops: A review. Sustainability 2021, 13, 5897. [CrossRef]

53. Feng, R.; Isman, M.B. Selection for resistance to azadirachtin in the green peach aphid, Myzus persicae. Entomol. Exp. Appl. 1995,
77, 283–289. [CrossRef]

54. Oparaeke, A.M.; Dike, M.C.; Amatobi, C.I. Evaluation of botanical mixtures for insect pests’ management on cowpea plants.
J. Agric. Rural Dev. Trop. Subtrop. 2005, 106, 41–48. Available online: http://www.jarts.info/index.php/jarts/article/view/80/73
(accessed on 13 March 2024).

https://doi.org/10.3390/insects17010023

https://www.researchgate.net/profile/Garima-Gupta-21/publication/342171675_Carica_papaya_aqueous_leaf_extracts_as_potential_botanical_insecticide_against_rose_aphids_Macrosiphum_rosaeformis_D/links/5ee75d8b458515814a5ea9df/Carica-papaya-aqueous-leaf-extracts-as-potential-botanical-insecticide-against-rose-aphids-Macrosiphum-rosaeformis-D.pdf
https://www.researchgate.net/profile/Garima-Gupta-21/publication/342171675_Carica_papaya_aqueous_leaf_extracts_as_potential_botanical_insecticide_against_rose_aphids_Macrosiphum_rosaeformis_D/links/5ee75d8b458515814a5ea9df/Carica-papaya-aqueous-leaf-extracts-as-potential-botanical-insecticide-against-rose-aphids-Macrosiphum-rosaeformis-D.pdf
https://www.researchgate.net/profile/Garima-Gupta-21/publication/342171675_Carica_papaya_aqueous_leaf_extracts_as_potential_botanical_insecticide_against_rose_aphids_Macrosiphum_rosaeformis_D/links/5ee75d8b458515814a5ea9df/Carica-papaya-aqueous-leaf-extracts-as-potential-botanical-insecticide-against-rose-aphids-Macrosiphum-rosaeformis-D.pdf
https://www.researchgate.net/profile/Garima-Gupta-21/publication/342171675_Carica_papaya_aqueous_leaf_extracts_as_potential_botanical_insecticide_against_rose_aphids_Macrosiphum_rosaeformis_D/links/5ee75d8b458515814a5ea9df/Carica-papaya-aqueous-leaf-extracts-as-potential-botanical-insecticide-against-rose-aphids-Macrosiphum-rosaeformis-D.pdf
https://researchhub.buan.ac.bw/handle/13049/380
https://doi.org/10.5897/ajb12.775
https://doi.org/10.1155/2022/2858994
https://www.researchgate.net/profile/Nandita-Singh-16/publication/354728412_Botanical_pesticides_-a_major_alternative_to_chemical_pesticides_A_review/links/6149f805a595d06017e11568/Botanical-pesticides-a-major-alternative-to-chemical-pesticides-A-review.pdf
https://www.researchgate.net/profile/Nandita-Singh-16/publication/354728412_Botanical_pesticides_-a_major_alternative_to_chemical_pesticides_A_review/links/6149f805a595d06017e11568/Botanical-pesticides-a-major-alternative-to-chemical-pesticides-A-review.pdf
https://www.researchgate.net/profile/Nandita-Singh-16/publication/354728412_Botanical_pesticides_-a_major_alternative_to_chemical_pesticides_A_review/links/6149f805a595d06017e11568/Botanical-pesticides-a-major-alternative-to-chemical-pesticides-A-review.pdf
https://doi.org/10.1016/j.sciaf.2019.e00239
https://doi.org/10.19045/bspab.2023.120134
https://doi.org/10.1093/jee/85.6.2310
https://doi.org/10.1080/09670879209371701
https://scholarspace.manoa.hawaii.edu/bitstream/10125/12378/1/PD-12.pdf
https://scholarspace.manoa.hawaii.edu/bitstream/10125/12378/1/PD-12.pdf
https://doi.org/10.3958/059.045.0408
https://doi.org/10.1093/jee/101.2.391
https://academicjournals.org/journal/JHF/article-full-text-pdf/62743421641
https://academicjournals.org/journal/JHF/article-full-text-pdf/62743421641
http://14.139.185.57:8080/xmlui/handle/123456789/2051
https://doi.org/10.1080/03235400500383982
https://doi.org/10.1080/09712119.2009.9706989
https://www.researchgate.net/profile/Pratap-Divekar/publication/367769355_Botanical_Pesticides_An_Eco-Friendly_Approach_for_Management_of_Insect_Pests/links/63e3cf37dea612175793104d/Botanical-Pesticides-An-Eco-Friendly-Approach-for-Management-of-Insect-Pests.pdf
https://www.researchgate.net/profile/Pratap-Divekar/publication/367769355_Botanical_Pesticides_An_Eco-Friendly_Approach_for_Management_of_Insect_Pests/links/63e3cf37dea612175793104d/Botanical-Pesticides-An-Eco-Friendly-Approach-for-Management-of-Insect-Pests.pdf
https://www.researchgate.net/profile/Pratap-Divekar/publication/367769355_Botanical_Pesticides_An_Eco-Friendly_Approach_for_Management_of_Insect_Pests/links/63e3cf37dea612175793104d/Botanical-Pesticides-An-Eco-Friendly-Approach-for-Management-of-Insect-Pests.pdf
https://doi.org/10.31080/ASAG.2023.07.1236
https://doi.org/10.3390/su13115897
https://doi.org/10.1007/BF01922438
http://www.jarts.info/index.php/jarts/article/view/80/73
https://doi.org/10.3390/insects17010023


