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Abstract: The current study aims to assess the effectiveness of three essential oils derived from
neem, citrus, and garlic against papaya mealybug. Papaya seedlings were transplanted in the
field in a completely randomized block design with eight treatments with four replications. The
treatments included neem, citrus, and garlic oils in combination with isopropyl alcohol or paraffin
oil as an adjuvant. Results from this study showed that neem oil at 1.5% + 0.2% isopropyl alcohol
was effective against papaya mealybug by 93.0% equivalent to the positive control (imidacloprid)
(99.4%), followed by citrus oil at 1.5% + isopropyl alcohol (76.3%) and citrus oil at 1.5% + paraffin oil
(68.8%), compared with the untreated 0.01%. Similarly, application of the plant-derived essential oils
and adjuvants resulted in positive effects on plant parameters (plant height, number of leaves, flower
buds, number of fruits, and fruit weight) and, hence, increased papaya yield from an average of 38 to
90 fruits/plant at first harvest. The finding from this study provides an understanding of papaya
farmers towards the use of natural plant products, particularly plant-derived essential oils, and their
benefits, which may encourage farmers to increase papaya production and minimize the usage of
synthetic pesticides to avoid pest resistance.

Keywords: azadirachtin; Paracoccus marginatus; biopesticide; adjuvants; insecticides

1. Introduction

Papaya (Carica papaya) is a perennial plant belonging to the family Caricaceae with
a wide range of beneficial nutritive values [1]. The papaya plant originates from Costa Rica
and the south of Mexico [2]. The plant is commonly grown in most sub-Saharan countries
and all over the world. Papaya cultivation in Tanzania is normally performed in lower-
and mid-altitudinal zones with temperatures ranging from 20 ◦C to 32 ◦C and a mean
annual rainfall of between 1000–2000 mm and in soil with a pH value between 6–7 [3,4].
The leading papaya-producing regions in Tanzania are Pwani, Dodoma, Tanga, Katavi,
Morogoro, and Zanzibar, totaling 8244 tons of production [5].

Papaya is an important fruit containing a wide variety of antioxidant nutrients (e.g.,
vitamins A, B, and C, minerals such as potassium for blood electrolyte balance, and
magnesium for strong bones). The fruit is normally consumed raw or processed into
juice or jams [6–8]. Nutritionally, it contains an enzyme called papain used to reduce
constipation and tenderize meat. It is also used in cosmetic products such as soaps and
body oils [9]. Papaya is one of the richest fruits in carotenoids [10]. Biochemically, the
papaya plant produces numerous secondary plant metabolites with significant therapeutic
and manufacturing applications [11].

Despite its significance, papaya production has decreased due to challenges caused by
abiotic and biotic stresses, including stress induced by climate change variability, decreases
in area under production, decreases in soil fertility, unreliable markets, and diseases such as
ringspot virus, anthracnose, and powdery mildew [12,13]. In addition, insect pests such as
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papaya mealybug, leaf hoppers, white flies, aphids, and mites are challenging for papaya
production [14]. The most damaging insect is the papaya mealybug, which has been ranked
as a major constraint in papaya production worldwide, causing 75 to 100% yield loss when
left uncontrolled [15].

Papaya mealybug (Paracoccus marginatus Williams and Granara de Willink) is an inva-
sive pest from Mexico and Central America [16]. It was distributed to Asian and African
countries including Tanzania through agricultural trade, leading to a serious agricultural
cost. In 2010, Ghana was the first African country to report the presence of papaya mealy-
bug followed by other tropical countries of the world [1,17–19]. The insect can be dispersed
by wind and black ants within and between plant species [20]. It has become a serious pest,
attacking several crops, triggering substantial fruit loss, and depressing the horticultural
production sector [21].

In Tanzania, a huge invasion of papaya mealybug was observed in coastal regions of
the country, including Dar es Salaam, Pwani, Tanga, and Zanzibar [21]. Recently, the pest
has been detected in other regions such as Morogoro, Katavi, and Dodoma. Papaya mealy-
bug starts to attack crops at a vegetative stage. The pest expels honeydew, which attracts
ants and black mold and deters photosynthesis and gaseous exchange of plants [22–24].
Papaya mealybug feeds on the plant sap from the tender leaves of plants and fruits using
its stylets [25]. Affected plants become yellowish and stunted [26].

