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Preface

This reprint, titled ”Sustainable Crop Plants Protection: Implications for Pest and Disease

Control”, has become of scientific interest again for a reason: to continue its mission of advancing the

science and practice of sustainable agriculture. This Special Issue delves into the multifaceted world

of crop protection, exploring innovative approaches, technologies, and solutions that are pivotal for

the future of agriculture. Our objectives remain as relevant today as they were when the first call

went out for the Special Issue of Sustainability, to shed light on sustainable pest and disease control

strategies, foster scientific collaboration, and provide a platform for sharing knowledge that can

transform agriculture for the better.

The motivation behind the creation of this Special Issue was, and continues to be, an unswerving

commitment to safeguarding our global food supply and the ecosystems that support it. The

challenges facing agriculture are complex and ever-evolving, from the relentless march of pests

and diseases to the imperative of maintaining ecological balance. In response to these challenges,

a group of passionate scientists set out to compile and disseminate research that explores sustainable

solutions, fostering a harmonious coexistence between humanity and the environment. The pages

within represent a collective effort to address these critical issues head-on and drive sustainable

practices forward.

Sustainability has emerged as a central theme in agriculture in recent decades, driven by the

imperative to feed a growing global population while preserving our planet’s delicate ecosystems.

The original publication of this reprint was a testament to the collective efforts of researchers,

scientists, and experts who have dedicated their careers to finding innovative ways to protect

crop plants against pests and diseases without compromising the environment or jeopardizing

human health.

This reprint is intended for a diverse audience, including scientists, researchers, agronomists,

policymakers, students, and anyone with an interest in the future of agriculture. We recognize

that addressing the challenges of crop protection requires a multidisciplinary approach, and as

such, we welcome readers from various backgrounds who share a common goal: the advancement

of sustainable agriculture practices. We hope that the knowledge contained herein will inspire

collaboration, spark innovative ideas, and ultimately lead to a more resilient and sustainable

food system.

The contributions within this reprint are the result of the dedication and expertise of a wide array

of authors from Argentina, Burundi, China, Egypt, Kenya, Lebanon, Malaysia, Martinique, Panama,

Peru, Saudi Arabia, Switzerland, Taiwan, and Venezuela, who have poured their knowledge, insights,

and passion into their respective studies. We extend our heartfelt gratitude to all the authors who

have made this work possible.

Barlin Orlando Olivares Campos, Miguel Araya-Alman, and Edgloris E. Marys

Editors
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Relationship of Microbial Activity with Soil Properties in
Banana Plantations in Venezuela
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3 Facultad de Agronomía, Universidad Central de Venezuela, Av. Universidad, Maracay 02105, Venezuela
* Correspondence: barlinolivares@gmail.com or ep2olcab@uco.es

Abstract: The present work aims to analyze the relationship of microbial activity with the physic-
ochemical properties of the soil in banana plantations in Venezuela. Six agricultural fields located
in two of the main banana production areas of Venezuela were selected. The experimental sites
were differentiated with two levels of productivity (high and low) of the “Gran Nain” banana. Ten
variables were selected: total free-living nematodes (FLN), bacteriophages, predators, omnivores,
Phytonematodes, saturated hydraulic conductivity, total organic carbon, nitrate (NO3), microbial
respiration and the variable other fungi. Subsequently, machine learning algorithms were used. First,
the Partial Least Squares-Discriminant Analysis (PLS-DA) was applied to find the soil properties that
could distinguish the banana productivity levels. Second, the Debiased Sparse Partial Correlation
(DSPC) algorithm was applied to obtain the correlation network of the most important variables. The
variable free-living nematode predators had a degree of 3 and a betweenness of 4 in the correlation
network, followed by NO3. The network shows positive correlations between FLN predators and
microbial respiration (r = 1.00; p = 0.014), and NO3 (r = 1.00; p = 0.032). The selected variables are
proposed to characterize the soil productivity in bananas and could be used for the management of
soil diseases affecting bananas.

Keywords: soil microbes; microbial respiration; organic carbon; Phytonematodes; soil; machine
learning

1. Introduction

Bananas are the most consumed fruits in the world, and one of the most dynamic
crops in international trade, considered among the most exported fruits [1]. As a staple
food, bananas, including plantains and other types of cooking bananas, contribute to the
food security of millions of people in much of the developing world. The banana is rich
in carbohydrates (20%), and an important source of Potassium, Vitamin C and Iron [2–4].
According to FAOSTAT [5] Venezuela ranked as the ninth largest banana-producing country
in the Americas in 2019 with a production of 650,051 t of bananas from a harvested area of
41,708 ha.

The most recent studies in Venezuela are those of Hernández et al. [6], Delgado et al. [7],
González-Pedraza et al. [8], Olivares et al. [9], Martínez et al. [1], Olivares et al. [10,11],
González-García et al. [12,13]. The latest research focuses on the properties of the ba-
nana soils of Aragua and Trujillo states in Venezuela and emphasizes the importance of
microbiological properties in banana productivity.

In agroecosystems, soil organisms are divided into several groups: micro, meso, macro,
and megafauna. These organisms are represented by unicellular and microscopic forms,
nematodes, insect larvae, earthworms, and arthropods,. They perform the function of
transforming all organic and inorganic compounds in the soil, thus having a direct or

Sustainability 2022, 14, 13531. https://doi.org/10.3390/su142013531 https://www.mdpi.com/journal/sustainability
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indirect influence on properties such as soil porosity, water transport, and the union of
particles for the formation of stable soil aggregates [14,15].

In the studies carried out by Delgado et al. [7] and González-García et al. [13] to
determine a quality index of banana soils in Venezuela, it was concluded that the biological
properties of the soil represented the highest scores in the construction of the quality
index. These results establish the importance of considering these variables in research that
addresses the quality of banana soils.

In the last decade, the productivity of banana plantations in Venezuela has been
affected mainly by the application of high-cost inputs including huge amounts of agro-
chemicals, and by soil conservation practices, generating a deterioration of the physical,
chemical, and biological properties of soil [7,10]. Hence, the importance of evaluating these
soil properties is linked to the decomposition of organic matter and the by-products that
are generated by their determining role in the soil [14,16].

The characterization, measurement, and analysis of biological diversity in agroecosys-
tems are performed to provide a new and solid knowledge of the different organisms
that make their lives in the soil, as well as to obtain indicators that would allow mak-
ing decisions or recommendations based on the conservation of taxa or areas where the
conservation of the agroecosystem is threatened [17–19].

The link to microbial activity is indirectly estimated by determining basal respiration
(O2 consumption in the medium or CO2 concentration released) and current productivity;
this is fundamental in the search for higher productivity and sustainability in bananas. As
noted, most studies rely heavily on soil quality using traditional statistical methods, while
the potential of machine learning algorithms such as Debiased Sparse Partial Correlation
(DSPC), Partial Least Squares-Discriminant Analysis (PLS-DA), and Random Forest, has
been only moderately explored. Various algorithms have been studied; however, to the
best of our knowledge, they have not been widely used in banana fields. This is a novel
element in our study, in which soil biological properties were explored as promising new
soil indicators to assess banana productivity in Venezuelan soils. Our study is a pioneer
in the application of algorithms such as DSPC, which is completely new in banana soils.
However, beyond its application in the case of a specific crop (banana) and geography
(Venezuela), we have developed a scientific logic that is easily transferable to other areas,
not only in agriculture but in soil science in general.

In this sense, and motivated by the scarcity of information on the biological quality
of soil in the banana areas of Venezuela and its relationship with banana productivity, the
objective of this research is to analyze the relationship of microbial activity with the physic-
ochemical properties of the soil in banana plantations in Venezuela and identify the main
soil variables responsible for the differentiation between high and low productivity sites, as
well as the differences between banana farms. The results of this microbial characterization
would reflect the microbiological processes of the organisms from the soil and would be a
potential indicator of soil quality.

2. Materials and Methods

2.1. Description of the Study Areas and Banana Farms

The study area corresponds to six banana farms (Table 1), of which four are in the
Depression of the Valencia Lake Basin of Aragua state (PL, SM, PZ, and CH), whose climate
is tropical savanna (Aw) with an average annual rainfall of 980.0 mm [20]. The rainfall
is seasonal, with five to six rainy months (May-October period). The average annual
temperature is 26.2 ◦C and the average annual relative humidity is 70.0% [21]. The slope
ranges from 0–2%. The PL farm is located on the fourth level of the lake terrace, while the
SM, PZ, and CH farms are found on alluvial soils, whose texture classes are medium to silty.
The predominant soil orders are Mollisols and Inceptisols with characteristics of moderate
to good drainage, a neutral to alkaline pH and generally good fertility and organic matter
contents above 4.0%.
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Table 1. Location (latitude, longitude, height), states and bananas planted area of six sites evaluated
in Venezuela.

Farm Code Latitude Longitude Height (masl) State Planted Area (ha)
Average Yield
(t ha−1 year−1)

PL 10◦12′20” N 67◦30′10” W 435 Aragua 135 74.9
BA 09◦29′14” N 70◦57′05” W 16 Trujillo 300 69.6
KA 09◦28′31” N 70◦55′46” W 17 Trujillo 270 64.9
SM 10◦12′55” N 67◦23′42” W 502 Aragua 11 11.1
PZ 10◦11′30” N 67◦31′04” W 514 Aragua 20 11.4
CH 10◦11′34” N 67◦31′34” W 498 Aragua 9 12.3

The other banana sites (BA and KA) are in the southeast Region of Maracaibo Lake in
the Trujillo state, whose climate is tropical savanna (Aw), with annual rainfall amounts of
1094.0 mm with two precipitation peaks, one occurring in April or May and the other in
October [22]. The annual average temperature is 27.5 ◦C and there is an average relative
humidity of 78.0%. According to Martinez et al. [1], the terrain is flat with predominantly
Entisols soil order, whose drainage is moderate to poor, pH neutral to alkaline, with average
organic matter contents of 2.75%; that is, they are soils of moderate fertility.

2.2. Soil Sampling

The delimitation of the sampling areas was carried out according to Rosales et al. [23].
To establish the productivity levels in each site, two plots (4.0 ha for PL, BA and KA with
four replicated) were identified, and the productivity index (PI) of the “Gran Nain” banana
variety was calculated according to the procedure described in Olivares et al. [9]. On the
large plantations (≥50 ha, PL, BA and KA), the average yield of high productivity plots was
69.8 ± 5.0 t ha−1 yr−1 and in low productivity plots, it was 59.7 ± 5.3 t ha−1 yr−1. On the
other sites (SM, PZ, and CH), the two levels of productivity were identified in lots of 1 ha
with two replicated plots in each lot. On the small plantations (<25 ha, SM, PZ and CH)
the average yield on small plantations was 11.5 ± 0.7 t ha−1 yr −1 for high productivity
plots and 1.6 t ha−1 yr−1 for those with low productivity. A total of 36 disturbed samples
of 2.0 kg of soil were obtained (24 samples for PL, KA, and BA and 12 samples for PZ,
CH, and SM) for the determination of the chemical and biological properties of soils
by means of soil pits in the first 60 cm depth, following the guidelines suggested in
Rosales et al. [23]. The following variables were obtained: total count of populations of
bacteria, fungi, and actinomycetes (colony-forming units. g−1 soil); microbial respiration
(mg 100 g−1.10 days−1); microbial biomass (mg) and carbon associated with microbial
biomass (mg); plant-parasitic nematodes: Radopholus similis and Helicotylenchus multicinctus
(Logarithm (N + 1)); total free-living nematodes (FLN) (number of nematodes in 100 g soil)
which includes FLN bacteriophages, predators, and omnivores, Phytonematodes (PN);
endophytic fungi in banana root system, namely Trichoderma, Fusarium; and other fungi.
The chemical variables such as nitrate (NO3) included in the analysis were determined
according to Rosales et al. [23]. This study considers the same number of undisturbed
samples (36) obtained with an Uhland-type sampler (mean depth 29.6 ± 17.6 cm) to obtain
the saturated hydraulic conductivity (Ks, cm.h−1).

2.3. Statistical Analysis

Before data analysis, we checked the data integrity. There were no missing values
or negative values. The normalization of the soil and microbial variables was carried out
using the statistical package in R software version 4.0.2 based on the geometric mean, and a
generalized logarithmic transformation using “glog” function in R was performed to make
the variables more comparable [24].

Before statistical analysis, a Principal Component Analysis (PCA) was performed as an
exploratory analysis to check the presence of outliers and identify patterns in the data. The
objective of this application was to summarize the information of many variables (29 in our

3
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study) in a few latent variables, trying to avoid overfitting as new components are added.
The PCA allowed us to select only ten variables in our study: total free-living nematodes
(FLN); bacteriophages; predators; omnivores; Phytonematodes (PN); saturated hydraulic
conductivity (Ks); total organic carbon (C tot); nitrate (NO3); microbial respiration (MR);
variable other fungi (which includes non-pathogenic strains of endophytic fungi).

For determining the relative importance of different nematode orders, genera, and
microbial variables in the global areas, we used the R circlize package, which provides an
implementation of circular layout generation in R as an efficient way for the visualization
of microbial information [25].

The Partial Least Squares-Discriminant Analysis (PLS-DA) was applied for the identi-
fication of the most important variables in the discrimination of banana productivity sites,
which is a supervised method that uses multivariate regression techniques to extract via
a linear combination of original variables (X) the information that can predict the class
membership (Y). The PLS regression is performed using the plsr function provided by
the R pls package [26]. The classification and cross-validation are performed using the
corresponding wrapper function offered by the caret package.

The number of optimal components was estimated from cross-validation methods,
which calculate the predictive power of the analysis. These methods are based on removing
groups of data, calculating a new model from the remaining data, and predicting the values
of the removed data. Many iterations of the same process are performed and, from the
predicted and observed data, the predictive residual sum of squares (PRESS) is calculated.
From the results of all the iterations, the new corresponding R2y is calculated, and the Q2

that represents the predictive capacity of the model [27]. This parameter is a good indicator
to decide which components to include in the model.

The variable importance in projection (VIP) > 1.0, the weighted sum of the PLS-
regression coefficient, and corresponding |loading values| > 0.2 in the model were used to
identify the key variables [28]. Additionally, the non-parametric Kruskal-Wallis test was
applied to obtain the significant variables. Subsequently, the correction was made for the
Benjamini-Hochberg multi-test (FDR, false discovery rate) whose established significance
level was 95% (p < 0.05).

Finally, we applied the Debiased Sparse Partial Correlation algorithm (DSPC), which
is based on the recently proposed de-sparsified graphical lasso modeling procedure [29].
Through the graphical result, it is possible to visualize correlation networks where the
nodes represent variables under study and the edges represent correlations between them.

3. Results and Discussion

3.1. Proportion of Free-living Nematodes (FLN) and Phytonematodes (PN) in Banana Sites

According to our results, Phytonematodes predominate in the banana system, with
eleven important genera (Figure 1A), such as Rotylenchulus (28.5%), Meloidogyne (27.6%)
and Helicotylenchus (24.5%), having the highest proportion. Within the group of FLN, only
seven orders were identified, with Rhabditida (60.9%) and Dorylaimida (28.0%) having
the highest proportion. Figure 1B shows that no significant differences were found for
these nematode variables (data not shown); however, the proportion of Phytonematodes
(1.60–3.10 log10) was higher in most of the evaluated banana farms compared to the FLN
(1.41–2.48 log10), regardless of the productivity level (Table A2 in Appendix A).

Figure 2A shows the logarithmic representation of bacteria and fungi according to
banana productivity levels: high (H) and low (L) in the six evaluated banana sites, indicat-
ing that there were no significant differences in representation between the productivity
levels; the average representation of bacteria was slightly higher (5.95 ± 0.16 log10) than
that of fungi (4.69 ± 0.23 log10) (Table A1 in Appendix A). On the other hand, Figure 2B
presents the endophytic fungal populations that colonize the internal tissues of a plant
without causing any pathogenic processes. In our case, emphasis was placed on the popu-
lations of mutual endophytic fungi such as Trichoderma, Fusarium, and other fungi because
these microorganisms confer protection against pathogen attack and the colonization of
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plant organs and tissues. The non-pathogenic strain of Fusarium presented an average of
52.71 ± 20.46 CFU·g−1 soil. It is worth mentioning the high population of Trichoderma with
45.00 ± 21.21CFU·g−1 soil at the high productivity level of the CH farm, distinguishing
it from the rest of the farms. Similarly, the variable “other fungi” was higher in PA (L)
(Table A1).

 

Figure 1. (A) Proportion of free-living nematodes (FLN) and Phytonematodes (PN) order/genre in
the global banana sites. Vertical bars indicate the proportion of species in a group/total number of
species in that group×100 (on a logarithmic scale); (B) Number of FLN and PN (log10) according to
the level of banana productivity: high (H) and Low (L) in the six banana sites: PL, KA, BA, SM, PA,
and CH.

Nematodes are the most abundant metazoan and they vary in their sensitivity to
environmental disturbances. Free-living and plant-parasitic nematodes are effective eco-
logical indicators, contributing to nutrient cycling and having important roles as primary,
secondary, and tertiary consumers in food webs. Tillage, cropping patterns and nutri-
ent management may have strong effects on nematodes, with changes in communities
reflecting soil disturbance [30]. In the soils sampled in our study, the bacteria-consuming
nematodes were the most representative, followed by the omnivores and lastly the preda-
tors of the order Mononchida. The low proportion of this last trophic group belong-
ing to the predatory FLNs could reflect the presence of soil alteration due to intensifica-
tion and poor soil management in the experimental points evaluated, as pointed out by
Olivares et al. [9]; apparently these do not play a significant role as population regulators of
the Phytonematodes present. According to Talavera et al. [31], the suppression of phytopar-
asitic nematodes by predatory nematodes is significant in overly complex soil food webs
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and agricultural management leads to a reduction in the suppressive capacity of the soil
food web. Our results agree with those of Castilla-Díaz et al. [32] which show the genus
c.f. Dorylaiminae (Omnivorous) as the most abundant nematode in Colombia. Other studies
have found that omnivore and predator nematodes are less abundant in disturbed soils or
intensive banana plantations [18].