Insects 2026, 17, 23 22 of 23

55. Subash, N.; Raju, G. Insecticidal activity of certain fermented plant extract against Spodoptera litura (Fab.) (Lepidoptera: Noctu-
idae). Int. J. Instit. Pharm. Life Sci. 2014, 4, 35–41. Available online: https://ijipls.co.in/archives.php?archid=21 (accessed on
13 March 2024).

56. Ali, S.; Farooqi, M.A.; Sajjad, A.; Ullah, M.I.; Qureshi, A.K.; Siddique, B.; Waheed, W.; Sarfraz, M.; Asghar, A. Compatibility of
entomopathogenic fungi and botanical extracts against the wheat aphid, Sitobion avenae (Fab.) (Hemiptera: Aphididae). Egypt. J.
Biol. Pest Control 2018, 28, 97. [CrossRef]

57. Harris, A. Integrated Organic Management of Cabbage Aphid on Brussels Sprouts. Master’s Thesis, Prescott College, Prescott,
AZ, USA, 2019. Available online: https://scholars.unh.edu/thesis/1294/ (accessed on 13 March 2024).

58. Gonfa, K.; Shiberu, T. Laboratory evaluation of indigenous botanical aqua extracts against cabbage aphids, Brevicoryne brassicae
L. (Hemiptera: Aphididae) on cabbage (Brassica oleracea). Int. J. Fauna Biol. Stud. 2022, 9, 45–48. Available online: https:
//www.faunajournal.com/archives/2022/vol9issue1/PartA/9-2-10-269.pdf (accessed on 14 March 2024).

59. Ngatat, S.; Hanna, R.; Lienou, J.; Ghogomu, R.T.; Nguidang, S.P.K.; Enoh, A.C.; Ndemba, B.; Korie, S. Musa germplasm A and
B genomic composition differentially affects their susceptibility to banana bunchy top virus and its aphid vector, Pentalonia
nigronervosa. Plants 2022, 11, 3092. [CrossRef]

60. Iqbal, M.; Kahloon, M.; Nawaz, M.; Javaid, M. Efficacy of plant extracts against wheat aphids under field conditions. J. Anim.
Plant Sci. 2011, 21, 114–116. Available online: https://thejaps.org.pk/docs/21(1)2011/EFFECTIVENESS-SOME-BOTANICAL.pdf
(accessed on 15 March 2024).

61. Khanam, Z.; Al-Yousef, H.M.; Singh, O.; Bhat, I.U.H. Neem oil. In Green Pesticides Handbook: Essential Oils for Pest Control; Nollet,
L.M.L., Rathore, H.S., Eds.; CRC Press: Boca Raton, FL, USA, 2017; pp. 175–198. [CrossRef]

62. Kyan, T.; Shintani, M.; Kanda, S.; Sakurai, M.; Ohashi, T. Kyusei Nature Farming and Effective Microorganisms: International Nature
Farming Research Center Manual; International Nature Farming Research Center: Atami, Japan, 1999; 120p.

63. Khadem, A.; Chin, N.L.; Mokhtar, A.S.; Lau, W.H. Effectiveness of fermented plant extracts against citrus mealybug (Planococcus citri)
infestation on guava fruits. Ann. Agri-Bio Res. 2022, 27, 88–93. Available online: https://agribiop.com/wp-content/uploads/20
19/11/AOABR-27-1-79-86.pdf (accessed on 24 February 2025).

64. Insecticides Resistance Action Committee (IRAC). Susceptibility Test Methods 019. 2019. Available online: https://irac-
online.org/methods/aphids-adultnymphs/ (accessed on 24 February 2025).