Currently, farmers are using synthetic pesticides such as Chlorpyrifos 50EC and
Imidacloprid 200SL against papaya mealybug [27]. However, synthetic pesticides are
ineffective against the wax coating of papaya mealybug. The wax coating of papaya
mealybug is waterproof against chemical pesticides, preventing them from penetrating
the insect body [28,29]. Considering the biosecurity of ecosystems, the usage of chemical
pesticides by most smallholder farmers has been recognized to have harmful effects on
biodiversity and humans [30,31]. Synthetic pesticides have been documented to cause insect
resistance due to intensive and frequent application [31,32]. Studies have demonstrated the
use of essential oils derived from citrus peel, garlic bulb, and castor seeds with great success
in controlling insect pests such as aphids and caterpillars [33]. The chemical compounds of
plant-derived essential oils in the form of azadirachtin, limonene, and cycloalliin from neem,
citrus, and garlic and their lipophilic nature have proven to be significant in controlling
most scale insects by dissolving the wax layer [34–36]. However, papaya production has
gained popularity and consumption demand in major cities of East Africa and Tanzania.
This has led to increased commercial papaya farming; hence, it is important to set in place
all needed measures to ensure higher production through effective pest management. The
use of synthetic chemicals, plant-based products, and biological programs against scale
insects including papaya mealybug has been conducted previously but less consideration
has been given to plant-derived essential oils [37].

Using plant essential oils against papaya mealybug is promising in sustainable pest
management due to the presence of more than one bioactive compound hindering the
development of pest resistance. Thus, the current work aims to assess three essential
oils derived from neem, citrus, and garlic and their insecticidal activity against papaya
mealybug in Tanzania.

2. Materials and Methods
2.1. Study Site

A field trial was conducted at the Nelson Mandela African Institution of Science and
Technology (NM-AIST), Arusha, Tanzania for a period of 12 months from October 2020 to
September 2021. A trial was set in a randomized completely block design (RCBD) in four
replications per treatment.



Sustainability 2023, 15, 16501 3 of 12

2.2. Materials
2.2.1. Preparation of Plant Essential Oils

The plant materials were collected from different sites within Arusha city. The citrus
fruit was bought from the market; its exocarp was peeled and sliced into smaller pieces.
The sliced pieces were shade-dried for seven days and were ground to a fine powder.
Likewise, the garlic bulbs were bought from the market peeled, sliced into small pieces,
shade-dried for 10 days, and ground into fine powder. The neem oil was purchased from
the shop.

2.2.2. Extraction of Plant Essential Oils

The essential oils were extracted using a Soxhlet apparatus (Shiva Scientific Glass
Pvt. Ltd., New Delhi, India). The extraction was performed using protocol by [38] with
some modifications. Around 5 kg of powdered sample from each plant sample was draped
in a thimble filter and placed in the Soxhlet apparatus. n-hexane (VWR-Chemical, Paris,
France) with 97% purity was used as a solvent during the extraction. For six hours, the
n-hexane and sample were left to boil (55 ◦C to 60 ◦C). After 6 h, to remove the n-hexane,
the oil was reflexed at 70 ◦C. The obtained essential oils were kept in a fridge at 2 ◦C for
further use.

2.2.3. Papaya Seeds

Papaya seeds of the carina variety (hybrid) were purchased from the market and
raised for one month in a nursery.

2.2.4. Rearing of Papaya Mealybug

Papaya mealybugs were collected from an infested papaya field located in the Meru
district (latitude = 3◦17′32.33′′ S and longitude = 36◦49′30.1′′ E). Rearing was conducted
in the screenhouse at Tanzania Plant Health and Pesticides Authority (TPHPA) in the
Department of Entomology. One-month-old papaya seedlings were placed in pots
14 cm wide and 15 cm high. The 2nd and 3rd mealybug instars were released on
the papaya plant. The rearing temperature and relative humidity were 26–28 ◦C and
57–66%, respectively.

2.2.5. Dilutions of Plant Essential Oils

A total of eight treatments were evaluated under field conditions as seen in Table 1. Three
essential oils from citrus, garlic, and neem were diluted and used at 1.5% (v/v) + isopropyl
alcohol and paraffin oil at 0.2%. Imidacloprid (0.2%) was used as the standard and untreated
as a negative control.

Table 1. Treatments used in the field experiment.