  
(A) (B) 

Figure 2. Logarithmic representation of: (A) bacteria and fungi according to banana productivity
levels: high (H) and low (L) in the six evaluated banana sites; (B) Trichoderma harzianum, Fusarium sp.
and other fungi in the six evaluated banana sites: PL, KA, BA, SM, PA, and CH.

Our results agree with those of Landi et al. [33] who found that representatives of the
order Rhabditida (bacterivores) were the most abundant nematode under different land
uses in Italy. Similar results were obtained by Arie-Vonk et al. [34] in the Netherlands with
different management practices and soil types. This is because rhabditids, having short life
cycles and high reproductive potential, respond more quickly to organic enrichment than
other groups of nematodes [35].

Regarding the plant-parasitic nematodes, the most representative genera in this study
were: Rotylenchulus, Meloidogyne and Helicotylenchus, respectively. These nematodes are
very frequent in banana cultivation, especially in the central region of the country. The
most important species are R. reniformis, M. incognita, H. dihystera and H. multicinctus. In
Aragua State, a combination of H. multicinctus and M. incognita severely reduces banana
yields [36,37].

The study by Davide [38] established that excess K in banana soils increased the
penetration and damage of Meloidogyne spp., Helicotylenchus spp. and Tylenchorhyndrus
spp. Low levels of potassium 610 mg / l reduced the impact of R. similis on banana
roots [39]. Likewise, increases in nitrate content in the soil increased the percentage of
parasitic nematodes in banana. On the other hand, in banana, a positive correlation was
found between the presence of Meloidogyne spp. and H. multicinctus and the content of silt
and sand, as well as a negative correlation with clay [40].

3.2. Identification of the Most Important Variables with PLS-DA

The results of the PLS-DA showed the first components of the PLS (accuracy accu-
mulated: 0.61; R2y: 0.50 and Q2: 0.50). Figure 3A shows the scatter charts of the scores
and the loading between component 1 and component 2. For the representation, an ellipse
with 95% confidence level was constructed from Hotelling’s T2 statistic. In Figure 3A, in
the plane formed by the 1st and 2nd components, PLS-DA could not distinguish the high
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and low productivity levels of bananas (Figure 3A). The first two main components (PC)
explained 49.9% of the variables; however, no trends were detected in banana productivity
differences. In our case, the optimal number of components is two; new components that
are added collect information independent of that of the previous components, so it is to be
expected that each time they cover less variability and introduce more noise in the graphs.

According to the criterion of selecting only those variables with |loading values| > 0.2,
our results establish that only seven variables meet this condition in component 1, they are:
FLN bacterivores (−0.57), FLN predators (−0.52), Ks (−0.42), FLN omnivorous (0.32), C
total (0.27), NO3 (−0.25) and MR (−0.21) (Figure 3B). Only corresponding loadings greater
than the absolute value of 0.2 are the best option for model interpretation and revealing the
most important variables regarding the explanation of the response [41].

On the other hand, two variable importance measures in PLS-DA were used in our
study. The first, VIP is a weighted sum of squares of the PLS loadings considering the
amount of explained Y-variation in each dimension. VIP scores are calculated for each
component. In our study, as the first two components were used to calculate the feature
importance, the average of the VIP scores is used (Table 2), with only four variables being
the most important: FLN predators, FLN bacterivores, saturated hydraulic conductivity
(Ks) and FLN omnivorous. Second, the other important measure is based on the weighted
sum of PLS. The weights are a function of the reduction of the sums of squares across the
number of PLS components; the average of the feature coefficient is used to indicate the
overall coefficient-based importance. The highest coefficients correspond to the variables
whose VIP was greater than 1. Table 3 shows the results of the Kruskal Wallis Test and
Figure 4 the box graphs where the differences of the significant variables in the evaluated
banana farms are evidenced.

 
(A) 

Figure 3. Cont.

7



Sustainability 2022, 14, 13531

 
(B) 

Figure 3. (A) Scores plot between component 1 and component 2 of the PLS-DA. Note: Data code
composed of three digits, the first digit is the site (PL, KA, BA, SM, PA, and CH), followed by the
level of productivity: (H) High and (L) low, and finally the repetition number (1–4). The explained
variances are shown in brackets. Ellipse T2 de Hotelling (95%); (B) Loading plot between component
1 and component 2. (Accuracy accumulated: 0.61; R2y: 0.450 and Q2: 0.50). FLNtot: total free-living
nematodes, FLNbac: free-living nematodes bacterivores, FLNpred: free-living nematodes predators,
FLNom: free-living nematodes omnivores, Ks: saturated hydraulic conductivity, NO3: nitrate, PN:
Phytonematodes, Ctot: total organic carbon, MR: microbial respiration, otfun: other fungi.

Table 2. The variable importance in projection (VIP) in componente1, component 2, VIP average and
coefficient score.

Variable VIP 1 VIP 2 VIP Average Coefficient Score

FLN predators 1.72 1.55 1.64 100.00
FLN bacterivore 1.48 1.40 1.44 77.58

Ks 1.41 1.27 1.34 76.43
FLN omnivores 1.29 1.22 1.26 75.68

NO3 0.94 0.86 0.90 47.20
Phytonematodes 0.31 0.37 0.34 22.31

FLN total 0.27 0.25 0.26 15.16
Other fungi 0.20 0.20 0.20 14.95

Total organic carbon (Ctot) 0.16 0.94 0.55 11.91
Microbial respiration (MR) 0.08 0.76 0.42 0.00

FLN: free-living nematodes; Ks: saturated hydraulic conductivity; NO3: nitrate; VIP: variable importance in
projection.
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Table 3. Important variables by Kruskal Wallis test result: chi-squared, p-value (<0.05) and false
discovery rate (FDR).

Variable Chi-Squared p-Value −log10(p) FDR

Microbial respiration (MR) 22.995 0.001 34.708 0.003
NO3 19.706 0.001 28.481 0.007

FLN bacteriophage 17.479 0.003 24.347 0.010
Total organic carbon (Ctot) 17.169 0.004 23.778 0.010

FLN total 15.051 0.010 19.938 0.018
FLN omnivores 14.85 0.011 19.577 0.018

FLN: free-living nematodes; NO3: nitrate; FDR: false discovery rate.

The result demonstrated how soil properties influence the production of a complex
and variable system. The Ks, NO3 and microbiological (biotic) properties such as micro-
bial respiration, organic carbon and free-living nematodes were linked to biometric and
productive responses in commercial Cavendish banana plantations. This relationship in
production can also be related to the response of plants to diseases. However, the variability
of the systems must be considered in the eventual implementation of practices to manage
soil properties for both production and disease management.

The soil properties obtained through the model show that in some farms the differences
between the high and low-productivity sites are very narrow, possibly due to the scarcely
differentiated management carried out on the farms. Farm managers do not consider the
association between productivity and soil properties, whether physical [11], chemical or
biological. This suggests that fertilization is not based essentially on soil or foliar analysis
and not on the use of soil conservation practices in the banana sites studied.

Soil management can be a critical factor in PL, BA, and KA banana farms, due to the
relationship of the productivity index composed of the number of hands per bunch and the
circumference of the mother plant, with the microbiological properties, which can be an
indicator of the deterioration of banana production in the evaluated sites.

3.3. Debiased Sparse Partial Correlation Algorithm (DSPC)

The results of the deviant sparse partial correlation (DSPC) algorithm that is based
on the de-parsified graph lasso modeling procedure [29] are presented. A key assumption
underlying our modeling strategy is that the number of true connections between vari-
ables is much smaller than the available sample size, that is, the true network of partial
correlations between variables is sparse. This assumption is strongly supported by both
empirical evidence and theoretical calculations [42–44]. The algorithm DSPC reconstructed
a graphical model and provided partial correlation coefficients and p-values for each pair
of soil and microbial characteristics in the data set (Figure 5). Therefore, DSPC allowed
discovering the connectivity between the number of variables and visualizing them as
weighted networks where the nodes represent the microbial and soil variables, and the
edges represent partial correlation coefficients or the associated p values.

Of all the variables involved, the total carbon has a degree of 4 and a betweenness
of 7, which represents the importance of the relationships with the other variables of the
system. In our case, the microbial activity was measured through the microbial biomass,
which is the most active component of the soil; it comprises between 1 and 5% of total
carbon and actively participates in the decomposition of organic matter in these banana
soils. The variable FLN predators had a degree of 3 and betweenness of 4 in the correlation
network, followed by NO3. The network shows positive correlations between MR (r = 1.00;
p = 0.014), FLN predators (r = 1.00; p = 0.032) and NO3.
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Figure 4. (A) Important features selected by Kruskal-Wallis’s test plot with p value threshold 0.05;
(B–G) Box plots of significant variables in the evaluated banana sites (PL, BA, KA, PA, CH, SM).
MR: microbial respiration; NO3: nitrate; FLNbac: free-living nematodes bacterivore; FLNtot: total
free-living nematodes; Ctot: total organic carbon; FLNom: free-living nematodes omnivores.
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Figure 5. Partial correlation network of five evaluated variables. The size of the node indicates the
direction of the change. The colored edges had a p value <0.05 and the false discovery rate (FDR)
adjusted p value was <0.5. The red and blue borders show positive and negative correlations. FLNtot:
total free-living nematodes; FLNpredators: free-living nematodes predators; Ks: saturated hydraulic
conductivity; NO3: nitrate; Ctot: total organic carbon; MR: microbial respiration.

The composition of nematode communities (Phytonematodes and predatory FLNs)
is considered a good indicator of alterations such as the release of agrochemicals in the
evaluated soils. These changes are correlated with indicators of the functioning of the
ecosystem, such as the increase of NO3 in the soil, the decrease in carbon, microbial biomass
and the change in the structure of the trophic networks, according to Culman et al. [45];
this is reflected in the negative correlations with Phytonematodes (r = −0.99; p = 0.035) and
predatory FLN (r = −0.89; p = 0.019) from our study (Figure 5). According to a study of the
banana soils of Ecuador [46], the soil physical characteristics (sand, silt, and clay contents,
associated with water retention and saturated hydraulic conductivity), 50% of the sampled
areas (60 sites) showed a correlation of the weight of roots and with the number of total
nematodes.

The study by Ferris et al. [14] revealed that nematodes in the family Tylenchidae,
collectively referred to as root associates although some are fungivores, generally do not
negatively impact plant growth and respond to increases in organic matter and root weight.
Such nematodes contribute to the amplifiable prey pool. Besides providing resources for
predator nematodes, they are also prey for micro invertebrate predators of nematodes
which, in turn, increases predation pressure on target prey [14,17].

In this regard, [14,17] established that a functional guild of bacterivore and fungivore
nematodes participate in organic matter decomposition pathways in the soil. Several
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species, often differing in ecological amplitude, may be present at the same time, each
contributing to complementarity and continuity of their integral ecological function.

The results of the biological tests in the PL farm indicated a higher total microbial
respiration for the high productivity level with respect to the low productivity site, showing
that the soils with higher productivity have higher biological activity. In the case of BA
and KA, the high-productivity soils presented a greater number of populations of bacteria
and fungi, indicating a greater biological activity; this is related to the higher content of
microbial carbon in these soils. However, total respiration was lower in high-productivity
soils than in low-productivity soils.

In this research, high productivity plots (HH) showed low microbial respiration
in all the sites evaluated, except in the PL farm, and in fact, soil organic carbon was
not among the soil properties selected to be part of the predictive model of banana pro-
ductivity based on soil properties. These results are consistent with the experiences of
González-Pedraza et al. [8] that indicated the lower amount of microbial carbon and total
organic carbon observed in Venezuelan soils with high-productivity plants.

In recent studies, no significant statistical differences were found between lots of
different vigor or productivity for microbial carbon, basal soil respiration, and microbial
and metabolic ratios [12]. The high microbial activity was closely related to the soil texture,
and, in turn, this positively influenced the biometric parameters of the plants. The study by
González-García et al. [13] and Rondón et al. [16] shows that the bulk density, content of
fine particles, organic matter, and carbon and microbial coefficient, were favorable for the
high productivity batches. In general, there were no statistical differences in fungal and
bacterial colony-forming units (CFU) between vigor batches.

Higher water retention and higher content of organic matter promote better condi-
tions for the development and activity of soil microorganisms. Results of the effect of
these edaphic properties on microorganisms have been reported by Olivares et al. [9] and
González-García et al. [13]. The results of Millán et al. [47] showed that the FLN genera
found are sensitive to slight changes in soil pH, and show dependence on the porosity and
soil moisture. In this regard, [48] showed that there is a significant and important correla-
tion between the carbon of the microbial biomass with the macropores and the Ks (r = 0.84
and 0.59 respectively), that is, the carbon microbial biomass increased when there were
good aeration conditions in the soil. In our study, the Ks values did not show significant
differences, the highest mean being found in the SM farm with 5.18 ± 2.70 cm.h−1.

The study by Olivares et al. [9] establishes that commercial banana plantations in
the regions of Aragua and Trujillo (Venezuela) were characterized by the intensive use of
agrochemicals, generating a considerable reduction in the productivity due to the change
and deterioration of the physical, chemical and biological properties of the soil, with
the content of Mg, penetration resistance, total microbial respiration, bulk density and
omnivorous free-living nematodes being the most determining variables of the quality
of banana soil in areas with different levels of productivity. Similarly, [11] indicated that
in lacustrine and alluvial banana soils of Venezuela characterized by the change of land
use from forest to plantation, the morphological properties of the soil such as biological
activity, texture, dry consistency, reaction to HCl and structure type, allow identification of
potentially suitable areas for high levels of productivity and long-term sustainability.

The results were compared with the findings of [16], which emphasizes that the
high yields of commercial banana farms are associated with a high content of C in stable
aggregates, as well as in the more labile fractions of macro-organic matter. These results
highlight the importance of the use of less recalcitrant organic fertilizers as a strategy for
the sustainable management of banana cultivation.

Likewise, this study represents an important contribution to the knowledge of the
banana soils of Venezuela due to the current management of the banana systems in the
country. The study can be improved through its systematic application in new locations. It
is thus our intention and hopes that other research groups of the international scientific
community join this task to produce improved versions.
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The research also discusses a series of topics that reflect the thinking and logic of the
primary choice of soil variables as the basis of the study. The main use of this research is
intended for agricultural extension agents and service provider agents of the banana sector
that assist producers of all types. It is also ideal for producers and technical personnel of
large and medium-sized farms that design their own production alternatives and undertake
problem-solving in Latin America and the Caribbean.

4. Conclusions

The methods used in this study to describe the productive capacity or potential
of banana soils in Venezuela were based mainly on the study of physical and chemical
properties and their relationships with special biological characteristics such as microbial
respiration, total proportional free-living nematodes, bacterivores, omnivores, and total
organic carbon, which were sufficient to explain the complex interactions of the soil and its
rhizosphere.

Nematode populations in the roots and the content of elements in the soil are known
to vary both temporally and spatially, which makes this interaction overly complex. The
results suggest further studies in two lines: the effect of nutrition on the number of and
damage caused by nematodes and their effect on the absorption of nutrients.

The high level of concordance observed in the network is encouraging, as it provides
the basis for identifying new connections between soil properties that may represent still
undiscovered or poorly studied regulatory interactions of microbial activity in banana soils.
The discovery of such novel interactions may lead to a more complete picture of microbial
activity in these Venezuelan banana soils.

Practices to increase and maintain soil quality and stimulate microbiological activity
in banana soils in Aragua and Trujillo could have a positive effect on agricultural banana
production, not only for low-productivity banana lots affected by disease but also for the
sustainable use of banana lots of high productivity.
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Appendix A

Table A1. Mean and standard deviation of bacteria, fungi, Trichoderma harzianum, Fusarium sp. and
other fungi according to banana productivity levels: high (H) and low (L) in the six evaluated banana
sites: PL, KA, BA, SM, PA, and CH.

Farm Code Level n Lbact (Log) Lfung (Log)
Trichoderma

CFU·g−1
Fusarium
CFU·g−1

Other Fungi
CFU·g−1

PL H 4 6.06 ± 0.05 4.62 ± 0.05 2.50 ± 5.00 35.00 ± 31.09 30.01 ± 18.26
L 4 6.13 ± 0.09 4.65 ± 0.06 5.00 ± 5.77 52.50 ± 22.17 30.00 ± 14.14

BA H 4 6.15 ± 0.05 4.42 ± 0.15 0.00 ± 0.00 57.50 ± 30.96 0.00 ± 0.00
L 4 5.81 ± 0.09 4.42 ± 0.15 12.50 ± 15.00 57.50 ± 35.94 10.00 ± 14.14

KA H 4 6.17 ± 0.12 4.53 ± 0.15 0.00 ± 0.00 50.00 ± 14.14 20.00 ± 27.08
L 4 5.92 ± 0.16 4.57 ± 0.06 2.50 ± 5.00 15.00 ± 12.91 22.50 ± 17.08

SM H 2 6.02 ± 0.09 5.04 ± 0.62 0.00 ± 0.00 40.00 ± 56.57 20.00 ± 14.14
L 2 6.02 ± 0.09 4.84 ± 0.08 0.00 ± 0.00 40.00 ± 0.00 20.00 ± 14.14

PZ H 2 5.78 ± 0.11 5.04 ± 0.62 10.00 ± 14.14 90.00 ± 14.14 30.00 ± 14.14
L 2 5.88 ± 0.04 4.60 ± 0.00 0.00 ± 0.00 70.00 ± 42.43 80.00 ± 0.10

CH H 2 5.74 ± 0.06 5.04 ± 0.62 45.00 ± 21.21 45.00 ± 49.50 40.00 ± 0.00
L 2 5.74 ± 0.06 4.50 ± 0.28 5.00 ± 7.07 80.00 ± 28.28 20.00 ± 0.00

Productivity levels: High (H) and Low (L). CFU = Colony-forming units.

Table A2. Mean and standard deviation of number of Free-living nematodes (FLN) and Phytonema-
todes (PN) (log10) according to the level of banana productivity: high (H) and Low (L) in the six
banana sites: PL, KA, BA, SM, PA, and CH.