65. Biale, H.; Mendel, Z.; Soroker, V. Insects associated with the banana aphid Pentalonia nigronervosa Coquerel (Hemiptera: Aphididae)
in banana plantations with special emphasis on the ant community. Phytoparasitica 2017, 45, 503–507. [CrossRef]

66. RStudio Team. RStudio: Integrated Development Environment for R; RStudio, PBC: Boston, MA, USA, 2024; Available online:
https://posit.co/download/rstudio-desktop/ (accessed on 11 July 2024).

67. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2024; Available online: https://cran.rstudio.com/ (accessed on 11 July 2024).

68. Dougoud, J.; Toepfer, S.; Bateman, M.; Jenner, W.H. Efficacy of homemade botanical insecticides based on traditional knowledge:
A review. Agron. Sustain. Dev. 2019, 39, 37. [CrossRef]

69. Yakkundi, S.R.; Thejavathi, R.; Ravindranath, B. Variation of azadirachtin content during growth and storage of neem
(Azadirachta indica) seeds. J. Agric. Food Chem. 1995, 43, 2540–2542. [CrossRef]

70. Yang, F.; Chen, C.; Ni, D.; Yang, Y.; Tian, J.; Li, Y.; Chen, S.; Ye, X.; Wang, L. Effects of Fermentation on Bioactivity and the
Composition of Polyphenols Contained in Polyphenol-Rich Foods: A Review. Foods 2023, 12, 3315. [CrossRef] [PubMed]

71. Basuini, M.F.E.; Shaban, M.M.E.A.; El-Hais, A.M.; Soliman, A.A.; Abu-Elala, N.M.; Teiba, I.I.; Alhoshy, M. Exploring the Dual
Benefits of Fermented and Non-Fermented Garlic Powder on Growth, Antioxidative Capacity, Immune Responses, and Histology
in Gray Mullet (Liza ramada). Fishes 2024, 9, 401. [CrossRef]

72. Omarini, A.; Achimón, F.; Brito, V.D.; Zygadlo, J.A. Fermentation as an alternative process for the development of bioinsecticides.
Fermentation 2020, 6, 120. [CrossRef]

73. Al-Khayri, J.M.; Rashmi, R.; Toppo, V.; Chole, P.B.; Banadka, A.; Sudheer, W.N.; Nagella, P. Plant secondary metabolites: The
weapons for biotic stress management. Metabolites 2023, 13, 716. [CrossRef]

74. Arias, C.; Silva, G.; Tapia, M.; Hepp, R. Assessment of household soaps and detergents to control Trialeurodes vaporariorum
(Westwood) in the greenhouse. Chilean J. Agric. Res. 2006, 22, 7–14. [CrossRef]

75. Ramdani, C.; Bouharroud, R.; Sbaghi, M.; Mesfioui, A.; El Bouhssini, M. Field and laboratory evaluations of different botanical
insecticides for the control of Dactylopius opuntiae (Cockerell) on cactus pear in Morocco. Int. J. Trop. Insect Sci. 2021, 41, 1623–1632.
[CrossRef]

76. Sarwar, M.; Salman, M. Success stories of eco-friendly organically acceptable insecticides as natural products discovery. Int. J.
Mater. Chem. Phys. 2015, 1, 388–394.

77. Mwanauta, R.W.; Venkataramana, P.B.; Ndakidemi, P.A. Insecticidal activity of selected plant-derived essential oils against
papaya mealybug (Paracoccus marginatus). Sustainability 2023, 15, 16501. [CrossRef]

https://doi.org/10.3390/insects17010023

https://ijipls.co.in/archives.php?archid=21
https://doi.org/10.1186/s41938-018-0101-9
https://scholars.unh.edu/thesis/1294/
https://www.faunajournal.com/archives/2022/vol9issue1/PartA/9-2-10-269.pdf
https://www.faunajournal.com/archives/2022/vol9issue1/PartA/9-2-10-269.pdf
https://doi.org/10.3390/plants11091206
https://thejaps.org.pk/docs/21(1)2011/EFFECTIVENESS-SOME-BOTANICAL.pdf
https://doi.org/10.1201/9781315153131-20
https://agribiop.com/wp-content/uploads/2019/11/AOABR-27-1-79-86.pdf
https://agribiop.com/wp-content/uploads/2019/11/AOABR-27-1-79-86.pdf
https://irac-online.org/methods/aphids-adultnymphs/
https://irac-online.org/methods/aphids-adultnymphs/
https://doi.org/10.1007/s12600-017-0592-z
https://posit.co/download/rstudio-desktop/
https://cran.rstudio.com/
https://doi.org/10.1007/s13593-019-0583-1
https://doi.org/10.1021/jf00057a036
https://doi.org/10.3390/foods12173315
https://www.ncbi.nlm.nih.gov/pubmed/37685247
https://doi.org/10.3390/fishes9100401
https://doi.org/10.3390/fermentation6040120
https://doi.org/10.3390/metabo13060716
https://doi.org/10.5555/20063157097
https://doi.org/10.1007/s42690-020-00363-w
https://doi.org/10.3390/su152316501
https://doi.org/10.3390/insects17010023