No Treatment Concentration (%) Adjuvants Concentration (%)

1 Citrus

1.5

Isopropyl alcohol

0.2

2 Citrus Paraffin oil
3 Garlic Paraffin oil
4 Neem Isopropyl alcohol
5 Neem Paraffin
6 Neem
7 Imidacloprid 0.2
8 Untreated
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The 1.5% v/v plant essential oils were diluted in 98.5 mL of normal water with 0.2%
v/v of adjuvants. Likewise, Confidor 200SC (imidacloprid 200 g/L) at 0.2% as a standard
was diluted in 99.8 mL of normal water [37].

2.3. Methodology
2.3.1. Papaya Transplantation

One-month-old seedlings (40) were transplanted to the field with a spacing of 1.5 m
within rows and 2 m between rows, in an area of 25 m to 30 m. One seedling was planted
per hill to avoid insecticidal drift to other leaves while spraying.

2.3.2. Papaya Mealybug Inoculation

Two months after the seedling transplantation, papaya plants were infested with (2nd
and 3rd instar) papaya mealybugs from the cultured populations using a fine camelhair
brush with special care during transferal to avoid injury. The inoculation was performed
by placing the papaya mealybugs on the inferior leaves and the plant apex. The plants
were maintained for four months until the papaya plants reached the vegetative stage with
a sufficient mealybug population. Normal agronomical practices were maintained the same
in each block.

2.3.3. Treatments Spraying

Treatments were applied together with positive and negative controls, where 250 mL,
300 mL, and 350 mL of each treatment formulation were sprayed during vegetative, flower-
ing, and fruiting stages. A total of six (6) sprays per treatment were performed (Table 2).

Table 2. Treatments spraying.

No Plant Stage Days after Papaya
Mealybug Inoculation

Quantity
Applied

Number of
Plants Applied

1 Vegetative 2 months 250 mL 4
2 Vegetative 3 months 250 mL 4
3 Flowering 4 months 300 mL 4
4 Flowering 4 and 1/2 months 300 mL 4
5 Fruiting 5 and 1/2 months 350 mL 4
6 Fruiting 6 and 1/2 months 350 mL 4

The spraying was performed twice in each plant growth stage using a one-liter hand
sprayer in the evening to escape the heat in the daytime.

2.4. Data Collection
2.4.1. Assessment of Papaya Mealybug Mortality

A magnifying hand lens was used to count the live and dead papaya mealybugs at
10 cm apical shoots at 24 h, 48 h, and 72 h intervals after treatment application of each plant
development stage (vegetative, flowering, and fruiting stages) [39].

The collected data were transformed into % using the below formula:

% Mortality =
Number o f dead mealybugs
Total number o f mealybugs

× 100

2.4.2. Assessment of Treatments on Papaya Yield

The papaya growth and yield parameters were assessed in all plant stages using
different measurement techniques as indicated in Table 3.
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Table 3. Assessment of treatments on papaya growth and yield parameters during the first harvest.

No Yield Parameters Assessment

1 Number of leaves Determined by counting the number of leaves of papaya in each treatment

2 Plant height (cm) Calculated by measuring the plant height from the soil base to the plant apex
using a measuring tape in each treatment

3 The number of flower buds and fruits Determined by counting the number of flower buds per plant in each treatment
4 Number of fruits Determined by counting the number of fruits per plant in each treatment

5 Fruit length (cm) Calculated by measuring five random selected fruits from each treatment
using a ruler

6 Stem girth (mm) Calculated by measuring five selected papaya plants in each treatment
7 Fruit weight (kg) Calculated by weighing five random selected fruits in each treatment

2.5. Data Analysis

The collected data were analyzed using STATISTICA version 10 software [40]. The
yield parameters and differences among treatments in insect mortality were assessed by
analysis of variance (ANOVA). The mean separation test was performed using Tukey’s
post hoc test at a 95% confidence interval.

3. Results
3.1. Effect of the Treatments on Papaya Mealybug Mortality

The mortality of papaya mealybug differed significantly (p = 0.001) in treated plants
as compared with untreated plants (Table 4). Irrespective of plant stage, the mortality
increased significantly (p = 0.001) by 73.3% for plant essential oils and92.6% for synthetic
pesticides (imidacloprid) compared with untreated plants (0.01%). Among the treatments,
imidacloprid (chemical pesticide) had higher papaya mealybug mortality (99.4%) followed
by neem oil (93.3%). However, very low mortality of papaya mealybug (0.01%) was
observed in untreated plants (Table 4).