Farm Code Level n log10FLN log10PN

PL H 4 1.41 ± 0.73 2.70 ± 1.86
PL L 4 2.16 ± 1.40 2.64 ± 1.67
KA H 4 2.21 ± 1.00 3.03 ± 2.30
KA L 4 2.12 ± 1.30 2.52 ± 1.89
BA H 4 2.19 ± 1.35 1.60 ± 1.09
BA L 4 2.25 ± 1.58 2.54 ± 1.82
SM H 2 2.20 ± 1.15 2.40 ± 2.03
SM L 2 2.20 ± 1.93 3.10 ± 2.39
PA H 2 2.48 ± 1.63 2.99 ± 1.93
PA L 2 1.85 ± 0.85 2.23 ± 2.03
CH H 2 1.90 ± 0.00 2.41 ± 2.2
CH L 2 2.00 ± 1.15 2.77 ± 1.8
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Abstract: A sufficient amount of data is crucial for high-performance and accurate trend prediction.
However, it is difficult and time-consuming to collect agricultural data over long periods of time; the
consequence of such difficulty is datasets that are characterized by missing data. In this study we
use a time-series generative adversarial network (TimeGAN) to synthesize multivariate agricultural
sensing data and train RNN (Recurrent Neural Network), LSTM (Long Short-Term Memory), and
GRU (Gated Recurrent Unit) neural network prediction models on the original and generated data
to predict future pest populations. After our experiment, the data generated using TimeGAN and
the original data have the smallest EC value in the GRU model, which is 9.86. The results show that
the generative model effectively synthesizes multivariate agricultural sensing data and can be used
to make up for the lack of actual data. The pest prediction model trained on synthetic data using
time-series data generation yields results that are similar to that of the model trained on actual data.
Accurate prediction of pest populations would represent a breakthrough in allowing for accurate and
timely pest control.

Keywords: time series; data augmentation; deep learning; pest forecasting; generative adversarial
network (GAN)

1. Introduction

The global demand for sustainable development is increasing, and agriculture is no
exception. Sustainable agriculture is a production method that emphasizes sustainable
development in economic, social, and environmental aspects [1,2]. It primarily focuses on
protecting the environment, improving the productivity of crops and animals, enhancing
farmers’ income, and improving the quality of life in local communities. In order to improve
agricultural productivity and reduce production costs, agricultural production is increasing
thanks to the Internet of Things (IoT) and big data analytics [3]. For example, IoT devices
receive sensor data [4], RGB images, or multispectrum images and then analyze these data
for pest control [5], crop yield prediction [6], precise agricultural irrigation [7], and so on.

Pest prediction is vital in agriculture. A lack of effective pest control directly affects
crop yields [8]. In general, it is difficult for farmers to gain a complete picture of crop
growth due to the large area of farmland. In recent years, weather conditions have become
more severe due to climate change, making pests more adaptable to environmental changes.
Multiple sensors placed in remote fields would enable farmers to constantly monitor the
environmental data in each area. By using environmental data and an understanding
of pest species, experts could build a pest prediction system [9,10] for integrated pest
management (IPM). Farmers could plan their control operations in advance given early
warnings generated by the prediction system.

Effective analysis of meteorological and pest data is crucial for accurate pest prediction
systems. Since both types of data are constantly monitored in the field, early warning is
key to pest forecasting [11]. For sudden increases in pest populations, immediate control
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may not be possible. Technological advances have yielded more sophisticated methods for
time-variant analysis for data prediction [12]. However, such prediction relies on a large
amount of historical data. Historical data is rich in time dynamics. Greater amounts of
sensing data facilitates more accurate pest prediction. Conversely, insufficient sensing data
degrades the effectiveness of the prediction system.

Environmental sensing data is now obtained generally from IoT edge devices. The
effectiveness of such edge devices deployed in farms can be degraded by climate, flora,
fauna, and other natural factors, resulting in incorrect sensor values or even damage to
the devices [13], causing problems in subsequent data analysis, such as data errors during
preprocessing or data losses due to edge device damage; these conditions must be corrected
to ensure continued data availability.

Data augmentation algorithms are one way to resolve data deficiencies. Since pre-
diction models are affected by the amount of data, it is more important to address the
fundamental problem of data deficiency than to use complex prediction models [14]. Data
augmentation increases the variability of data by generating data samples. For instance,
augmentation methods for image recognition use rotation, translation, and scaling to
produce multiple images from the same image [15]. In contrast, a prediction system for
linear problems uses time series data, for which data augmentation is dissimilar to that for
images [16]. Here, we investigate time series data augmentation to address the problem of
insufficient data for pest prediction.

Samples with missing data can be divided into those that are missing for a long period
of time and those that are missing for only a short instant. The amount of missing agricul-
tural sensing data can significantly affect the accuracy of the amplification [17]. When a
small sample of data is missing, common scaling methods generate simulations with similar
results. However, when more data samples are missing and the data are multivariate, such
scaling does not preserve both the temporal features and the characteristics of multivariate
data. Therefore, we take into account both temporal and multivariate data features, and
generate data that retains both features.

Time-series data is a regression problem in which sequence values change according
to time dynamics. Clearly, data generation requires that we preserve the temporal char-
acteristics of the original data and increase the number of samples. However, depending
on the number of data samples to be augmented and the number of data variables, ba-
sic augmentation cannot be used to generate long-term or multivariate sensing data. In
this case, a time-series generative adversarial network (TimeGAN) is an effective model
for generating long-term data [18]. The temporal features of the data are learned by the
autoregressive (AR) model, and a large amount of data is synthesized by the generative
adversarial network (GAN). In this study, we use TimeGAN for data augmentation to
synthesize multivariate sensing data.

The target pest in this study is Scirtothrips dorsalis Hood (S. dorsalis), which in Tai-
wan primarily affects mangoes. We seek to use agricultural sensing data as the main
analysis. Firstly, we use multivariate agricultural sensing data to better understand the
environmental conditions, and further use a deep generative model to synthesize more
time-series data. We then verify the effect of the generated data using time prediction
models such as recurrent neural networks (RNN), long short-term memory (LSTM) models,
and gated recurrent unit (GRU) models [19]. Our purpose is to predict future trends and
alert farmers of them in order to control pest populations in a timely manner. We analyze
the effectiveness of time series data augmentation using data visualization and evaluation
metrics for regression.

In summary, we have put forth the following two hypotheses and designed corre-
sponding experimental procedures to verify them:

(1) To examine whether TimeGAN can generate synthetic data with the same temporal
characteristics as the original data.

(2) To investigate whether the pest prediction model trained using the synthetic data
yields comparable results to the model trained using the original data.

18



Sustainability 2023, 15, 7834

The remaining sections of this paper are organized as follows: Section 2 surveys
IoT smart agriculture applications for pest prediction and time series data augmentation,
Section 3 describes the system architecture and our experimental methods, and Section 4
presents a comparison and discussion of the experimental results, including the processing
of environmental data, a correlation analysis of meteorological factors, the construction
of the generation model, and an evaluation of the prediction models. In Section 5, we
conclude and suggest future research directions for pest prediction.

2. Related Literature

Below, we describe the current agricultural sensing data to implement time series tasks,
after which we explore practical techniques for pest prediction based on image recognition
and time series data. We then discuss time series data augmentation, focusing particularly
on data augmentation methods based on deep generative models.

2.1. Agricultural Sensing Data

Smart agriculture uses sensors to collect agriculture-related data and transfer them
to a cloud database. The stored data are analyzed to identify potential problems and
to advance agricultural technology. Big data time analysis plays a crucial role in this
because agricultural sensors often produce huge amounts of time-series data [20–22].
As the method used for data processing can affect downstream results, the challenge is
how to analyze past data, adjust the dataset appropriately, and come up with the best
processing strategy. Ren et al. [23] use data preprocessing methods to clean up specific
features, transform structures and formats, and reduce complexity. By using multiple data
preprocessing steps, we retain important features and improve efficiency when constructing
deep learning models.

Analysis methods in agriculture vary in terms of the sensing data format and the needs
of the task. Time-series tasks can be divided into classification, anomaly detection, and
prediction. In time-series classification, sensor data identify crop species [24] and monitor
growth status [25]; values from the spectral sensors are converted into a vegetation index
which reveals information about crop growth and environmental health. In time-series
abnormality detection, sensor data can reveal abnormalities in the environment or in crop
yields [26]. In time-series prediction, past dynamic series provide potential trends by which
to estimate future crop yields [27] and pest populations [28]. Selecting important features
in multivariate agricultural data and improving the rationality of predictions facilitates
subsequent crop and pest management.

2.2. Pest Prediction

The yield of high-value crops in the agricultural sector is of concern. As pest infestation
during the production season can significantly reduce crop yields [29], pest infestation is an
important and immediate problem. Delayed control or low doses of pesticides can cause
economic crop losses [30]. According to Heeb et al. [31], up to 40% of crop production in the
world is currently lost due to unmanaged pest damage. If experts could provide farmers
with advance warnings of increases in pest populations, farmers would have enough time
to apply the recommended amount of pesticides, and could thus effectively control the
pest situations in their fields and prevent the endless spread of pest populations. Below, we
survey research on pest prediction.

2.2.1. Image Recognition-Based Approaches

In recent years, the dilemma of traditional pest prediction has changed due to the
advanced development of artificial intelligence (AI) and two technological innovations:
intelligent image recognition technology [32] and time-series data prediction [33]. In image
recognition technology, features of visible or multispectral images are analyzed to select
and create pest-specific features by resolving color features and texture features that are
different from those of the crop [34]. Deep learning models learn the characteristics of
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the pest, mark the location of the pest in the image using object detection, classify the
pest species, and report the probability that it is in fact this pest. Given the ease of image
collection, deep research is now available both for close-up images from cameras or cell
phones [35,36], as well as for overhead drone imagery [37,38].

2.2.2. Time-Series Data-Based Approaches

In time-series data prediction, it is common to combine multiple types of sensing devices
to monitor and record real-time environmental and pest conditions in the field [39,40]. Pre-
diction given time-series data is similar to weather prediction in that the prediction model
learns past environmental and pest development trends from a large amount of historical
data [41,42]. Since potential feature changes are sequential, temporal dynamics can be used
to estimate the number of pests that may occur in the future. Figure 1 shows the number
of studies on pest prediction from time-series data from 2012 to 2021. We retrieved the
keywords pest forecasting, pest prediction, time-series from the Web of Science (WOS) database
and recorded the number of papers published in each year.

Figure 1. Publications on time-series data for pest prediction.

As shown in Figure 1, the publication of pest prediction-related papers increased
gradually and steadily between 2012 and 2018. Pest prediction research then exploded
beginning in 2019, both in terms of the stability of the values collected by IoT devices [43]
and the more in-depth research on prediction models [44], which have contributed to the
development of pest prediction. However, bottlenecks in pest prediction remain, including
the use of a small number of variable features, the failure to analyze the validity of weather
factors on prediction, the failure to investigate the effects of different model architectures
on prediction, and the scarcity of dataset samples [45]. Therefore, we review the literature
to further analyze and discuss pest prediction studies from recent years.

Techniques applied for data prediction include statistical methods, machine learning,
and deep learning. Pest prediction using statistical methods is often achieved using the
autoregressive integrated moving average (ARIMA) model, which does not take into
account variations in relevant random variables. Narava et al. [46] use an ARIMA model to
predict the population dynamics of Helicoverpa armigera and show that ARIMA is easier to
implement for pest prediction.

Machine learning-based pest prediction is often implemented using the k nearest neigh-
bors algorithm, which searches for the k closest samples in the feature space. Gómez et al. [47]
build and compare the performance of six machine learning algorithms to predict desert
locusts based on soil moisture and demonstrate that the model prediction performance is
limited by the space and time of the data.
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Deep model structures are often used to predict pests in deep learning. Tan et al. [48]
use deep autoregressive (DeepAR) models in deep learning to predict Chilo suppressalis, a
major threat to rice production, and show that deep learning predicts pest dynamics more
accurately by integrating meteorological data, pest data, and temporal features. Therefore,
we used a deep learning model for pest prediction due to our need to focus on the temporal
dynamics of the sensing data and due to the ease of implementing pest prediction.

2.3. Time-Series Data Augmentation

Recent time-series prediction models include a large number of additional neural
structures and use deeper architectures. Since the model is trained using a deeper structure,
the dataset size affects the accuracy of the model prediction, resulting in overfitting for
small datasets [49]. Note that the use of real-time datasets is limited by factors such
as the completeness, ownership, and access of the dataset. Therefore, various methods
are used to augment the original dataset and expand the amount of training data to
increase its comprehensiveness. Wen et al. [50] has classified augmentation methods for
time series data into two categories: basic approaches and advanced approaches. The
basic approaches encompass techniques such as time domain, frequency domain, and
time-frequency domain. Meanwhile, the advanced approaches consist of decomposition
methods, statistical generative models, and learning methods. The learning methods can
further be categorized into embedding space, deep generative models, and automated data
augmentation. In the next section, we introduce basic time data augmentation methods
and describe data augmentation algorithms based on the depth generation model.

2.3.1. Basic Data Augmentation

The most important feature of timeseries data are their time and frequency charac-
teristics. Data values are fused with time and frequency to increase the amplitude of the
signal to produce a time-series dataset. Therefore, data augmentation algorithms include
time- and frequency-domain variants, for which data are transformed to the appropriate
domain for subsequent task requirements. In time-series prediction, the effectiveness of
time- and frequency-domain transformations has been demonstrated in the literature [51].
Common time-domain methods include window slicing, window warping, flipping, and
noise injection; frequency-domain conversion algorithms include amplitude and phase
perturbations (APP) and Fourier transforms (FT).

Um et al. [52] state that a single augmentation method has limited effectiveness, and
that it is crucial to select and combine the right combination of transformations for the task
to improve the performance via subsequent model analysis. Thus, it is important to select
and combine methods for different tasks to develop a combined strategy for the task. Stan-
dard practices for data augmentation in the time domain include flipping, down-sampling,
and adding slope. In the frequency domain, methods such as amplitude-adjusted Fourier
transform (AAFT), iterated amplitude-adjusted Fourier transform (IAAFT), amplitude-
phase permutation (APP), and short-time Fourier transform (STFT) are commonly used.

2.3.2. Deep Generative Model Approaches

Time-series data augmentation should not be limited to the generation of diverse
data; for the dataset to be used with confidence, the features of the generated data should
resemble the distribution of the actual data features. With the rise of deep learning, deep
generative models (DGMs) have been created that combine the advantages of generative
models and deep neural networks. The most advanced techniques in DGM are varia-
tional auto-encoders (VAEs), normalizing flow (NF), and generative adversarial networks
(GANs) [53]. Many different architectures are GAN derivatives, including recurrent GAN
(RGAN) and recurrent conditional GAN (RCGAN) [54]. Given the recent trend of using
GAN approaches to synthesize simulated training sets, we select the time-series generative
adversarial network (TimeGAN) [18] as the basis for the data augmentation model based
on the characteristics of the sensing dataset.
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3. Research Method

Here we describe the system architecture and the experimental implementation pro-
cess. We present the specific design of the experimental framework, after which we describe
the implementation method from the selection of the depth generation model and the data
augmentation and model training to the final prediction and analysis by time-prediction
models. Then, we list common evaluation metrics and explain the usage of validation
metrics to adjust the training parameters.

3.1. System Design

The system records environmental data at fixed time intervals using sensor equipment
at the experimental site and monitors pest conditions at various locations in the field as
agricultural sensor data. After preprocessing this time-series data, the time units of the
data are converted to weeks to merge the two datasets. The multidimensional time series
is then augmented and analyzed for predictive purposes. Here we estimate the timing of
pest emergence and recommend subsequent plans for pest control. This requires four steps:
(1) agricultural sensing data collection and production, (2) time series data preprocessing
and fusion, (3) multivariate time series data augmentation, and (4) pest prediction from
synthetic data. The system architecture of this study is shown in Figure 2.

 

Figure 2. Proposed pest prediction system.

3.2. Time-Series Generative Adversarial Network

This study uses TimeGAN, a deep generative model, to build a deep learning model
for agricultural sensing data [18]. TimeGAN was first used to improve the temporal
correlation of raw time-series data that are not taken into account when GAN generates
data. TimeGAN employs a generator-discriminator architecture for sequential generative
adversarial training while fusing the embedding and recovery functions to learn encoding
features of the data and generating representations in a large number of training epochs.
The embedding and recovery functions construct a hidden space in which the adversarial
networks are trained so that the feature space and the hidden space echo each other,
generating features of the currently generated data with representations of the original
sequence, and finally learning the temporal features of the time series.

3.2.1. TimeGAN Training Data

The training data comprised 59 instances of raw data with 22 characteristics, 21 in-
cluding ground temperature, dew point temperature, relative humidity, and other weather
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data, along with one pest count. The weather data came from the Agricultural Weather
Observation Network Monitoring System of the Central Weather Bureau [55], and the pest
data came from the Bureau of Agriculture, Kaohsiung City Government [56]. More details
about the dataset are provided in Section 4.1.

Since the system uses the current week’s sensing data to predict the next week’s pest
population (Section 3.3, TimeGAN’s training data are produced as two-week samples
and contain all agricultural sensing features, of which there are 22 sensing features after
preprocessing. Therefore, TimeGAN generates a realistic random vector by setting the
window size of the real data to 2, which means the generated data simulates two weeks of
real data, and sets the feature length to 22, which means that the generated data simulates
changes in the real 22 sensing data features.

Sliding the entire dataset completely with 59 samples of the original data using
a moving window yields 57 two-week matrices for subsequent model training, where
each matrix contains two weeks of sensing data, and the sensing data is preprocessed to
obtain 22 features. As described above, real-time series input data trained by TimeGAN
is produced to obtain a dataset of dimensions (57, (2, 22)) with 57 samples, each with
2 columns (weeks) and 22 variables (agricultural sensing features). Figure 3 shows a
schematic of the TimeGAN training data, the features of which are normalized to [0, 1] to
facilitate subsequent model training.

 
Figure 3. Schematic diagram of TimeGAN training data.

3.2.2. TimeGAN Training

The TimeGAN training process is shown in Figure 4. Augmented model training is
composed of three stages. In stage 1, the embedding and recovery stage, actual data are
used to achieve the best reconstruction of original data and obtain historical data features.
In stage 2, the supervised stage, samples are generated to learn temporal features from
real samples in matrix space. In stage 3, the joint stage, all of the networks (embedding,
generator, recovery, and discriminator) are trained simultaneously to optimize all loss
functions based on backpropagation.