Insects 2026, 17, 23 23 of 23

78. Siam, A.; Abu-Elela, A.A. Laboratory evaluation of selected natural plant extracts on the mortality of the fall armyworm
Spodoptera frugiperda (Lepidoptera: Noctuidae). Int. J. Mod. Agric. Environ. 2022, 1, 1–14. [CrossRef]

79. Pascual-Villalobos, M.J.; Díaz, I.; Martín, F.; Cantó-Tejero, M.; Villora, G.; Guirao, P. Plant bioactive volatile products and their
efficiency in aphid control. Ind. Crops Prod. 2022, 186, 115273. [CrossRef]

80. Ansari, M.A.; Vasudevan, P.; Tandon, M.; Razdan, R.K. Larvicidal and mosquito repellent action of peppermint (Mentha piperita)
oil. Bioresour. Technol. 2000, 71, 267–271. [CrossRef]

81. Daraban, G.M.; Hlihor, R.M.; Suteu, D. Pesticides vs. biopesticides: From pest management to toxicity and impacts on the
environment and human health. Toxics 2023, 11, 983. [CrossRef] [PubMed]

82. Robson, J.D.; Wright, M.G.; Almeida, R.P.P. Within-plant distribution and binomial sampling of Pentalonia nigronervosa (Hemiptera:
Aphididae) on banana. J. Econ. Entomol. 2006, 99, 2185–2190. [CrossRef]

83. Walter, J.F. Commercial experience with neem products. In Biopesticides: Use and Delivery; Hall, F.R., Menn, J.J., Eds.; Springer:
Dordrecht, The Netherlands, 1999; pp. 155–170. [CrossRef]

84. Malinga, L.; Laing, M. Cost analysis of biopesticides and chemical insecticides: Implications for cotton farmers in South Africa.
Entomol. Appl. Sci. Lett. 2023, 10, 28–36. Available online: https://easletters.com/article/cost-analysis-of-biopesticides-and-
chemical-insecticides-implications-for-cotton-farmers-in-south-a-hxwy5gvcr0g8922 (accessed on 24 February 2025). [CrossRef]

85. Fusar Poli, E.; Campos, J.M.; Martinez Ferrer, M.T.; Rahmouni, R.; Rouis, S.; Yurtkuran, Z.; Fontefrancesco, M.F. The difficult
decision of using biopesticides: A comparative case-study analysis concerning the adoption of biopesticides in the Mediterranean
Region. Agriculture 2025, 15, 640. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/insects17010023

https://doi.org/10.21608/ijmae.2022.296458
https://doi.org/10.1016/j.indcrop.2022.114975
https://doi.org/10.1016/S0960-8524(99)00079-6
https://doi.org/10.3390/toxics11120983
https://www.ncbi.nlm.nih.gov/pubmed/38133384
https://doi.org/10.1093/jee/99.6.2185
https://doi.org/10.1385/0-89603-515-8:155
https://easletters.com/article/cost-analysis-of-biopesticides-and-chemical-insecticides-implications-for-cotton-farmers-in-south-a-hxwy5gvcr0g8922
https://easletters.com/article/cost-analysis-of-biopesticides-and-chemical-insecticides-implications-for-cotton-farmers-in-south-a-hxwy5gvcr0g8922
https://doi.org/10.51847/YA2wqC4r3i
https://doi.org/10.3390/agriculture15060640
https://doi.org/10.3390/insects17010023

	Introduction 
	Materials and Methods 
	Aphid Rearing 
	Research Material and Preparation 
	Preparation of Fermented Plant Extracts 
	Preparation of Plant–Soap Mixtures 
	Bioassays: Assessment of Botanicals and/or Soap In Vitro 
	Experimental Design for the In Vitro Experiments 
	Experimental Design for the In Vivo Experiments 
	Cost and Risk Associated with the Preparations 
	Statistical Analysis 

	Results 
	In Vitro Evaluation of Botanicals and Soaps 
	Aphid Mortality After Single Application of Non-Fermented or Fermented Botanicals and Soaps 
	Aphid Mortality Due to Mixing Non-Fermented or Fermented Botanicals with Best Soaps 

	In Vivo Evaluation of Selected Botanicals Mixed with Soap 
	Aphid Population Dynamics Due to Mixtures of Biorationals with Soap 
	Cost and Risk Associated with the Preparation of Biorationals 


	Discussion 
	Conclusions and Recommendations 
	References