Papaya mealybug mortality increased with time from 24 h to 72 h when the plant
was treated with plant essential oils and imidacloprid compared with the untreated plants.
A high mortality rate was observed for imidacloprid: 99.4% at 72 h, 94% at 48 h, and 85% at
24 h; 99.3% at 72 h, 94% at 48 h, and 86% at 24 h; and 99.0% at 72 h, 92.7% at 48, and 84% at
24 h during fruiting, flowering and vegetative stages, respectively. For plant essential oils,
the high mortality was observed to be 80.2% at 72 h, 74.4% at 48 h, and 68% at 24; 79.8% at
72 h, 74.7% at 48 h, and 62% at 24 h; and 79.3% at 72 h, 73.7% at 48 h, and 67.2% at 24 h
during fruiting, flowering and vegetative stages, respectively.

A nonsignificant difference in papaya mealybug mortality was observed with plant
stage for papaya plants treated with plant essential oils and synthetic pesticides. However,
during the fruiting stage, a high mortality rate (93.3%) was observed in plant essential oils
and in imidacloprid (99.4%) (Table 4).

The mortality rate increased from 84% to 99.0% (imidacloprid) during the vegetative
stage, from 86.0% to 99.3% during the flowering stage, and from 85.2% to 99.4% during
the fruiting stage from 24 h to 72 h after spraying. Likewise, for plant essential oils, the
mortality rate increased from 67.2% to 79.3% at the vegetative stage, from 62.0% to 79.8% at
the flowering stage, and from 68.3% to 80.2% at the fruiting stage from 24 h to 72 h after
spraying (Table 4).

Moreover, among these treatments, the best treatment was imidacloprid (99.4%),
followed by neem essential oil at 1.5% + 0.2% isopropyl alcohol (93.3%), citrus oil at 1.5% +
isopropyl alcohol 76.3.7%, and citrus oil at 1.5% + paraffin oil 68.8%.



Sustainability 2023, 15, 16501 6 of 12

Table 4. Effects of treatments of papaya mealybug mortality on time intervals and papaya growing stages (values are means ± SE).

Treatments Vegetative Stage Flowering Stage Fruiting Stage
Overall
Mean24 h 48 h 72 h Overall

Mean 24 h 48 h 72 h Overall
Mean 24 h 48 h 72 h Overall

Mean

Citrus oil
1.5% + P 64.6 ± 2.4 bc 67.3 ± 1.7 bc 72.7 ± 0.7 c 64.2 64± 3.0 bcd 68.3± 1.8 bcd 73.4 ± 0.7 cd 68.5 65 ± 3.05 bc 68.6 ± 1.7 bc 74 ± 0.00 d 68.8 67.1

Citrus oil
1.5% + I 65.3 ± 8.1 bc 78 ± 3.1 de 84 ± 2.3 e 68.8 64.4 ± 8.6 cd 79.7 ± 2.9 de 83.3 ± 3.5 de 75.8 66.6± 8.8 bcd 79.3 ± 2.9 d 83.1 ± 3.5 ef 76.3 75.9

Garlic oil
1.5% + P 56.6 ± 1.7 b 64 ± 1.2 b 73.3 ± 2.4 bc 64.6 56.8 ± 2.4 bc 64 ± 1.2 b 73.46± 2.4 bcd 64.6 60 ± 4.61 bc 65 ± 0.58 b 73.0 ± 2.4 bc 66 65.0

Neem oil
1.5% + I 86.6 ± 3.1 d 92.7 ± 1.8 f 91 ± 1.2 f 91.4 86.5 ± 3.7 e 92.6 ± 1.8 f 90.2 ± 1.2 f 90.4 89 ± 2.64 e 92.1 ± 0.3 e 93. ± 0.6 gh 93.3 91.7

Neem oil
1.5% + P 66.6 ± 13.3 c 83.3 ± 0.7 e 89.3 ± 0.6 ef 82.7 82.4 ± 3.2 e 88.2 ± 2.7 ef 93 ± 1.7 f 87.8 76.0± 3.3 cde 82.1 ± 1.8 d 89.3 ± 0.6 fg 82.4 83.3