In Figure 4, the TimeGAN model in this study uses a different loss function for
optimization in each stage. The embedding stage trains using reconstruction loss (LR), the
supervised stage optimizes using supervised loss (LS) and determines the time correlation
between the training samples and the generated samples, and the joint stage optimizes all
loss functions (LR, LS) and adjusts the generation network (LU) using unsupervised loss
feedback; thus, this last stage is the most time-consuming.
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Figure 4. Training the TimeGAN model to generate data.

Here, the reconstruction loss (LR) is calculated as the difference between the actual
data (Xt) and the restored training sequence (X̃t), as shown in (1). The original data are
downscaled and restored to the original data. Loss reconstruction means that the real data
are similar to the restored data after downscaling.

LR = ES,X(x,y)∼Pdata(x,y)

[
∑t

∣∣∣∣∣∣Xt − X̃t

∣∣∣∣∣∣
2

]
(1)

In this study, the supervision loss (LS) is calculated as the difference between the
temporal features of the training sequence (ht) and the temporal features of the generated
sequence (h̃t), as shown in (2). The original data is downscaled to retain the temporal
features of the data, and the generator adjusts to and learns the temporal features. Low
supervised loss means that the training sequence has temporal features that are similar to
the generated sequence.

LS = ES, X(x,y)∼Pdata(x,y)

[
∑t

∣∣∣∣∣∣ht − h̃t

∣∣∣∣∣∣
2

]
(2)

Here, unsupervised loss (LU) indicates the correct classification of the generated
sequences as shown in (3). Temporal features retained after the original data is downscaled
are used as a basis by which to identify whether the generated data created by the generator
fit the true temporal features.

LU = EX(x,y)∼Pdata(x,y)

[
∑t logYt

]
+ES,X(x,y)∼Pdata(x,y)

[
∑t log

(
1 − Ŷt

)]
(3)

As such, the objective function of this study is to minimize the very large generator
and the identifier (G∗, D∗) by maximizing LU (for the identifier) and minimizing LR and
LS (for the generator), as shown in (4). Since it is more important to preserve the temporal
characteristics of the original data, in the final stage we seek the best generator and identifier
solutions simultaneously.

G∗, D∗ = min
θe ,θg ,θr

(
LR + (λ + η)LS + max

θd
LU

)
(4)

3.2.3. TimeGAN Architecture

The multivariate agricultural sensing data augmentation model constructed in this
study is implemented by the ydata-synthetic Python package [57]. The TimeGAN model
is composed of an embedding network, a recovery network, a generator, and a discrimi-
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nator, which are connected through a serial connection. Below, we describe the network
architecture and settings of the four components.

Here, the generator input is a random sequence of size (2, 22) as described in Section 3.2.1,
and the generator and discriminator are both networks with three layers of GRU neurons
stacked on top of each other. The number of GRU neurons cascaded in each layer is
hidden_dim, the hidden dimension of the network. Since we seek to expand the data
in two-week increments, we set hidden_dim to 2, which causes the TimeGAN model
to generate and identify two-week sample data. In addition, the generator input is a
random vector of size (2, 22), and the generator output and the discriminator input are also
sequences of size (2, 22), but the discriminator output is a discriminative score of size 1,
used to determine whether the current generated sequence consists of true or fake data.

In this study, the embedded and recovered networks are trained with real data of
size (2, 22), as discussed in Section 3.2.1. As the size of the generated target data must be
the same as the real data, the input size of the network is the same. The embedding and
recovery network is a three-layer LSTM stacked autoencoder because the dimension of
the original data is too large to be used directly as the discriminator’s judgment criterion;
hence, the embedding and recovery network is used to downscale the data, and the
training sequence is fitted through multiple generations to provide the discriminator for
the generated sequence. The hidden_dim is set to 2 to match the data size of the generator
and the discriminator. In addition, the input of the embedded network consists of real
data of size (2, 22) and the output of the embedded network and the input of the recovered
network are training sequences of size (2, 22), but the output of the recovered network has
a size of 22 features scored for the coding and decoding effect of the autoencoder.

3.2.4. TimeGAN Training Validation

The purpose of generating new agricultural sensing data based on a train-on-synthetic,
test-on-real (TSTR) [58] methodology and augmented data is to provide input to the
subsequent time-series prediction model. The pest predictions are used to evaluate whether
the new data generated are superior to the original data in the area of agricultural prediction
tasks where data are not available. In this phase, therefore, the real model is trained
independently from the synthetic model, where the real model represents training with
real data and validation with real data, and the synthetic model represents validation
with real data but training with augmented data. The model is evaluated to measure the
effectiveness of generated data against real data.

3.2.5. Visualization of Synthetic Data

Data visualization makes it possible to present the generated multivariate agricultural
sensing data as a picture of their model training effect and then analyze them for consistency
between the generated and real data. Generally, basic visualization is used to compare the
curves of the generated data with the real data. However, as the experimental agricultural
sensing data is multivariate, the data dimensionality is reduced using algorithms such as
principal components analysis (PCA) and t-distributed stochastic neighbor embedding
(t-SNE) [59] to observe the distribution of the dataset generated by TimeGAN and that of
the original agricultural sensing data.

3.3. Predictive Models

Here, we generate agricultural sensing data and then use a simple model to verify the
difference between generated and real data. The initial validated evaluation metrics are
real and simulated data, which include all weather variables but not pest prediction; thus,
models for pest prediction must be designed. The two-stage model is used to evaluate the
indicators and the combination of different independent and dependent variables. Results
demonstrate the effect of multivariate time-series data augmentation, and experiments
reveal which factors are significant in predicting S. dorsalis population trends.
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Prediction of future pest populations requires time-series data as inputs to the model.
The input data are a combination of independent variables based on weather factors
investigated in the correlation analysis, and the output data are weekly pest counts. After
confirming the input and output data, the data are normalized, and the experimental
dataset is partitioned into a training dataset for input during model training and a test
dataset to evaluate the performance of a trained model. We use three time-series prediction
models (RNN, LSTM, and GRU), and set their parameters, architectures, and optimizers
accordingly. Finally, we use the evaluation metrics to compare the prediction errors of the
three models and calculate the prediction errors of the original and generated data. The
time-series model prediction flow is shown in Figure 5.

Figure 5. Pest prediction based on weather factors.

3.4. Evaluation Metrics

The experimental dataset combines observed environmental meteorological data and
field surveys of pest infestation by investigators. Assuming that there is too few data,
we use the TimeGAN model to expand the time-series data with more variables, and
compare the three prediction models (RNN, LSTM, GRU) before and after this expansion.
We measure the model effectiveness using time-series prediction error metrics. Since future
pest populations are predicted as a continuous value, the predicted value should be close
to the real data. Therefore, we use four common regression metrics: mean absolute error
(MAE), mean absolute percentage error (MAPE), root mean squared error (RMSE), and the
coefficient of determination (R2) [60]. In addition, since the original data and the generated
data are used as training data, the error change (EC) is used to compare the predicted error
change before and after data augmentation. The above index equations are as follows:

MAE =
1
n

n

∑
t=1

|yi − ŷi| (5)

MAPE =
100%

n

n

∑
t=1

∣∣∣∣ ŷi − yi
yi

∣∣∣∣ (6)
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RMSE =

√
1
n

n

∑
t=1

(yi − ŷi)
2 (7)

R2 = 1 − ∑
i
(yi − fi)

2/ ∑
i
(yi − ŷ)2 (8)

EC = MAEw/ aug − MAEw/o aug (9)

As MAE is the sum of the absolute values of the difference between the actual and
predicted values, it reflects the actual difference between the predicted and sample values,
as shown in (5); MAPE explains the difference between the predicted and actual values
intuitively in terms of a percentage, as shown in (6); RMSE is the sum of the squares
of the difference between the actual and predicted values, and is used to evaluate the
error between observed and actual values. Since RMSE is calculated by squaring, it
amplifies the error in addition to maintaining the absolute value estimation, as shown
in (7); R2 represents the strength of the correlation between the dependent variable and the
independent variable, and is used to explain the degree of fit between the predicted and
actual values in the model, as shown in (8); EC is the difference between the MAE of the
augmented data and the MAE of the original data. MAE results are compared to analyze
the performance of the training model between the augmented data and the original data,
as shown in (9). The smaller the value of the first three error indicators (MAE, MAPE, and
RMSE), the lower the error, and the larger the fourth validation indicator (R2), the better.
The smaller the EC value, the better the fit of the expansion to the original data. Therefore,
for regression, the same evaluation metric can be used for different network architectures.
The evaluation metrics correspond directly to the model performance and accuracy.

4. Experimental Procedure and Discussion

4.1. Research Site

The site for this experiment was an orchard in Liugui District, Kaohsiung City, Taiwan,
as shown in Figure 6. According to the annual Kaohsiung City Agricultural Statistics
report [61], the total production of mangoes in Kaohsiung City is about 13,300 tons, of
which the production in Liugou District is about 3100 tons. Since this area is the highest
yielding area in Kaohsiung, we chose Liugui as the most representative site for pest threats.
In addition, since mango is the most abundant fruit in the experimental area, the main
research issue is how to maintain the quality of the mangoes and reduce the threat of
pests and diseases. In summary, we seek to investigate the historical data of this area and
estimate future pest trends via smart agriculture to provide farmers with real-time spraying
guidance to control pest populations.

4.1.1. Pest Data

The pest surveyed in this study was Scirtothrips dorsalis Hood (S. dorsalis), also known
as the yellow tea thrip. The experimental pest dataset was obtained from public data
monitored from 2019 to 2021 by the Kaohsiung City Bureau of Agriculture [56]. Since the
current S. dorsalis control focuses mainly on issuing early warnings when the number of
insects rises to remind farmers to prepare for pest control in advance, the annual monitoring
period ends when the mangoes are in season, so no monitoring was conducted from
September to December. Therefore, the purpose of this study is to estimate the timing of
pest emergence so farmers know when to spray insecticides.

The pest dataset is a collection of data collected from farmland locations in response to
experimental needs. Eight mango orchards larger than one hectare were recorded, and for
each mango orchard we selected, the most representative locations were affected by only
the small yellow thistle and no other pests. The number of crops in the vicinity of each site
was approximately the same. Ten sticky boards were deployed at each site for trapping
and counting, and the boards were replaced at regular intervals every week. The data were
recorded in terms of the number of pests, and the average of each sticky board was taken,
so the pest data are expressed as the average number of pests at the site for that week. The
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sum of the eight sites represents the pest level corresponding to the weather information
for that week.

Figure 6. Experimental site: Liugui District, Kaohsiung City.

4.1.2. Meteorological Data

As pest populations are affected by environmental variables such as temperature,
humidity, and light, we used meteorological data to construct a multivariate agricultural
dataset. Since the number of pests and the weather dataset must be monitored at the same
time and location, for the meteorological data we also used the environmental data for
Liugui District, Kaohsiung City. The experimental meteorological dataset was obtained
from the Agricultural Weather Watch monitoring system of the Central Weather Bureau [55]
of Taiwan. On the CWB’s weather monitoring website, there is one station for Liugui
District (code E2P980), so the data recorded for this station were used as the meteorological
data, as they are most representative of the weather in the orchards in Liugui District.

We filtered the meteorological data from 2020 to 2021. The weather data were sampled
according to time attributes, and the raw data included 16 weather factors, among which
are temperature, precipitation, relative humidity, atmospheric pressure, all-sky solar radiation, and
wind speed, as shown in Table 1. The weather data were monitored at hourly intervals, and
there were 17,000 data instances. We rescaled the time units of the environmental features
to match the temporal attributes of the meteorological data and the pest data, and fused
the data to generate the agricultural sensing data for this experiment.

4.2. Data Preprocessing

For data preprocessing, we used data cleaning, missing value processing, resampling,
and data fusion. In addition, we conducted a correlation analysis to better understand the
relationship between variables of agricultural sensing data.
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Table 1. Meteorological data of weather variables and units.

Weather Variable Unit Weather Variable Unit

Temperature (T) ◦C Rainfall (RF) mm
Ground temperature 0 cm (GT0) ◦C Relative humidity (RH) %
Ground temperature 5 cm (GT5) ◦C Vapor pressure (VP) hPa

Ground temperature 10 cm (GT10) ◦C Sea level pressure (SLP) hPa
Ground temperature 20 cm (GT20) ◦C Solar irradiance (LUX) MJ/m2

Ground temperature 50 cm (GT50) ◦C Insolation duration (LUXTIME) h
Ground temperature 100 cm (GT100) ◦C Mean wind speed (WS) m/s

Dew point temperature (DPT) ◦C Maximum gust wind speed (MWS) m/s

4.2.1. Data Preprocessing

As is typical, the environmental monitoring data were characterized by missing values
and outliers, which were preprocessed using data purification and missing value processing.
Since no outliers were found in the weather data samples, data purification did not change
the original dataset. We observed missing values in each feature, so we removed the
fields in which the missing values were located. After preprocessing and data correction,
we converted all feature data from hourly to weekly dimensions. We resampled using
four functions: average, maximum, minimum, and cumulative. After resampling, the
amount of data for each feature was reduced from 17,000 to 105 samples. The temporal
attributes of the meteorological data matched that of the pest data, and the complexity of
the meteorological dataset was reduced and potential trends were identified.

4.2.2. Correlation Analysis

As shown in Table 2, we used Pearson’s r to calculate the correlation between meteo-
rological variables and pest populations based on agricultural sensing data from the site
and pest data surveyed by agricultural experts. Temperature, light, and wind speed were
positively correlated with pest populations, whereas humidity, pressure, and rainfall were
negatively correlated. These correlations constitute weather indicators of pest incidence
for farmers. In addition, the positive correlations of temperature, light, and wind speed were
combined with eight input data sets to compare the performance of the predictive models.

Table 2. Pearson’s r coefficients between meteorological variables and pest population.

Variable r Variable r Variable r

T_AVG 0.426 ** GT20_AVG 0.589 *** VP_MIN −0.179
T_MAX 0.421 ** GT50_AVG 0.551 *** SLP_AVG −0.269
T_MIN 0.319 * GT100_AVG 0.469 *** RF_SUM −0.107

DPT_AVG 0.281 * RH_AVG −0.274 LUX_SUM 0.322 *
GT0_AVG 0.571 *** RH_MIN −0.014 LUXTIME_SUM 0.400 **
GT5_AVG 0.575 *** VP_AVG −0.266 WS_AVG 0.474 ***

GT10_AVG 0.583 *** VP_MAX −0.280 * WS_MAX 0.122
Note. *: p < 0.05, ** p < 0.01, ***: p < 0.001.

4.3. Data Augmentation Analysis

We investigated the data augmentation from three aspects: the parameter settings of
the TimeGAN model, a visual presentation of the generated data, and an evaluation of the
training effectiveness of the generated and real data.

4.3.1. TimeGAN Parameters

First, we set the parameters of the TimeGAN model. As described in Section 3.2.1,
we set the size of the training data to (57, (2, 22)). We used trial and error to set batch_size,
num_layer, hidden_dim, noise_dim, and learning_rate.

After testing and adjusting the TimeGAN parameters, the hyperparameter settings
were as follows: we used a GRU generator and authenticator architecture and an LSTM
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embedding and recovery network architecture; num_layer = 3, hidden_dim = 2, noise_dim = 32,
batch_size = 32, learning_rate = 0.0005, and the number of generations (train_epoch) was set
to 50,000.

4.3.2. Visualization of Synthetic Data

After training the TimeGAN model, we used it to generate a new serialized object
(pickle file, .pkl) for each iteration. For example, a data sample of 64 samples was generated
by reading the pickle file, where the size of the new dataset was (64, (2, 22)): 64 samples
with 2 weeks and 22 data features (21 weather variables and 1 pest count).

The generated data were evaluated by visualizing the data distribution. First, we
directly compared the generated data with the original data, where all the features were
selected at the same time and a step size of 2 was used to perform the graphing. The
generated TimeGAN data is represented by the basic visualization line graph shown in
Figure 7, in which the solid blue line represents the real data, and the dashed orange line
represents the generated data. In this case, given the multivariate nature of the trained
agricultural sensing data, it was not possible to visualize all of the features and present a
dataset with a step size of 1.

Figure 7. Basic visualization of generated data (train_epoch = 50,000).

The second visualization approach used the PCA and t-SNE algorithms to reduce the
dimensionality of the dataset from 22 to 2. Figure 8 shows the distribution of the TimeGAN
data: the left panel shows PCA results, and the right panel shows the t-SNE results. Since
PCA uses linear downscaling, many features are discarded, resulting in underfitting (the
distribution is not well-fitted); conversely, as t-SNE is nonlinear, the similarity between
sample points in high and low dimensions is defined by chance. The black and red points
in t-SNE almost overlap.
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Figure 8. PCA and t-SNE visualizations of generated data (train_epoch = 50,000).

4.3.3. Evaluation of Synthetic Data

After training the TimeGAN model, we evaluated the generated data. We thus trained
two models, one on real data and one on generated data. For this phase, the test set used
real data; the evaluation metrics confirm the difference between the generated data and
the model trained with real data. Table 3 shows the results of experiments using trial and
error to find a good dataset cut ratio and model parameter settings based on the TSTR
premise. After comparing the effectiveness of various dataset cutting ratios, we set the cut
ratio between the training set and the test set to 8:2. We built a single-layer GRU to evaluate
the model, where the number of neurons (num_cell) was 16, batch_size was 64, we used the
Adam optimizer, and we used early stopping to prevent overfitting. The R2, MAE, and
RMSE results in Table 3 reveal a small difference between MAE and RMSE, and show that
the R2 of the model with generated data is close to that of the model with real data.

Table 3. Performance of TSTR-based models.

Type of Data
Metric

R2 MAE RMSE

Actual data 0.335843 0.142426 0.204147
Synthetic data 0.379916 0.141800 0.196959

4.4. Data Forecast Analysis

We divided the pest prediction experiment into four parts. First, we optimized the
pest prediction model parameters. Second, based on the results of variable correlation
analysis, we calculated the evaluation indicators by the prediction model under eight types
of independent variables, and selected suitable independent variable data for subsequent
multivariate data augmentation experiments. Third, based on the resultant prediction
model and independent variable data, we calculated evaluation indicators using three
prediction models, and observed the degree of fit between the augmented and original data
in the model prediction. Fourth, we presented the overall pest prediction system.
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4.4.1. Optimization of Predictive Models

The optimal model parameters use GRU as the base model and a one-to-one framework
to design a predictive model that uses all weather variables of the current week to predict
the next week’s pest population. Recall that the training data accounts for 80% of the total
data in this study. GRU model parameters including batch_size, num_cell, num_hidden layer,
and dropout were adjusted sequentially by scaling the RMSE of the unreturned data to the
same evaluation metric to optimize pest prediction, thus optimizing the parameters and
structure of the model. Figure 9 shows the RMSE curves for optimizing the parameters of
the GRU pest prediction model.

Figure 9. Optimization of model parameter curves.

In Figure 9, the optimal batch_size for prediction model training is 6, num_cell of GRU is
256, GRU cells are not stacked, the dropout of cells is 0.4, the training model optimizer was
RMSprop, and the number of epochs is controlled by early stopping to avoid overfitting.
The parameters of the pest prediction model were optimally combined with those of the
GRU model, and the RNN and LSTM models used the same parameters and architecture.
In addition, we used the Adam optimizer for RNN.

4.4.2. Selection of Input Variables

We selected three sets of positively correlated variables (temperature, light, and wind speed)
and combined them to classify the pest prediction independent variables into eight types of
data. We used three models (RNN, LSTM, and GRU) to evaluate and predict pest popula-
tions. We selected the best-performing independent variables for subsequent experiments
to augment the independent variable data. Figure 10 shows the results of pest prediction
using the three models. The black dashed line represents the real data, and the green solid
line, red solid line, and blue solid line are the predicted values of the RNN model, the
LSTM model, and the GRU model, respectively. The y-axis unit is the unnormalized pest
counts. Table 4 shows the evaluation results of the eight types of independent variables
using the three models.
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Figure 10. Weather feature prediction results.
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Table 4. Results for weather feature datasets.

Input Factor Model MAE MAPE RMSE

Temperature
RNN 153.12 11.89% 162.07
LSTM 103.34 8.42% 107.98
GRU 84.80 6.84% 95.82

Light
RNN 70.12 2.66% 95.52
LSTM 67.85 3.34% 86.03
GRU 74.78 4.39% 91.00

Wind Speed
RNN 97.78 6.48% 107.96
LSTM 74.08 3.15% 95.23
GRU 77.00 5.00% 90.13

Temperature, Light
RNN 100.03 7.76% 104.43
LSTM 110.81 8.90% 114.84
GRU 97.38 7.58% 100.25

Temperature, Wind Speed
RNN 86.23 7.25% 92.17
LSTM 73.77 5.96% 81.63
GRU 81.02 6.74% 86.11

Light, Wind Speed
RNN 70.32 5.96% 75.87
LSTM 89.35 7.20% 95.69
GRU 82.32 6.11% 91.29

Temperature, Light, Wind Speed
RNN 58.04 6.09% 66.36
LSTM 71.71 5.30% 80.87
GRU 118.94 9.76% 127.04

All Variables
RNN 41.47 1.51% 58.27
LSTM 60.52 4.17% 71.87
GRU 53.85 3.65% 62.07

In Figure 10a–c, we observe a single combination of independent variables (temperature,
light, and wind speed) where the predicted values curve smoothly and differ more from the
actual values; in Figure 10d–g, the combined meteorological variables are predicted with a
larger magnitude and gradually approximate the real data curve, but still produce large
errors at some moments; in Figure 10h, when training with the agricultural sensing data
that covers all variables, the predicted trend curve is clearly closer to the real line than the
other seven results. We thus infer that the complete data is more comprehensive except
for the variables, and the combination of positive correlation variables does not reduce the
prediction error. Therefore, for the data augmentation experiment we use the complete
multivariate agricultural sensor data as input values and compare the training set with the
unaugmented and augmented improvement.

Note in Table 4 that for models without augmentation (RNN, LSTM, and GRU), the
MAPE values are significantly smaller than those for the temperature features when light
and wind speed are the independent variables, but the predicted curves in Figure 10b,c do
not approximate the real data, indicating that a single variable does not contain enough
information to fit real-world situations. For [temperature, light], [temperature, wind speed],
[light, wind speed], and [temperature, light, wind speed], the MAPE values are slightly higher.
Likewise, due to the additional data features, the results in Figure 10d–g more closely
approximate the true values. When the independent variable is [all variables], the MAPE
results for RNN, LSTM, and GRU are 1.51%, 4.17%, and 3.65%, respectively, which are
the lowest values in all cases, and the MAE and RMSE values are the lowest among
all combinations. Thus, using all variables yields the most complete characteristics for
model learning; note that both predictions are close to the real situation in Figure 10h.
Consequently, we generate data using all variables and compare the prediction errors
before and after augmentation in RNN, LSTM, and GRU.
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4.4.3. Comparison of Predictive Metrics

We independently tested the prediction effects of different independent variables
and selected all variables as the original augmented input data; thus, we used the all of
the multivariate agricultural sensing data, and used RNN, LSTM, and GRU to compare
the six results in terms of the prediction error of the two data sets (MAE) and the error
difference (EC). Table 5 shows the performance of the time-series prediction model using
different data.

Table 5. Prediction error for different training data.

Model
Training Data Test Data

MAEw/o aug MAEw/ aug EC MAEw/o aug MAEw/ aug EC

RNN 13.05 91.91 78.86 79.86 120.39 40.53
LSTM 19.62 76.67 57.05 73.29 107.34 34.05
GRU 17.43 85.34 67.91 77.67 87.53 9.86

In Table 5, when the original and augmented data are used for training, the MAE
values of the RNN model are 13.05 and 91.91 and the EC value is 78.86. The LSTM model
trained with augmented data has the lowest prediction error, and its MAE value of 76.67
is the lowest of the three models. The difference between the prediction errors calculated
from the real and simulated data using the LSTM model is also the smallest, and the EC
value of 57.05 is the best of the three models.

In addition, as shown in Table 5, the MAE values of the RNN model are 79.86 and
120.39 and the EC value is 40.53 when the original and augmented data is used for the
test data. The MAE values of the LSTM model are 73.29 and 107.34 and the EC value is
34.05. The MAE values of the GRU model are 77.67 and 87.53 and the EC value is 9.86. The
prediction error of the GRU model trained with the augmented data is the lowest, and the
MAE value of 87.53 is the lowest of the three models. The difference between the prediction
error of real and simulated data using the GRU model is also the smallest, and the EC value
of 9.86 is the lowest of the three models.

4.4.4. Overall Pest Prediction System

The final objective of this study was to present a multivariate pest prediction system for
agricultural sensing data. After optimizing the prediction model parameters, we selected
the independent variables for pest prediction, used these independent variables to generate
data, and then used the generated data together with the original data as the training
set for the prediction models. After the initial optimization of the pest prediction model
parameters, we constructed six pest prediction models after the model overlay training: the
original RNN model, the original LSTM model, the original GRU model, an RNN model
trained with generated data, an LSTM model trained with generated data, and a GRU
model trained with generated data. Figure 11 shows the prediction results on the training
set using the six pretrained models. Figure 12 shows the prediction results of the pretrained
models on the test set. The x-axis unit is weeks, and the y-axis unit is the number of pests
that were restored without data normalization.

In Figures 11 and 12, the black dashed line represents the real data, the green solid
line represents the original RNN model, the green dashed line represents the RNN model
trained with the generated data, the red solid line represents the original LSTM model,
the red dashed line represents the LSTM model trained with the generated data, the blue
solid line represents the original GRU model, and the blue dashed line represents the GRU
model trained with the generated data.
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Figure 11. Pest prediction on training set.

Figure 12. Pest prediction on test set.

5. Conclusions and Prospects

In Section 4.2.1, we use downsampling to convert the raw data into more weather
characteristics and then use the prediction model to learn more complete weather trends.
In addition, to highlight which combination of weather factors is most beneficial for the
task, we analyze eight combinations of independent variables on pest trends by evaluating
the results and visualization predictions in Section 4.4.2: when we use all of the variables as
the independent variables for the prediction model, the MAE, MAPE, and RMSE are best
compared to the other combinations, and the prediction curves most closely approximate
the real data. In Section 4.4.1, we further optimize the model parameter configuration and
architecture of the predictive model in terms of the same evaluation metrics. Finally, in
Sections 4.4.2–4.4.4, we compare and collate the differences in model effectiveness between
the optimized models by considering the effects of multiple models simultaneously in
different pest prediction experiments.
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Data augmentation has not yet been applied to agricultural sensing data. Nevertheless,
as the agricultural sensing data is in the form of a time series, they are suited for data
augmentation in the form of data generation of sensing data. We generate the original
time-series data and use this data for pest trend prediction. The experimental results in
Section 4.3.3 show that the generated data can be used to simulate real situations in the
absence of sufficient real data. Moreover, in Sections 4.4.3 and 4.4.4, we conduct experiments
to evaluate the effect of the generated data on pest prediction. Finally, in Section 4.3.2, we
visualize the augmented sensing data and graphically represent the differences between
the data via dimension reduction. The t-SNE algorithm shows that the markers of the
generated data are generally the same as those for the real data.

Currently, most of the applications of Generative Adversarial Networks (GANs) in
agriculture are focused on image generation. To improve the usability of generated data,
many variations of GANs have emerged, such as conditional GANs and CycleGANs.
While these applications have the potential to enhance various aspects of agriculture, there
is a growing emphasis on sustainable agriculture practices that prioritize the long-term
health of the environment and ecosystems. TimeGAN, which is mainly used for generating
time-series data, is highly suitable for sustainable agriculture applications. It can help
generate data that inform sustainable agricultural practices, such as optimizing crop yields,
improving resource efficiency, and reducing the environmental impact of agricultural
activities. To the best of our knowledge, there has not yet been any research on generating
time-series data in this field, but the potential for TimeGAN to contribute to sustainable
agriculture practices is promising.

In summary, we address the fundamental problem of insufficient data for pest predic-
tion through time-series data augmentation. We use three common temporal prediction
models to evaluate the differences between a model trained on large amounts of generated
data and a model trained on raw data. The results show that complex LSTM and GRU
models produce prediction results that are similar to those produced by models trained
on the raw data. For future work, we suggest using a more complete dataset to predict
pest occurrences. In addition, the scaling method proposed in this study compares only
the prediction difference between the original data and the generated data, and does not
consider the scaling principle of other time-series data. Future studies could investigate
the generation effects of different augmentation methods and the improvement in pest
prediction results due to augmentation methods such as interpolation, which is commonly
used to augment linear problems.
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Abstract: In recent years, Colomerus vitis has caused serious economic losses due to reduced grape
production in Xinjiang (northwest China). Several rootstock varieties have been reported to improve
the resistance of Cabernet Sauvignon to Colomerus vitis. This study explored the influence of Cabernet
Sauvignon with different rootstocks on the resistance to Colomerus vitis. In particular, Cabernet
Sauvignon/Cabernet Sauvignon (CS/CS) was selected as the control, and Cabernet Sauvignon grafted
with five resistant rootstocks (3309C, 1103P, 140R, SO4, and 5C) was employed as the treatment. The
infestation rate and injury index of Colomerus vitis to grapevines was investigated, and insect-resistant
types of grapevines with different rootstocks were determined. The resveratrol (Res) content, the gene
expression of resveratrol synthase (RS), and the activities of peroxidase (POD), polyphenol oxidase
(PPO), catalase (CAT), and superoxide dismutase (SOD) in the leaves of each rootstock grapevine
were measured. The activity of the four enzymes and the content of Res were negatively correlated
with the injury index. The results revealed the ability of the rootstock to improve the resistance of
grapevines to Colomerus vitis by increasing the enzyme activity or Res content. In particular, 140R,
SO4, and 5C rootstocks can be employed as rootstocks of the ‘Cabernet Sauvignon’ grapevine with
resistance to Colomerus vitis. The contents of Res and the four resistance enzymes studied here can be
used as indexes to evaluate the insect resistance of rootstock–scion combinations.

Keywords: rootstock; grapevines; Colomerus vitis; oxidase; resveratrol; mite

1. Introduction

The widespread use of resistant rootstocks of grapevines (Vitis spp.) began in the 19th
century during the fight against the grape phylloxera [1]. This, consequently, prompted the
beginning of research on grapevine resistant rootstocks [2]. Previous work has reported that
rootstocks can improve the resistance of grapevine scions to Bois noir (BN) disease [3] and
Pierce’s disease (PD) [4,5]. As a high-quality grape production base, Xinjiang (northwest
China) has unique environmental and geographical advantages. In addition, the grape
industry has developed rapidly in recent years. ‘Cabernet Sauvignon’ is a high-quality
red grape of the wine-making variety, which has become the main wine-making grape
variety in Xinjiang. However, the increase in grapevine planting area has caused a rise
in diseases and insect pests, which negatively impacts grape production, as well as the
quality and yield of grapevines. Using rootstocks can effectively improve the stress and
disease resistance of grapevine scions [3]. Current research on rootstocks focuses on the
resistance to root aphids and nematodes, while advancements have also been made in
screening rootstocks with salt, alkali, drought, and cold resistance [6,7]. However, reports
on the resistance of grafted grapes with different rootstocks to gall mites are limited.

Colomerus vitis (Pagenstecher) (Acari: Eriophyidae) (Grape erineum mite, GEM) eats
grapevine leaves, leading to leaf deformities and grape production losses [8]. GEM-infested
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grapevine leaves initially show white spots on the back. This is followed by the appearance
of a bubble bulge. The leaves then twist, become brittle, and experience the formation of
a layer of white fluff plaque at the back. Similar to rusts, brown, felt-like patches form in
the later period, which is commonly known as ‘Mao Zhanbing’. When GEM infestation is
serious, the grapevines cannot regenerate and grow new shoots, which inhibits the light
and ability of leaves and reduces the quality and yield of berries [9]. GEM infestation in
grapevine leaves facilitates the spread of grape berry necrosis virus [10] or grapevine Pinot
gris virus [11]. Furthermore, GEM, as a common gall mite in wine grape plantations in
Xinjiang, has proved to be serious in numerous years, causing great production losses.
Therefore, the control of grape gall mites in Xinjiang should not be underestimated.

When plants are under stress and infected by pathogens, their disease resistance
systems start to respond. The accumulation of reactive oxygen species (ROS) is closely
related to the initial defense response of plants. For example, H2O2, as a signal of plant-
induced defense responses, can activate the disease-related protein (PR) gene and induce
phytoalexin or other defense responses [12]. In order to protect cells and reduce the
pressure of reactive oxygen species, the activities of SOD, CAT, POD, and other enzymes
increase [13–16]. Moreover, resveratrol (Res) is a phytoalexin produced by plants under
stress and is widely studied due to its key role in grapevine disease resistance. In the
response of grapevines to downy mildew, the accumulation of Res and H2O2 is related to
programmed cell death (PCD), and the faster the response speed, the stronger the resistance
of the plant to downy mildew [17]. Grapevines are a key source of natural Res, a stilbene
compound that usually exists as a trans-structure in nature and is typically synthesized
by phenylalanine metabolism in plants [18]. Res is also one of the main substances related
to the health care function of wine. The content of Res in grapes gradually increases with
ripening after it enters the ripening stage, with significant differences among grapevine
varieties [19]. At present, breeding experts improve the disease resistance of grapevines
through intraspecific or interspecific breeding, including increasing the Res content of
plants [20,21]. Related studies have found that the content of Res in scions can also
be increased by grafting [22,23]. However, research shows that resveratrol itself does
not have a high antimicrobial activity, and its polymers, such as Pterostilbene, are the
main substances that can resist microbial infection. Res is usually accumulated at a high
concentration in response to induction or pathogen infection [24]. Stilbene compounds may
be involved in cell wall strengthening through peroxidase-mediated cross-linking with cell
wall components [25]. After the leaves of grapevines are infected by fungal diseases, Res
is rapidly synthesized in large quantities at the infected site and is then synthesized by
the rootstock to be transported upward to the infected site through the phloem. Moreover,
large amounts of Res produced by infected grapevine varieties will be quickly glycosylated
to form polydatin (Pd) with less toxicity, while large amounts of Res produced by infected
resistant varieties are rapidly oxidized into more toxic viniferin [26,27]. Therefore, the Res
content can be used as a reference index to measure the disease or insect resistances of
grafted grapevines.

This study explores the effects of different rootstocks on the resistance of ‘Cabernet
Sauvignon’ vines to GEM. In particular, ‘Cabernet Sauvignon’ grapevines with different
rootstocks were used as the experimental material, and GEM was inoculated artificially
in the field in order to investigate the infestation rate and infestation index of new shoot
leaves infested with GEM. The activity of related resistance enzymes, Res content, and RS
gene expression in the leaves of different ‘Cabernet Sauvignon’ grapevine rootstocks with
different GEM infestation grades were measured. The correlation between the infestation
index and enzyme activity and the Res content of scion grapevine leaves at the initial stage
of infestation (infestation grade 1) was analyzed. The resistance of ‘Cabernet Sauvignon’
grapevines with different rootstocks to GEM was then evaluated. This work provides a
reference to explore the mechanism of GEM resistance in ‘Cabernet Sauvignon’ grapevines
with different rootstocks and acts as a theoretical basis for the selecting of grapevine
rootstocks with GEM resistance in Xinjiang.
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2. Materials and Methods

2.1. Field Experiments

The test site is located in the experimental station of the Agricultural College of
Shihezi University, Xinjiang, China. Six-year-old grapevine combinations with different
rootstocks of ‘Cabernet Sauvignon’ were used as the experimental material. ‘Cabernet
Sauvignon’ grafted with ‘Cabernet Sauvignon’ (CS/CS) was used as the control (CK).
The planting row spacing was set as 1 m × 3 m, with hedgerow cultivation. Rootstocks
and scions were all from the Zhengzhou Fruit Research Institute, Chinese Academy of
Agr-cultural Sciences. The selected rootstocks were 3309C (V. riparia × V. rupestris), 1103P
(V. berlandieri × V. rupestris), SO4 (V. berlandieri × V. riparia), 140R (V. berlandieri × V.
rupestris), and 5C (V. berlandieri × V. riparia). Six grapevine plants with similar growth
were selected from each rootstock–scion combination in the experimental station as the
experimental material. Each rootstock–scion combination was isolated from other plants
in the experimental station using a 300-mesh (84.6 μm aperture) nylon gauze. In 2019,
abamectin was used to control mites across the entire experimental station (including the
experimental plants) to ensure that there were no GEM and predatory natural enemies on
the grapevines in the experimental station. In April 2020, the experimental plants isolated
by nylon netting were unearthed separately and placed on shelves. On 3 May, a chemical
mixture (abamectin and mancozeb) was used to ensure that there were no pests or injuries
on the experimental plants. Following this, the field trimming, soil, fertilizer, and water
management of the test materials were standardized and unified. On 30 May, the main
shoot was cored, while the auxiliary shoot was not cored.