Neem oil
1.5% 79.3 ± 0.6 bc 80 ± 3.5 de 84.6 ± 2.9 de 81.3 79.2 ± 0.7 de 78 ± 2.0 d 84 ± 3.1 e 80.4 76.1± 3.3 cde 78 ± 2.0d 84 ± 3.1g 79.3 80.3

Overall mean 67.2 73.7 79.3 73.02 62.02 74.7 79.8 74.2 68.3 74.4 80.2 75.0 73.3
Imidacloprid

0.2% 84 ± 3.0 d 92.7 ± 1.3 f 99.0 ± 0.6 f 92.1 86 ± 2.3 e 94 ± 2.0 f 99.3 ± 0.7 f 93 85.2 ± 2.9 de 94 ± 2.00 e 99.4 ± 0.7 h 92.8 92.6

Untreated 0.01 ± 0.01 a 0.00 ± 0.01 a 0.02 ± 0.01 a 0.01 0.01 ± 0.01 a 0.01 ± 0.0 a 0.02 ± 0.0 a 0.01 0.01 ± 0.00 a 0.03 ± 0.03 a 0.02 ± 0.01 a 0.02 0.01
One-Way
ANOVA

(F-Statistics)
32.3 *** 27.0 *** 32.8 *** 31.9 *** 20.4 *** 27.3 *** 47.9 *** 37.5 *** 28.2 ***

Each value is a mean ± standard error of four replicates; *** indicate significance at p ≤ 0.001. Means within the same column followed by the same letter(s) are not significantly different
(at p = 0.05) from each other using Tukey’s test. I = isopropyl alcohol, P = paraffin oil, SE = standard error.
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3.2. Assessment of Treatments on the Papaya Growth Parameters and Yield at First Harvest
3.2.1. Effects of Treatments on the Number of Leaves of Papaya Plants

The number of leaves on the papaya plants was significantly different between treat-
ments (p = 0.001). The highest number of leaves was observed on papaya plants treated
with neem oil (46.3) at 1% followed by neem oil (46.0) at 1.5% and imidacloprid (44.4). The
lowest number of leaves was observed in untreated plants (21.3) (Table 5).

Table 5. Effects of treatments with and without adjuvants on growth parameters and papaya yield
during first harvest (values are means ± SE).

Treatments No. of Leaves Plant Height
Average

Stem Girth
(cm)

No. of Flower
Bud/Plant

No. of
Fruits/Plant

Fruit Length
(cm)

Average Fruit
Weight

(kg)/Plant

Citrus oil
1.5% + P 42.08 ± 4.91 bc 164 ± 13.11 c 28.73 ± 1.19 c 175 ± 0.58 bc 60.07 ± 6.84 c 22.07 ± 2.07 b 1.50 ± 0.20 bc

Citrus oil
1.5% + I 44.30 ± 7.54 bc 156 ± 4.58 bc 30.53 ± 1.13 c 159. ±2.33 c 58.61± 9.28 bcb 23.83 ± 1.87 bc 1.45 ± 0.13 b

Garlic oil
1.5% + P 36.03 ± 3.2 bc 167.3 ± 3.00 c 30.46.5± 4.41 bc 172 ± 1.45 bc 55.10 ± 12.84 b 21.26 ± 1.16 b 1.80 ± 0.14 bc

Neem oil
1.5% + I 46.00 ± 1.6 c 167.04± 12.45 c 28.4.46 ± 0.69 c 180 ± 0.88 c 92.90 ± 6.39 c 29.86 ± 1.22 bc 2.11 ± 0.36 cd

Neem oil
1.5% + P 44.32 ± 3.8 bc 162.15± 9.96 bc 26.45 ± 3.82 c 165. ±1.20 bc 72 ± 7.57 bc 28.60± 1.64 bcbc 1.57 ± 0.13 bc

Neem oil
1.5% 46 ± 0.0 bc 134 ± 14.53 ab 30.08 ± 1.43 c 150 ± 2.52 c 82.50 ± 35.43 c 29.05 ± 0.12 bc 1.90 ± 0.47 cd

Imidacloprid
0.2% 44 ± 4.6 bc 162 ± 7.57 bc 28.27 ± 0.91 c 160 ± 2.52 c 74 ± 3.61 babc 27.42 ± 2.14 bc 2.05 ± 0.30 cd

Untreated 21.32 ± 1.4 a 68.0 ± 6.6 a 10.56 ± 1.19 a 70 ± 1.53 a 28 ± 4.73 a 9.76 ± 0.96 a 0.3 ± 0.01 a

One-Way
ANOVA

(F-Statistics)
38.2 *** 1.7 *** 4.8 *** 5.6 ** 2.4 ** 7.8 *** 29 ***

I = isopropyl alcohol, P = paraffin oil, SE = standard error. Each value is a mean± standard error of four replicates;
** and *** indicate significance at p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001. Means within the same column followed by
the same letter(s) are not significantly different at (p = 0.05) from each other using the Tukey’s test.