On 15 June, at 20:30 (Beijing time), the branches of GEM-infected leaves were collected
in the ‘Cabernet Sauvignon’ Vineyard, Shihezi City (13 km away from the experimental
station) and kept fresh at 25 ◦C in a sampling box. Whole leaves exhibiting felted injury
spots were used as the GEM inoculation material for inoculation. In the evening, the GEM
inoculation material and young leaves of the secondary shoots of the experimental plants
were fixed back-to-back with paper clips at the experimental station. The total area of
the GEM-infected leaves of each grapevine was approximately 10 cm2. On 30 June, the
grapevine plants exhibited symptoms of GEM infestation. Follow-up management ensured
that the nylon net was in a closed state, with the exception of the tester entrance and exit.
The resistance of ‘Cabernet Sauvignon’ grapevines with different rootstocks to gall mites
was then investigated in the field.

In 2020, 36 grapevine plants of a similar growth stage were selected as the test material.
Identical rootstocks were combined into pairs and considered as a single treatment. All
treatments were repeated three times. At the peak period of the GEM damage (18 August),
five accessory shoots (new shoots) were selected from each grapevine, and five functional
leaves larger than 1/3 of the accessory shoot and above (Upper morphology) were selected
from each new shoot. A total of 50 leaves were selected to investigate the GEM damage
and related indexes. As no leaves with a GEM infestation level of 4 were identified in the
statistical analysis, the activities of SOD, CAT, PPO, and POD, the contents of Res and Pd,
and the relative expression of the RS gene in the leaves were measured using functional
leaves with infestation levels of 0, 1, 2, and 3. Leaves of the same rootstock and scion
combinations and the same infestation grade were collected and mixed for sampling. Each
test index was repeated three times, and the significant differences of related indexes of
different rootstock and scion combinations under the same injury grade were analyzed.
The index measured at the earliest stage of worm development following the appearance
of the GEM infestation symptoms (i.e., at the level 1 infestation stage) was selected for the
correlation analysis with the injury index.

2.2. Infestation Evaluation

The damage degree of GEM to grapevine leaves can be divided into different injury
grades based on the following criteria: level 0, no bubble bulge; level 1, bubble bulge area
accounts for less than 1/4 of leaf area; level 2, bubble bulge area accounts for 1/4–1/2 of

43



Sustainability 2022, 14, 15193

whole leaf area; level 3, bubble bulge area accounts for 1/2–3/4 of whole leaf area; and level
4, bubble bulge area accounts for more than 3/4 of whole leaf area. Leaf area surveying
was performed with a single-lens reflex (SLR) camera, and the affected area was calculated
with Photoshop CC2017 (Adobe Inc., San Jose, CA, USA) as follows:

Incidence (%) = Incidence/Investigation ×100% (1)

Injury index = ∑ (number of cases at all levels × value at all levels)/(total
number of investigations × highest grade value) × 100

(2)

The types of grapevine resistance to gall mites were divided into five levels: (i) im-
munity (IM), with an injury index of 0; (ii) high resistance (HR), with an injury index of
0.1–5.0; (iii) injury resistance (R), with an injury index of 5.1–25.0; (iv) injury (I), with an
injury index of 25.1–50.0; and (v) high injury (HI), with an injury index greater than 50.0.

2.3. Biochemistry Methods

The enzyme activities of SOD, CAT, PPO, and POD in scion leaves with different injury
grades were determined according to [28]. Three technical repetitions were performed. The
Res and Pd contents were quantified via HPLC (high-performance liquid chromatography)
using Shimadzu High Performance Liquid Chromatography (Kyoto, Japan) (LC-2010AHT)
of Japan. The equipment included: an ultraviolet detector, a HPLC 2D workstation, the
Kunshan ultrasonic instrument, a freezing centrifuge, the SEG ProteCol-PC18 reverse
chromatographic column, etc. The chromatographic bottle used for the high-efficiency
liquid phase was Agilent Technology Co., Ltd. (Santa Clara, CA, USA). The specific process
employed is described as follows: take a 1 g sample and grind it into powder in liquid
nitrogen; transfer to a centrifuge tube with methanol to a constant volume of 10 mL;
swirl for 2 min; extract with ultrasonic for 30 min; centrifuge it at 12,000 rpm for 10 min;
repeat twice; filter the supernatant with a 0.45 μm filter membrane (organic phase) in the
chromatographic bottle (Agilent); and place it in a 4 ◦C refrigerator for later use. The mobile
phase was selected as acetonitrile/0.2% phosphoric acid = 45/55, the detection wavelength
as 306 nm, and the flow rate as 0.8 mL/min. Column temperature, sample volume, and
elution condition were set as: 25 ◦C, 10 μL, and low elution, respectively.

The related primers were designed according to the literature on the synthesis pathway
of resveratrol from a grapevine (Table 1). The primers of the RS gene and internal reference
gene (actin1 [29]) were designed with Primer Premier 6.0. The designed primers were
synthesized by Shanghai Shenggong Co., Ltd. (Shanghai, China).

Table 1. Primer Sequences.

Genes Forward Primer Reverse Primer

actin1 CTTGCATCCCTCAGCACCTT TCCTGTGGACAATGGATGGA
RS GCTATGCAGGTGGAACTGTCCTTC CTCAGAGCACACCACAAGAACTCG

An RNA extraction kit (Meiji Biotechnology Co., Ltd., Guangzhou, China) was used
for the total RNA extraction. The quality of the RNA was identified by a micro-ultraviolet
spectrophotometer and agarose gel electrophoresis. An RT-5-UHUUK reverse transcrip-
tion kit (Shanghai Yisheng biotechnology Co., Ltd., Shanghai, China) was employed to
synthesize cDNA strands by reverse transcription, and was stored in the refrigerator at
−20 ◦C.

qRT-PCR reactions were performed with the Green Realtime PCR Master Mix kit (Toy-
obo, Japan). Each sample was repeated three times. The total volume of the amplification
system was 20 μL, with a cDNA 2 μL template, SYBR mixture of 10 μL, ddH2O of 7.2 μL,
and forward and reverse primers of 0.4 μL each. The amplification procedure is described
as follows: pre-denaturation at 95 ◦C for 5 min; denaturation at 95 ◦C for 5 s; annealing

44



Sustainability 2022, 14, 15193

at 60 ◦C for 10 s; extension at 72 ◦C for 15 s; and a duration of 40 cycles. The relative
expression of genes was calculated using the 2−ΔΔCt method.

2.4. Data Analysis

The experimental data were analyzed and visualized using Photoshop CC2017, Excel
2010 (Microsoft Corp., Redmond, WA, USA), SPSS 19.0 (IBM), and GraphPad Prism 9
(GraphPad Software, Inc., San Diego, CA, USA). Among them, SPSS 19.0 was used for
Tukey’s HSD test, and GraphPad Prism 9 was used for the normal distribution test and
Peel correlation analysis.

3. Results

3.1. GEM Field Identification Results of ‘Cabernet Sauvignon’ with Different Rootstocks

We investigated the damage of GEM to ‘Cabernet Sauvignon’ grapevines with dif-
ferent rootstocks in the field (Figure 1). GEM was generally observed to damage the new
shoots and leaves of grapevines and occurred in the new shoots and leaves of ‘Cabernet
Sauvignon’ under all rootstock–scion combinations. The GEM damage rates of leaves
in all rootstock combinations were compared (Table 2). The CS/3309C, CS/1103P, and
CK combinations exhibited the highest incidence. Compared with the CK, there were no
significant differences in the GEM resistance of 3309C and 1103P rootstocks to the ‘Cabernet
Sauvignon’ grapevine, and the incidence of GEM infestation in the three combinations
was much higher than that of other rootstock combinations. The incidence of the CS/5C
combination was the lowest, reaching just 9%. The injury index reflects the severity of the
injury. Comparing the injury index of leaves in each rootstock–scion combination identifies
the CK as the most seriously damaged, and the resistance type of the variety is injury (I).
The SO4, 5C, and 140R rootstocks were able to significantly improve the GEM resistance of
the ‘Cabernet Sauvignon’ grapevine, and the corresponding morbidity and injury indexes
were much lower than those of the CK. The SO4 and 140R varieties were determined to
have injury resistance (R). The CS/5C combination had the lowest infestation degree and
injury index (4.89), and the strongest resistance to GEM, with a high resistance (HR) type.

Figure 1. GEM infection on leaves of different rootstocks of ‘Cabernet Sauvignon’ (18 August 2020).
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Table 2. GEM field identification results of different rootstocks of ‘Cabernet Sauvignon’ grapevine
leaves. The letters above infestation rate and injury index denote significant differences (p < 0.05)
attested using Tukey’s HSD test.

Processing Combination Infestation Rate Injury Index Injury Resistance Degree

CS/CS 68% c 39.78 d I
CS/3309C 65% c 33.11 cd I
CS/1103P 66% c 34.22 d I
CS/SO4 44% b 23.01 bc R
CS/140R 29% b 14.00 ab R
CS/5C 9% a 4.89 a HR

3.2. Effects of Different Rootstocks on Activities of SOD, PPO, CAT, and POD in Leaves of
‘Cabernet Sauvignon’ under Different Levels of GEM Injury
3.2.1. Analysis of SOD Activity in Leaves of ‘Cabernet Sauvignon’ with Different
Rootstocks and GEM Injury Levels

CS/140R, CS/5C, CS/SO4, and CS/1103P can significantly increase the SOD activity
of scion leaves compared with CS/CS (Figure 2). The SOD activity of the CS/5C and
CS/140R combinations with different rootstock and scion combinations was higher in three
injury grades. Compared with CS/CS, the combinations CS/1103P and CS/3309C were
unable to significantly improve SOD activity. At the injury level of 1, the SOD activity
of each rootstock–scion combination increased rapidly, with CS/CS (49.03 U/(g·min))
and CS/1103P (4.81 U/(g·min)) exhibiting the highest increase and activity (27%). With
the exception of CS/CS, the activities of SOD in other rootstock and scion combinations
increased again at the injury level of 2. Following this, the SOD activity of each rootstock–
scion combination decreased in the third stage of injury.

Figure 2. Analysis of SOD activity in leaves of different rootstocks of a ‘Cabernet Sauvignon’
grapevine in different injury grades of GEM. Lowercase letters above the bars denote significant
differences (p < 0.05) attested using Tukey’s HSD test. Error bars represent SE (n = 3).

3.2.2. Analysis of PPO Enzyme Activity in Leaves of ‘Cabernet Sauvignon’ with Different
Rootstocks and GEM Injury Grades

Significant differences were observed in the PPO activity of ‘Cabernet Sauvignon’
grapevine leaves with different rootstocks (Figure 3). The PPO activity of the same
rootstock–scion combination under different injury grades also exhibited differences. Each
rootstock–scion combination exhibited significantly higher PPO activity than that of CS/CS
in different injury grades, and the CS/5C activity was the highest among the three injury
grades, followed by CS/140R. The PPO activity of leaves of the same rootstock–scion
combination increased rapidly after being infested with GEM, and subsequently decreased
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with the increasing injury grade. In the healthy period, the PPO enzyme activities of
CS/5C and CS/140R were higher in six combinations (the enzyme activities were all over
100 U/(g·min)), and in particular, they were 128.61% and 86% higher than those of CS/CS,
respectively. At the GEM injury level 1, the PPO enzyme of CS/5C was significantly higher
than other rootstock–scion combinations of the same level, reaching 209.85 U/(g·min).
Compared with the healthy period, the PPO activity of CS/5C and CS/140R in the six
rootstock combinations at level 1 did not exceed 100% (43% and 62%, respectively), yet
their enzyme activities were higher in all rootstock combinations (at 209.85 U/(g·min) and
193.17 U/(g·min), respectively). CS/SO4 exhibited the highest increase (109%), with an
enzyme activity that ranked third among the six combinations in the same grade. At the
injury level of 2, CS/140R, CS/5C, and CS/3309C presented the lowest decrease in enzyme
activity, while those with the highest activity were CS/5C, CS/140R, and CS/309C. At the
grade 3 injury level, the enzyme activities of CS/CS, CS/140R, and CS/5C decreased the
least compared with those of grade 2, while the top three combinations for PPO enzyme
activity in descending order were CS/5C (166.44 U/(g·min)), CS/140R (152.44 U/(g·min)),
and CS/3309C (120.48 U/(g·min)).

Figure 3. Analysis of PPO enzyme activity of different rootstocks of ‘Cabernet Sauvignon’ grapevine
leaves in different injury grades of GEM. Lowercase letters above the bars denote significant differ-
ences (p < 0.05) attested using Tukey’s HSD test. Error bars represent SE (n = 3).

3.2.3. Analysis of CAT Enzyme Activity in Leaves of ‘Cabernet Sauvignon’ with Different
Rootstocks and GEM Injury Grades

Prior to the GEM injury, CS/SO4 could significantly improve CAT enzyme activity
compared with CS/CS, while other rootstocks did not have any obvious effects on the CAT
enzyme activity of the scion (Figure 4). However, following the infestation, the CAT activity
increased greatly, with varying degrees of differences among the rootstock–scion combina-
tions. Compared with the control, different rootstocks improved the CAT enzyme activity of
the scion at varying degrees. After the infestation, the CAT activity of each rootstock–scion
combination increased rapidly and subsequently decreased with the increasing injury grade.
The CS/5C enzyme activity was the highest among all rootstock and scion combinations
across the three injury grades. Compared with the healthy period, the CAT activity of each
rootstock and scion combination increased by: (i) 81.19 U/(g·min) (22.14 times) for CS/CS;
(ii) 140.97 U/(g·min) (32.75 times) for CS/3309C; (iii) 139.82 U/(g·min) (30.01 times) for
cs/1103p; (iv) 245.83 U/(g·min) (47.65 times) for CS/5C; (v) 206.82 U/(g·min) (41.95 times)
for CS/140R; and (vi) 245.83 U/(g·min) for CS/5C, which was the highest CAT activity.
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Figure 4. Analysis of CAT enzyme activity of different rootstocks of ‘Cabernet Sauvignon’ grapevine
leaves in different injury grades of GEM. Lowercase letters above the bars denote significant differ-
ences (p < 0.05) attested using Tukey’s HSD test. Error bars represent SE (n = 3).

3.2.4. Analysis of POD Enzyme Activity in Leaves of ‘Cabernet Sauvignon’ with Different
Rootstocks and GEM Injury Grades

CS/SO4, CS/5C, and CS/140R were observed to affect the POD enzyme activity of
scion (CS) leaves to different degrees compared with the control (Figure 5). In addition,
the POD enzyme activity of CS/5C was significantly higher than that of other rootstock
combinations at all levels of GEM injury, with a maximum enzyme activity during the
healthy period (105.09 U/(g·min)) between groups and within groups. The POD activity
in each combination decreased with the increasing injury grade. The POD enzyme activ-
ities of CS/CS, CS/3309C, and CS/1103P initially increased at the injury level of 1, and
subsequently decreased as injury level increased. CS/SO4 and CS/140R did not exert any
obvious changes in the POD activity at the injury level of 1 compared with the healthy
period. The POD activity for these two combinations also exhibited a downward trend
with the increasing injury level.

Figure 5. Analysis of POD enzyme activity of different rootstocks of ‘Cabernet Sauvignon’ grapevine
leaves in different injury grades of GEM. Lowercase letters above the bars denote significant differ-
ences (p < 0.05) attested using Tukey’s HSD test. Error bars represent SE (n = 3).
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3.3. Effects of Different Rootstocks on the Relative Expression of the Res and RS Genes in Leaves of
‘Cabernet Sauvignon’ Grapevine under Different GEM Injury Levels
3.3.1. Changes of Res Content in GEM Leaves of ‘Cabernet Sauvignon’ with Different
Rootstocks and Injury Grades

The rootstocks increased the contents of Res and Pd in ‘Cabernet Sauvignon’ leaves by
varying degrees (Figure 6). At the grade 1 infection level, the Res content in the leaves of
each rootstock–scion combination increased rapidly, with increasing rates of 486% (CS/CS),
476% (CS/3309C), 422% (CS/1103P), 321% (CS/5C), 256% (CS/SO4), and 195% (CS/140R).
CS/140R exhibited the highest Res content, with a value that was significantly different
from other rootstock combinations, followed by CS/5C. At the injury grade of 2, the Res
content of CS/SO4 increased greatly for the second time, reaching 12.83 μg/g, which is
3.60 μg/g higher than that of the first grade (by 39%), and significantly different from
other rootstock and scion combinations in the same injury grade. The Res content of
other combinations decreased or remained stabled. The Res content of CS/3309C increased
slightly at the injury grade of 3, exceeding the grade 2 value by 0.65 μg/g to reach 10.31 μg/g
(increase of 7%). This was significantly different from other rootstock combinations at the
same grade.

Figure 6. Changes of Res and Pd contents in GEM leaves of different rootstocks of ‘Cabernet
Sauvignon’. Lowercase letters above the bars denote significant differences (p < 0.05) attested using
Tukey’s HSD test. Error bars represent SE (n = 3).

The Pd content exhibited marked changes in different rootstock–scion combinations
and injury grades. At the injury level of 1, the Pd content in leaves of ‘Cabernet Sauvignon’
grapevine with different rootstocks increased greatly. At grade 2, the changes in Pd content
for different rootstock and scion combinations began to show variations. The CS/5C
content was the highest (22.12 μg/g).