3.2.2. Effects of Treatments on the Height of Papaya Plants

The results showed a significant difference (p ≤ 0.001) between treatments regarding
the height of the papaya plants measured during the first harvest. The highest (167.3 cm)
plant height was observed in garlic at 1.5% in combination with paraffin oil, followed by
neem oil (167.0 cm) at 1.5% in combination with isopropyl alcohol, and citrus oil (164 cm)
at 1.5% in combination with paraffin oil. All tested PEO influenced the height of papaya
plants in the field. The lowest height was found in the untreated plants (68 cm) (Table 5)

3.2.3. Effects of Treatments on Stem Girth of Papaya Plants

There was a significant difference (p ≤ 0.001) between treatments for stem girth. The
largest stem girth of 30.5 cm was observed when sprayed with citrus oil at 1.5% + isopropyl
alcohol followed by garlic oil (30.4 cm) at 1.5% + isopropyl alcohol compared with untreated
plants (10.5 cm) (Table 5)

3.2.4. Effects of Treatments on Flower Bud of Papaya Plants

There was a significant difference (p ≤ 0.001) among treatments in flower buds of
papaya plants. The highest number of flower buds on the papaya plants was observed
for treatment using neem oil (180) at 1% in combination with isopropyl alcohol followed
by citrus oil (175) at 1.5% in combination with paraffin oil and garlic oil (172) at 1.5% in
combination with paraffin oil. The lowest number of flower buds was recorded in the
untreated control (9.0) (Table 5).
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3.2.5. Effects of Treatments on the Number of Fruits of Papaya Plants

Table 5 shows the effect of the treatments on the number of fruits per papaya plant.
The number of fruits per plant was significantly different (p ≤ 0.01) between the treatments.
More fruits per plant were obtained using a treatment of neem oil (92.9) at 1.5% + isopropyl
alcohol followed by neem oil alone (82.5) and 1.5% imidacloprid (74.0), and the lowest
number of fruits was recorded for the untreated control (15.0) (Table 5).

3.2.6. Effects of Treatments on Papaya Fruit Length

The treatments sprayed showed a significant difference (p ≤ 0.001) in the fruit length
between treatments. Among treatments, neem oil at 1.5% in combination with isopropyl
alcohol recorded the highest fruit length (29.8 cm) followed by neem oil alone (29.0 cm
at 1.5%), neem oil (28.6 cm) at 1.5% in combination with paraffin oil and imidacloprid
(27.4 cm) compared with untreated plants (9.7 cm) (Table 5).

3.2.7. Effects of Treatments on Fruit Weight of Papaya in the Field

The results indicated in Table 5 indicate a significant difference (p ≤ 0.001) between
treatments. Neem oil alone at 1% concentration produced the highest fruit weight (2.1 kg/fruit)
followed by neem oil (2.0 kg/fruit) at 1.5% in combination with isopropyl alcohol and
imidacloprid (2.0 kg/fruit). The untreated plants produced the lowest papaya fruit weight
of 0.3 kg/fruit.

4. Discussion

In the current study, it was observed that among the three tested plant materials from
citrus, garlic, and neem + adjuvants (isopropyl alcohol and paraffin oils) against papaya
mealybug, neem essential oil + isopropyl alcohol was identified to be superior to the rest.
Neem essential oils in combination with an adjuvant highly reduced the papaya mealybug
population as indicated in the results section. In line with this study, [41–46] described
the success of plant essential oils from neem, citrus, and garlic containing the compounds
azadirachtin, limonene, and cycloalliin against different mealybug species.