3.3.2. Expression of the RS Gene under Different GEM Injury Grades in the ‘Cabernet
Sauvignon’ Leaves of Different Rootstocks

Resveratrol synthase, as the last enzyme in the pathway of Res synthesis, has a strong
relationship with the content of Res. Thus, we measured the relative expression of the
RS gene in different samples (Figure 7). During the healthy period, the rootstocks could
increase the relative expression of the RS gene in scion leaves to different degrees, with
CS/140R exerting the most significant impact. The relative expression of the RS gene in
each rootstock combination increased rapidly at the injury level of 1, and CS/140R exhibited
the highest (and significantly different) expression level among all rootstock combinations,
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followed by CS/5C. As the injury grade increased, the relative expression of the RS gene in
different rootstock–scion combinations varied. The relative expression of the RS gene in the
same rootstock combination is not completely consistent with the change in Res content
(cf. Figure 6).

RS

Figure 7. Relative expression of the RS gene of GEM in different injury grades of different rootstocks
of ‘Cabernet Sauvignon’ grapevine leaves. Lowercase letters above the bars denote significant
differences (p < 0.05) attested using Tukey’s HSD test. Error bars represent SE (n = 3).

3.4. Correlation Analysis between Res Content, Resistance Enzyme Activity, and Injury Index of
‘Cabernet Sauvignon’ Grapevine Leaves with Different Rootstocks

Correlation analysis of the Res content, injury index and SOD, POD, PPO, and CAT
activities of each rootstock–scion combination sample under injury grade 1 was performed
(Figure 8). The distribution of the data was tested, and all the data combinations exhibited
a skewness <2 and kurtosis <8, thus conforming to the normal distribution. The content
of Res, Pd, and SOD in the leaves of each rootstock–scion combination was moderately
negatively correlated with the injury index, with correlation values of −0.66, −0.83, and
−0.68, respectively. There was a high negative correlation between POD activity and injury
index (r = −0.93). The PPO and CAT activities were significantly negatively correlated
with the injury indexes (−0.96 and −0.96, respectively), reaching significant levels. Thus,
combinations with high CAT and PPO activity in scion grapevine leaves can effectively
resist GEM infection.

 
(a) (b) 

Figure 8. Cont.
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(c) 

Figure 8. Correlation Analysis. (a) Resveratrol, polydatin and injury index. (b) SOD, POD, and injury
index. (c) CAT, PPO, and injury index. Note: 0.5 < |r| ≤ 0.8, moderate correlation; 0.8 ≤ |r| < 0.95,
highly correlated; |r| ≥ 0.95, significant correlation.

4. Discussion

The grape is an important economic berry. In the process of studying the injury and
insect resistance of grapevine rootstocks, it is indispensable to identify the injury and insect
resistance of rootstocks. Field identification can accurately reflect the natural injury and
insect resistance of grapevines. In this experiment, ‘Cabernet Sauvignon’ grafted with
different rootstocks was investigated under the condition of artificial inoculation of GEM in
the field. The incidence and injury index of the CS/5C, CS/140R, and CS/SO4 combinations
caused by GEM infection were lower than those of other combinations. 5C, 140R, and
SO4 rootstocks can significantly improve the GEM resistance of ‘Cabernet Sauvignon’
grapevines. Through the determination of the activity of four enzymes and the content of
resveratrol in different GEM injury grades, it was confirmed that grafted rootstocks could
indirectly affect the resistance of scions to GEM through secondary metabolites and enzyme
activities.

Previous research shows that the activities of SOD, CAT, POD, and other enzymes
are up-regulated after plants are subjected to abiotic or biotic stress [30–32]. The current
study also found that the activities of four protective enzymes increased rapidly after being
injured by GEM, but there were significant differences in enzyme activities at different
stages of injury. The process adopted by sap-sucking pests when injuring plant leaves with
probe mouthparts is similar to that of the invasion of plants by pathogens [33]. Therefore,
there may be some similarities between the grapevine defense response activated by GEM
invading grapevine leaves and the induced results of fungal injuries. After mites feed,
leaves are damaged and reactive oxygen species (ROS) begin to accumulate. In order
to prevent lipid peroxidation, SOD, CAT, and POD begin to participate in the reaction
and finally convert O2- into H2O and O2 [34,35]. In addition, POD can thicken the cell
wall by participating in the cork and lignification of plant cells [36]. As the first barrier
against pathogens, the change in the cell wall polymer can strengthen the structure of
the cell wall [37]. This process can make it more difficult for gall mites to pierce cells. In
addition, grapevine varieties with a thick waxy layer and high waxy content also have high
resistance to GEM [38]. After infestation, plants will also increase the content of phenolic
compounds in the feeding substances of gall mites, thus reducing the palatability of leaves
and preventing gall mites from eating [39]. PPO can oxidize polyphenols in plants into
quinones, which can inhibit the growth of pathogenic bacteria. Moreover, quinones and
phenolic compounds have inhibitory, antifeedant, and toxic effects on gall mites [40]. In
the current study, the PPO activity of CS/5C and CS/140R maintained a high level at all
stages, which may be related to the low injury index of the two combinations. We found the
CAT activity of each rootstock–scion combination to be low in the healthy period, and only
CS/SO4 was different from CS/CS, while the other three enzyme activities were higher
in combinations with strong resistance to GEM. The CS/5C enzyme activities were the
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highest in the tested rootstock–scion combinations or had no significant difference with the
highest combination. The strong correlation between CAT and the injury index may be a
result of H2O2 accumulation. The activities of CAT, SOD, POD, etc., have been reported to
increase significantly or more rapidly when varieties insensitive to GEM are infected by
GEM [28]. This agrees with our results. In addition, we also observed the activities of POD,
CAT, and PPO gradually decrease with the development of GEM infection.

Previous studies have revealed the impact of rootstocks on the Res content of ‘Cabernet
Sauvignon’ [41,42]. In this study, we also determined significant differences in the Res
content of healthy leaves among several rootstock–scion combinations. The content of
Res in leaves of all combinations increased rapidly after being injured by GEM. The
combination with the top three Res contents is considered to have a high resistance to
GEM. Therefore, we speculated that the content of resveratrol in plants is related to GEM
resistance. This was confirmed by the correlation analysis. Res, as a type of plant protection
element with a high content in grapevine, plays an important role in the injury resistance
of grapevines, and acts as a signal molecule in plant injury resistance. Res is accumulated
in high concentrations in response to pathogen infection, and its derivatives are related to
POD through peroxidase-mediated cell wall strengthening [17,24]. Studies have also shown
that calmodulin synergistically regulates cell division and proliferation in plant tissues,
for example, the root gall of Arabidopsis thaliana caused by the parasitic root nematode M.
incognita infection. The root gall of a grapevine injured by grape phylloxera is related to this
pathway [43,44]. Therefore, the blistering of leaves caused by gall mites may be related
to calmodulin, and whether Res is involved in this process as a signal molecule requires
further research. The infestation of pathogens can induce the change in antimicrobial active
substances in plants, such as Erwinia carotovora, which increases the mustard oil content in
Arabidopsis thaliana [45]. Fungal infection can induce the synthesis of Res in grapevines [46].
In this experiment, GEM infestation also induced a rapid increase in the Res content of
leaves. The contents of Res in the CS/140R, CS/5C, and CS/SO4 combinations at a low
infestation rate were all high. This indicates the influence of Res on the resistance of
grapevines to GEM. Res was observed to be negatively correlated with the injury index. At
present, there is no direct research evidence on the toxic effect of Res GEM, yet a series of
injury-related responses mediated by Res may play a role in the resistance to GEM. The
derivatives of Res, such as Pterostilbene, have a higher toxicity than Res, and may also
play a toxic role in GEM. When a scion is infected with powdery mildew, the Res in the
infected region is rapidly synthesized and accumulated. Res in rootstocks can be polarly
transported through the phloem to the injured site of the scion [20]. Therefore, we speculate
that the change in Res content in CS/3309C scion leaves is inconsistent with the change in
the relative expression of the RS gene. This may be due to the upward transportation of
Res in rootstock, which enhances the Res content in the scion. The relative expression of
the RS gene is different among rootstock and scion combinations at the same injury level,
which may also be affected by rootstocks. CS is a susceptible variety, and the Pd content in
CS/SO4 and CS/5C increased rapidly when the injury grade was 2. This may be attributed
to the glycosylation of Res provided by rootstocks into Pd by the scions. This implies that
the source of Res in the scion leaves of each rootstock combination is not only the synthesis
of the leaves themselves, but also the contribution of rootstocks. According to the changes
of the relative RS expression in scion leaves with different grades of GEM injury in each
rootstock combination, the rootstocks are able to regulate the expression of the RS gene
through several pathways during GEM development.

5. Conclusions and Prospects

In this experiment, the GEM resistance of ‘Cabernet Sauvignon’ grafted with different
rootstocks was investigated. The activities of SOD, CAT, POD, and PPO, and the content
of resveratrol in grapevine leaves of different GEM injury grades were determined. The
results reveal the ability of GEM to induce changes in resistance-related factors in grapevine
(Cabernet Sauvignon) leaves, such as the Res and Pd contents, the relative expression of the

52



Sustainability 2022, 14, 15193

RS gene, and the increase in SOD, CAT, POD, and PPO enzyme activities. In the current
study, the activities of the four enzymes, and the Res and Pd contents were negatively
correlated with the injury index of the GEM infection. This can be used as the basis for
judging the rootstock resistance to GEM. This work clarifies the injury resistance mechanism
of the rootstock–scion interaction, and also provides a theoretical basis for selecting GEM-
resistant rootstocks of grapevines in Xinjiang.

At present, although the varieties of grapevine resistant rootstocks are gradually
increasing, the breeding and excavation of the composite resistance of rootstocks are not
at the required level. This leads to limitations and selectivity in the related applications.
In recent years, the incidence of grapevine injuries and insect pests in various regions
has become more and more complicated, which has brought severe challenges to the
sustainable development of the industry. As an organic whole, the resistance of grafted
plants to injuries and pests is a result of rootstocks and scions. This offers a powerful
approach to reduce the use of fertilizer and medicine, improve plant quality, and employ
the resistance of rootstock varieties to injuries and pests by selecting the best rootstock–
scion combination with multiple resistances for key grapevine varieties. In the follow-up
study, we will combine scanning electron microscopy, transmission electron microscopy,
and metabolomics to conduct in-depth research.
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Abstract: Many plant virus outbreaks have been recorded in the last two decades, threatening
food security around the world. During pepper production seasons in 2008, 2014, and 2022, virus
outbreaks were reported from Lara (western) and Miranda (central) states in Venezuela. Three
hundred seventy-three plants exhibiting virus-like symptoms were collected and tested for virus
infection through reverse transcription PCR (RT-PCR). The most prevalent viruses during the 2008
surveys conducted in Lara were potato virus Y (PVY, 66.25%), cucumber mosaic virus (CMV, 57.50%),
pepper mild mottle virus (PMMoV, 35%), alfalfa mosaic virus (AMV, 23.75%), and tobacco rattle
virus (TRV, 17.50%). This survey revealed for the first time that pepper is a natural host of AMV
and TRV in Venezuela. A further, divergent potyvirus isolate was also detected in 23.75% of pepper
plants from Lara state. In 2014, a follow-up survey after virus outbreaks reported in Lara and
Miranda states also detected this divergent potyvirus isolate in 21.68% of pepper plants, with tomato
spotted wilt virus (TSWV) and PMMoV dominating the viral landscape (62.65 and 21.68% of tested
plants, respectively). By comparison, the surveys revealed significant changes in viral community
composition. The complete capsid protein (CP) sequence of the putative potyvirus was obtained from
two pepper samples. According to the Potyvirus taxonomic criteria, these results suggest that the
isolate represents a distinct virus species, for which we propose the name “pepper severe mottle virus”
(PepSMoV). Virus outbreaks could be attributed to agricultural and environmental factors, such as
climate change, the use of wastewater, the use of uncertified seeds, misuse of agricultural chemicals,
transmission with food trade networks, and the development of new viral strains due to mutations
and recombination and pathogen spillover. This study demonstrates the value of knowledge of
the prevalence and distribution of viral species to recommend virus-resistant cultivars to replace
susceptible ones, especially in virus hotspot areas.

Keywords: diagnostic; disease; pepper; ribonucleic acid; survey; viruses

1. Introduction

Pepper (Capsicum annuum L.) belongs to the family Solanaceae and is an important
crop worldwide [1,2]. Pepper production in Venezuela for 2021 was 146,817 tons, with
a harvested area of 10,126 ha and a yield of 144,996 hg/ha [3]. The pepper crop faces
numerous challenges due to viral infections that can severely impact its production and
quality on a global scale [4,5]. In the central and western regions of Venezuela, pepper
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cultivation serves as a significant agricultural activity, contributing to the nation’s economy
and food security. However, recent reports have raised concerns about the escalating
prevalence of viral diseases in these areas, which is threatening the sustainability of pepper
farming [6]. Hence, it is essential to identify the most commonly occurring and damaging
viruses to recommend management strategies.

To date, 11 RNA viruses belonging to the genera Cucumovirus, Ilarvirus, Nepovirus,
Orthotospovirus, Potexvirus, Potyvirus, Tobamovirus, and Tobravirus have been identified
infecting pepper crops in Venezuela [6,7], mainly in the horticultural Lara state (located in
the western region). Lara is the country’s leading pepper producer where almost 70% of
the production is achieved in the Quibor Valley. Multiple infections have been documented
in the area, associated with an increased synergistic effect on the crop, leading to higher
yield losses [7]. In 2008, viral outbreaks were reported by pepper producers in Quibor,
where previously undescribed Alfamovirus, Ilarvirus, and Potyvirus species were detected.

During the spring of 2014, another major virus outbreak emerged in Quibor Valley
(Lara) and in Altos Mirandinos (Miranda), the latter state now being considered the largest
development pole of greenhouses dedicated to pepper production in Venezuela [8]. Pepper
plants exhibiting virus-like symptoms were observed in different greenhouses throughout
the states with incidences ranging from 21 to 62%. Remarkable pepper yield losses of
up to 90% were associated with the emerging tomato spotted wilt virus (TSWV, Ortho-
tospovirus) [6], causing field abandonment before harvest and making the cultivation of
pepper not profitable. Preliminary observations by electron microscopy of crude sap from
some of the diseased plants showed long flexuous filamentous particles of about 750 nm
in length suggestive of viruses belonging to the genus Potyvirus (Appendix A, Figure A1).
Moreover, the potyvirus “core” CP gene fragment obtained by RT-PCR from these plants
exhibited 97–99% sequence identity with the above-mentioned isolates from 2008 surveys.

Given recurrent complaints from farmers facing heavy crop losses, molecular diagnos-
tic assays were initiated to assess the relative importance of viruses infecting pepper in Lara
and Miranda states. This paper aims to compare our findings during 2008, 2014 and 2022
pepper virus surveys in Lara and Miranda states. Also, in this study, we characterized the
entire CP coding region of the newly isolated potyvirus. Phylogenetic analyses indicated
that the virus was most closely related to pepper yellow mosaic virus (PepYMV). The results
suggest that the virus should be classified as a novel species within the genus Potyvirus,
which we tentatively name pepper severe mottle virus (PepSMoV). By shedding light on
the viral landscape and uncovering this newly emerged pathogen, we aimed to enhance the
understanding of the complex interactions between viruses and pepper plants, paving the
way for effective management strategies and safeguarding the future of pepper cultivation.

2. Materials and Methods

2.1. Virus Surveys

Sample collection was carried out in Lara state in September 2008 and 2014 and in
Miranda state in September 2014 and September 2022 (Table 1). Leaves and fruits showing
virus-like symptoms (i.e., stunt, mottle, vein yellowing, mosaic, leaf distortion, light green
leaves, necrotic spots on leaves or fruits, or distorted fruit showing brown streaks) were
collected. Three or four apical leaves or fruits were collected from symptomatic crops.
Immediately after collection, each sample was placed in a plastic bag, transported to the
laboratory on ice, and stored at −80 ◦C or −20 ◦C pending analysis. Global positioning
system (GPS) data were recorded at each greenhouse site, and a subsequent map was
generated using QGIS v.3.28 [9].
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Table 1. A number of pepper samples were collected from different regions of Venezuela.

Sampling State Year Localities Farms
Number of
Samples (n)

Lara 2008 Tintorero F10 to F13 80

Lara 2014 Tintorero F1 to F9 83

Miranda 2014
Pozo de Rosas

San Pedro
El Jarillo

F1 to F6 108

Miranda 2022

Pozo de Rosas,
El Jarillo, Hoyo
de La Puerta, La

Reinosa

F7 to F10 92

2.2. RNA Extraction, RT-PCR

Total RNA was extracted from 100 mg of frozen plant tissue samples using the
TRIzolTM reagent (Life Technologies, Carlsbad, CA, USA) according to the manufac-
turer’s recommendations. Approximately 1 μg of total RNA was used to generate
first-strand cDNA with random, degenerated, or specific primers using a SuperScript
III Reverse Transcription kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) as
reported [10–17] or designed in this study (Appendix A, Table A1). Each RT reaction
contained about 200 ng of total RNA (2 μL), 1 μL of Random Oligo-dT (N6) primer or
a specific reverse primer (10 μM), and 3 μL nuclease-free ddH2O. RNAs from virus-
infected samples used as positive controls were obtained from the Plant Virus Collection
at IVIC. The PCR reaction (12.5 μL) contained 50 ng template cDNA, 10 pmol of each
amplification primer, 200 mM each dNTP, 1.25U Taq DNA polymerase (Invitrogen,
Carlsbad, CA, USA), 5 mM MgCl2, and 10X Taq Polymerase PCR Buffer. Amplification
parameters were as reported (Appendix A, Table A1). To determine the size of the am-
plified PCR products, a DNA ladder (Thermo Scientific, Waltham, MA, USA) was used.
The RT-PCR products were examined by electrophoresis in 1% agarose gels containing
ethidium bromide and examined and recorded using a Fotodyne UV/Digital camera
transilluminator system.

2.3. Cloning and DNA Sequencing

Amplified PCR products were purified using the AccuPrep PCR Purification Kit
(Bioneer, Seoul, Republic of Korea) and then cloned into the pGEM-T easy Vector Sys-
tem (Promega, Madison, WI, USA) according to standard methods [18]. Plasmid DNA
preparations were obtained using the QIAprep Spin Miniprep Kit (Qiagen, Hilden, Ger-
many). At least three clones representing a single PCR product were sequenced by
Macrogen Inc. (Seoul, Republic of Korea). Sequences of the amplified PCR products
were edited and assembled using MEGA7 [19]. The resulting sequences were used to
BLAST search the sequence database at the National Center for Biotechnology Information
(http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 5 March 2017).