Results from the current study revealed that neem oil outshined other plant essential
oils such as those from citrus and garlic that were formerly described to have pesticidal
properties against papaya mealybug. The effectiveness of these plant essential oils in this
study might be due to their neurotoxic effect and capability to degrade the papaya mealy-
bug’s wax coating, causing mealybug immobility and death as reported by [41,45,47–52].
The present study observed a decrease in the papaya mealybug population for the evalu-
ated plant essential oils irrespective of concentration. The phenolic compounds found in
neem oil and not in citrus and garlic were the reason for neem oil being superior against
papaya mealybug. The phenolic compounds found in neem oil act by interfering with
insect feeding and possess repellent properties. Neem oil is also reported to interfere with
insect hormone systems, making it harder for insects to grow and lay eggs [52–54].

The efficacy of plant essential oils significantly increased from 24 to 72 h after treatment
exposure. However, at 48 and 72 h, there was no significant difference between plant
essential oils mixed with the adjuvants. This could be due to the volatile nature of the
isopropyl alcohol and paraffin oil; thus, they could not last for more than 24 h after spraying.
In line with this study, [55] explained the volatile nature of organic solvents as one of the
advantages when used in pest control. The studied adjuvants (isopropyl alcohol and
paraffin oil) have been used widely in dissolving non-polar compounds and evaporate
rapidly, exiting nontoxic residues [56–61].

The present study observed an increase in papaya mealybug mortality which could
be due to the synergic interaction that occurred upon mixing the plant essential oils and
adjuvants. The evaluated mixtures can help combat pests’ resistance but we recommend
further studies to evaluate the effects of these combinations on natural enemies.
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The experiment showed a progressive decrease in insect infestation from the vegetative
stage to the fruiting stage due to the antifeedant, growth regulators, and repellent properties
found in the tested plant essential oils, similar to what was reported by [46,62].

Synthetic pesticides are widely used by farmers against papaya mealybug with low
success. However, most farmers use contact pesticides which are ineffective due to papaya
mealybug’s wax coating. This study used systemic chemical insecticide (imidacloprid in
0.2%) as a standard pesticide which was 99.4% effective. The applied synthetic pesticide
(imidacloprid) has a systemic mode of action causing the blocking of nicotinic acetylcholine
receptors [63]. Thus, this could be the reason why it performed better against papaya
mealybug as it was reported by [64]. The systemic nature of imidacloprid is more stable in
the field environment than the plant essential oils studied [65,66]. However, the papaya
mealybug has started to develop resistance to imidacloprid in some areas due to intensive
and frequent application.

This study has shown the significance of using natural products, particularly plant
essential oils, because they are less harmful to the humans and ecosystem and demonstrate
promising pest management potentials. This significance has been reported in different
works in the literature [67–69]. An additional advantage of using plant essential oils
against papaya mealybug was observed in improving the growth of papaya plants, as
compared with untreated plants. The reduction in papaya mealybug infestation alongside
high papaya yield observed with neem oil and garlic oil treatments was also reported [70].
Neem and its parts have been demonstrated to contain nitrogen, potassium, phosphorus,
calcium, manganese, and sulfur which have potential in the industrial processing of urea
for soil fertility improvement and upholding soil nutrients [71].

Therefore, this study reveals the potential of plant essential oils from neem, citrus,
and garlic + adjuvants (isopropyl alcohol and paraffin oil) against papaya mealybug. Since
the tested neem and citrus oils in combination with the adjuvants (isopropyl alcohol and
paraffin oil) have shown positive results under field conditions, commercialization should
be pursued for farmers to access this product.

5. Conclusions

The findings from this study indicate the need for sustainable management of papaya
mealybug which has been a drawback to papaya-growing farmers in Tanzania. The insect
is fast spreading in the papaya-growing areas in Tanzania. The current control practices
used by farmers are ineffective due to the wax coating of papaya mealybug. In addition, the
papaya mealybug in most areas has started developing resistance to the chemical pesticides
currently used by farmers. Thus, quick and sustainable intervention is required to rescue
papaya production. Our results have demonstrated the effectiveness of neem, garlic, and
citrus oils in combination with adjuvants against papaya mealybug under field conditions.
Furthermore, the spraying of these plant essential oils caused equivalent mortality rates
when compared to a synthetic insecticide (imidacloprid). Therefore, among the plant
essential oils assessed, neem oil in combination with isopropyl alcohol is a good product
for suppressing the papaya mealybug population and minimizing insect resistance.
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