2.4. Molecular Characterization of Putative Potyvirus Species

Some samples that tested positive only for the presence of a potyvirus with “core”
CP primers showing 85% nt sequence identity to PepYMV were selected to amplify a
larger portion of the genome, including the 3′ terminal sequence and the complete CP
gene. The cDNA was synthesized using the primer B1570 Oligo(dT) complementary to the
PepYMV polyadenylated tail. PCR was performed using the primer PY10, designed based
on the pepper mottle virus (PepMoV) sequence, towards a conserved region in the nuclear
inclusion body b (NIb) cistron, and B1570 [11] (Appendix A, Table A1). Expected fragments
(ca. 1200 bp) comprising the CP and 3’ untranslated region (3’-UTR) of the potyvirus
genome were cloned using the pGEM-T vector (Promega) according to the manufacturer’s
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recommendations. Two clones were selected and sequenced using M13F/M13R primers.
The nucleotide (nt) and predicted amino acid (aa) sequences of the whole CP coding region
and the nt sequence corresponding to the 3’-UTR were compared with potyvirus sequences
deposited in GenBank, EMBL, DDBJ, and TrEMBL databases using the pairwise Align
program. Sequence assembly and analysis were performed utilizing the DNA Dragon–
Contig Sequence Assembly Software v1.7.1 [20]. Multiple sequence alignments produced
by the Clustal W algorithm were used as input data for reconstructing phylogenetic trees by
the neighbor-joining method using the software MEGA version 4 [21] (Table A2). Statistical
significance was estimated by performing 1000 replications of bootstrap resampling of the
original alignment using the bootstrap option of the phylogenetic tree menu.

2.5. Mechanical Transmission of Putative Potyvirus Isolate

To demonstrate the infectivity of the new potyvirus, frozen leaf tissues (0.3 g) from
a single-infected potyvirus sample, AMPIM8, were used for mechanical inoculation of
10-day-old seedlings of C. annuum cv. Magistral. Sap was extracted from frozen samples by
grinding tissue of leaves into a cold 0.1 M potassium phosphate buffer pH 7.0 containing
1% magnesium trisilicate, using a pre-chilled mortar. The homogenate was inoculated by
gently rubbing the bottom leaves of healthy, carborundum-dusted pepper seedlings. Mock-
inoculated plants were used as controls. Plants were subsequently grown in an insect-proof
greenhouse until symptom expression. Four weeks after inoculation, virus infection was
tested by RT-PCR using PepSMoV-specific primer pair PepSMoV-CP-F/PepSMoV-CP-R
(Table A1) followed by Sanger sequencing. The virus from C. annuum cv. Magistral was
reinoculated onto C. annuum cv. Magistral and cv. Acero for the fulfillment of Koch’s
postulates. Plants were tested by RT-PCR and Sanger sequencing for PepSMoV infection.

2.6. Analysis of Principal Coordinates (PCoA)

The analysis of principal coordinates was applied to assess the distribution of viruses
across various farms (designated as F1 to F13) in the Miranda and Lara states of Venezuela
through InfoStat software v.11 [22]. The methodology involved encoding the presence
and absence of different viruses, including PMMoV, TSWV, PepSMoV, AMV, CMV, TRV,
and PVY, as binary values (1 for presence and 0 for absence), using the distance matrix
obtained from the S transformation (1–Sij)1/2 with S = Dice’s similarity index, to which a
minimum spanning tree was superimposed to facilitate the visualization of the ordering.
These binary values were then subjected to principal coordinate analysis, which aimed to
uncover patterns and relationships in the viral distribution among the surveyed farms.

3. Results

3.1. Field Survey Results

Pepper fields were surveyed for virus diseases in Lara state in 2008 and 2014 and in
Miranda state in 2014 and 2022 (Table 1, Figure 1). A total number of 373 pepper samples
were collected during the surveys. The most common symptoms on the infected pepper
plants during the 2008 surveys in Lara were stunting, mottling or mosaic, yellowing, and
distortion in leaves (Figure 1b, left), whereas in 2014, the main symptoms found were
ringspots on leaves and fruits and necrosis of leaves (Figure 1b, right). In Miranda state,
chlorotic line patterns with necrotic spots were observed in mature plants, often showing
cupped downward leaves (Figure 1d, left). Severe stunting of younger plants with chlorotic
mosaic or yellow flecking of the leaves was also observed during 2022 surveys (Figure 1d,
right). Based on symptomatology, an average virus incidence of 70–100% was recorded
during surveys.

Surveys from Lara state in 2008 revealed the presence of five viruses; PVY was the
most prevalent virus (66.25%), followed by CMV (57.50%), PMMoV (35%), AMV (23.75%),
and TRV (17.50%). In this survey, AMV (GenBank accession OR420758) and TRV (GenBank
accession OR420759) were found for the first time in pepper fields in Venezuela. The primer
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pair MJ1–MJ2 used for potyvirus diagnosis also amplified a 327 bp fragment from 40 pepper
samples (10.70%) that showed 85% nucleotide (nt) sequence identity to PepYMV.

Data from surveys in Lara state (2014) indicated that out of all samples showing
virus-like symptoms, 75.9% (63/83) were positive for at least one virus. Orthotospovirus
was the most common genus identified in 52 samples (62.6%), with TSWV being the only
species found. Tobamoviruses were detected in 18 samples (21.6%), with PMMoV being
the only species found. Potyvirus isolates sharing 85% nucleotide (nt) sequence identity
to PepYMV, and 99–100% nt sequence identity to potyvirus isolates from 2008 in Lara,
were also detected with the primer pair MJ1-MJ2 in 11 of the samples (13.2%), indicating
relatively low prevalence. Single infections were more frequent than mixed infections
(96.3 and 8.4%, respectively). TSWV and potyvirus coinfections were the most frequent
mixed infections for all samples (4.8%), while triple infections (Orthotospovirus–Tobamovirus–
Potyvirus) occurred at even lower percentages (3.6%). PMMoV and potyvirus coinfections
were not recorded. A similar scenario occurred in Miranda in the same year, where
TSWV had the highest overall prevalence (54.62%), followed by PMMoV (34.25%) and
the divergent potyvirus species (23.14%). Double and triple infections were also recorded.
These virus species (TSWV, PMMoV, and the divergent potyvirus) accounted for the viral
population in Miranda during recent (2022) surveys.

  

(a) (b) 

   

(c) (d) 

Figure 1. Virus detection using field-collected pepper samples in Lara Farms (F1 to F13) (a) and
Miranda Farms (F1 to F10) (c), Venezuela. (b) Pepper surveys in Lara showed mosaic, yellowing of
veinlets, and leaf deformation (left) during 2008 surveys and chlorotic spots on fruits and leaves (right)
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during 2014 surveys. (d) Pepper surveys in Miranda show cupped downward leaves and chlorotic
spots on fruits (2014, (left)) and severe mottling (2022, (right)). Pictures by Edgloris Marys (Miranda
and Trujillo, Venezuela).

The circular dendrogram (Figure 2a) presents data on the distribution of various
viruses in different regions and farms within the Miranda and Lara states of Venezuela.
In Lara state, the virus population structure varied across different farms (F1 to F13). For
instance, TSWV was detected in varying numbers in different farms, with the highest
detection being 15 out of 28 samples in Miranda (F1). Similarly, PMMoV, PepSMoV, AMV,
CMV, TRV, and PVY were also detected in different proportions across these farms. In
Miranda state, a similar pattern emerged. PMMoV, TSWV, and PepSMoV were detected
across different farms (F1 to F6), with varying numbers of positive samples. In Miranda state
(2022), farms F7 and F10, for example, appear to have higher virus prevalence compared to
the others, indicating potential challenges for pepper plant health in those areas. In farm
F7, for PMMoV, there were 11 positive samples out of 26 plant samples tested, and for
TSWV, there were 13 positive samples out of 26 plant samples tested. In F10, for TSWV,
there were 10 positive samples out of 20 plant samples tested. Overall, the analysis of
virus population structures in different surveyed regions within Miranda and Lara states
revealed fluctuations in the prevalence of various viruses across farms and variables.

The percentages provided for each virus reflect the proportion of pepper samples in
which each virus was detected (Figure 2b). Notably, TSWV had the highest detection rate,
being present in 41.6% of the samples, while PMMoV followed with a detection rate of
30.7%. PepS MoV was found in 20.8% of the samples, while PVY was detected in 19.6% of
the samples.

3.2. Analysis of Principal Coordinates (PCoA)

Figure 3 displays the outcomes of the analysis of principal coordinates (PCoA) and
the resulting tree of minimum distance, based on the presence (1) and absence (0) values of
various viruses within different surveyed farms in Miranda and Lara states of Venezuela.
The graph built with the first two axes of the PCoA explains 65.5% of the total variability in
the presence or absence of the studied viruses. The analysis revealed that CP1 explained
39.4% of the variance, and farms F10, F11, F13 (Lara), and F9 (Miranda) had the highest
scores along this coordinate, suggesting a common pattern of virus occurrence in these
farms, while CP2 accounted for 26.1% of the variance, and farms F8 (Miranda) and F6 and
F9 (Lara) had the highest scores along this coordinate, indicating a distinct pattern of virus
distribution compared to other farms.

These principal coordinates offer insights into the relationships between the surveyed
farms based on the virus presence/absence data. The tree of minimum distance illustrates
the clustering of farms that have similar virus compositions, indicating potential patterns
of virus distribution within these regions. The presence or absence of viruses within farms
was used to create a distance metric, and the resulting tree visually represents the similarity
between farms in terms of their virus populations.

3.3. Characterization of Potyvirus Isolates

The detection of potyvirus was carried out using genus-specific primers MJ1 and MJ2,
designed to amplify a short 327 nt fragment spanning conserved motifs MVWCIEN to
QMKAAA in the “core” of the CP of potyviruses. The primers were chosen because they
gave superior amplification signals in preliminary experiments. Following the removal
of primer sequences, the resulting 324 bp fragments obtained from 11 positive plants
collected in Lara in 2014 (GenBank accessions MH785274 to MH785295) showed a unique
85% nucleotide (nt) sequence identity to PepYMV isolated from Capsicum sp. in Brazil
(AF348610); 82% to pepper severe mosaic virus (AM181350.1); 81% to potato virus V
(KP849483.1); 80% to Peru tomato mosaic virus (AJ516016.1), brugmansia mosaic virus
(JX867236.1), and Amazon lily mosaic virus (AB158523.1); and 79% to pepper mottle
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virus (EU586135.1), Ecuadorian rocoto virus (EU495234.1), mashua virus Y (MH680823.1),
verbena virus Y (EU564817.1) and Amaranthus leaf mottle virus (AJ580095.1).

(a) 

 
(b) 

Figure 2. (a) Circular dendrogram of virus population structures in different regions and Farms (F1
to F13) surveyed in this study. (b) Detection rates of viruses (%) in pepper samples.
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Figure 3. Scatter diagram from the main coordinates (PC1 and PC2) obtained using “Dice” distances
between the farms based on the binary presence and absence of viruses. The minimum spanning tree
is superimposed.

To further characterize the divergent potyvirus isolates, a larger RT-PCR fragment (ca.
1.163 bp) comprising the CP and 3’ untranslated region (3’-UTR) of the potyvirus genome
was obtained and sequenced (KT721567.1) using primers designed for PepYMV from single-
infected samples. Then, the 3’ terminal sequence was split into the NIb, CP, and 3’-UTR
according to the inferred cleavage site (-VHHQ/AD-) and stop codon (TAA). The resulting
837 nt CP sequence was subjected to BLASTn and BLASTx analysis and indicated 73.9%
and 76.7% nt and aa identity to PepYMV (NC_014327). These sequence identities met the
current species demarcation criteria for the Potyvirus genus [23]. These findings, therefore,
suggest that our isolate is a new potyvirus species that possesses a closer evolutionary
relationship with potyvirus PepYMV. The CP is 277 aa long, and analyses showed that
the well-known -DAG- motif, which is involved in aphid transmission, was absent from
the CP sequence. Instead, a -DAA- motif, which is also present in PepYMV-CP [24], was
identified. The deduced amino acid sequence of the CP was most similar to the CP of some
potyviruses within the potyvirus supergroup (Table 2).

Table 2. Identity and similarity (%) of the deduced amino acid sequence of the divergent potyvirus
to those of other potyviruses.

Virus/Genbank Accession Identity Similarity

PepYMV (NC_008393.1) 76.7 83.0

EcRV (EU495234.1) 71.0 82.4

PeSMV (NC_008393.1) 74.8 82.3

PTV (NC_004573.1) 73.1 83.5

PepMoV (NC_001517.1) 69.9 79.9

PVY (NC_001616.1) 73.5 81.0

TEV (NC_001555.1) 58.6 75.4

ChiRSV (NC_016044.1) 57.0 74.9

ChiVMV (NC_005778.1) 57.7 72.9

PVMV (NC_011918.1) 58.4 76.3

WTMV (NC_009744.1) 59.4 74.1
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To further investigate the evolutionary relationship between our isolates and other
potyviruses, we constructed phylogenetic trees at the CP protein level. According to
the phylogenetic tree, our isolates were placed in a separate branch closer to PepYMV
isolates within the potyvirus supergroup (Figure 4). These findings, therefore, suggest
that our isolate represents a new species of Potyvirus that possesses a closer evolutionary
relationship with PepYMV. We suggest the name pepper severe mottle virus (PepSMoV)
for the novel isolate.

Figure 4. Phylogenetic tree illustrating the position of novel potyvirus isolates from pepper (in red)
among the members of the family Potyviridae. The tree was constructed from multiple sequence
alignments of capsid protein amino acid complete sequences obtained from Genbank, using the LG +
G model. Bootstrap values (n = 1000) or probability estimate values larger than 70% are indicated
at branch nodes for neighbor-joining/maximum-likelihood/Bayesian analysis. Each colored box
indicates major phylogenetic groups.
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In single virus infections, the new potyvirus isolates induced leaf distortion, severe
mottling, and mosaic symptoms on systemic leaves of C. annuum cv. Magistral 14 days post-
inoculation (dpi) (Figure 5a). The symptoms resemble those observed in single-infected
PepSMoV found in pepper fields (Figure 5b). Single RT-PCR analysis of mechanically
inoculated plants confirmed potyvirus infection. To fulfill Koch’s postulates, a virus from C.
annuum cv. Magistral was reinoculated onto C. annuum cv. Magistral and cv. Acero. Severe
mottling was observed in new leaves at 14 dpi, which matched the symptoms found in the
field. Reinoculated host plants were positive by RT-PCR only when tested with specific
PepSMoV primers (Figure 5c), indicating that the mottling symptoms were caused by only
one kind of plant virus.

 

(a) 

 

(b) (c) 

Figure 5. (a) Pepper plants (Capsicum annuum L.) var. Magistral mechanically inoculated with
PepSMoV showing severe mottling and yellowing on leaves. (b) Single-infected PepSMoV in the
field. (c) Amplification of 837 bp PepSMoV-CP fragments from the field-infected sample AMPIM8 (1);
inoculated C. annunm var. Magistral (2); reinoculated C. annunm var. Acero (3, 4). The arrow points to
the 850 bp molecular weight marker. Pictures by Edgloris Marys (Miranda and Trujillo, Venezuela).

4. Discussion

Although quantification of crop losses due to pathogens in Venezuela is limited, plant
disease outbreaks are causing substantial declines in major staple food and cash crops, and
this impacts rural livelihoods and poses a significant and growing threat to the already
complex food insecurity crisis in the country. This work highlights the importance of
virus detection in pepper—one of the most popular species of vegetables in Venezuela—
in Lara and Miranda states, which account for most of Venezuela’s pepper production.
Epidemiological knowledge on viral diseases of pepper has been accumulated poorly in
Venezuela during the last few decades. Previously, the use of ELISA assays had limited
our knowledge of viruses infecting pepper in the country and did not generate molecular
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evidence to confirm the occurrence of specific viruses [7]. In this study, most samples were
infected with at least one virus (76.0%), while 24.0% of the samples remained negative.
Symptoms observed in negative samples could be related to certain physiological and
nutritional disorders, phytotoxicity or senescence, or possibly to other viruses not tested
for. A previous survey on the presence and incidence of pepper viruses in fields located in
Lara state carried out many years ago [7] showed that PMMoV and TEV were the most
prevalent viruses (100%), followed by ToRSV (58.2%), TRSV (50.0%), CMV (35.29%), TMV
(26.47%), PVY (17.65%), and TRS (14.72%). Thus, it was reasonable to focus on determining
their incidence in this research. Surveys from 2008 revealed the presence of AMV and TRV,
which constitutes—to our knowledge—the first report of this virus infecting pepper crops
in Venezuela, which could pose a threat to other economic crops grown in Lara. However,
AMV and TRV were not detected in the 2014 surveys, demonstrating the importance of
disease surveillance and monitoring systems.

Data obtained in this studio reveals a shift in virus prevalence with the emergence
of TSWV, only recently reported in the country [6], with incidence rates as high as 62.3%
which could explain the nature and severity of the symptoms reported by farmers. TSWV
is considered a major agricultural pest because of its worldwide distribution, wide host
range, significant crop losses resulting from infection, and the difficulty in managing the
thrip vector [25]. The factors driving the emergence and spread of TSWV in Lara and
Miranda remain largely unknown but could be attributed in part to high thrip (Frankliniella
occidentalis) densities recorded during sampling.

Interestingly, PMMoV remains one of the most common viruses detected in pepper.
A decrease in PMMoV incidence from 2004 (100%) to 2014 (21.6%) could be attributed to
the fact that—at least until 2015—a considerable number of farmers changed the practice
of using their seed to buying the seed of modern hybrid cultivars. This confirmed the
importance of seed origin, quality, and health status in the control of seed-transmitted
Tobamovirus [26]. TEV (genus Potyvirus), whose presence in pepper fields in Jimenez has
been previously established in Venezuela [7], was not detected in this work. In contrast with
the 2004 survey, symptomatic samples in this study tested negative for ToRSV, TRSV, CMV,
TMV, and TRS. Data on pepper variety were not collected during surveys; however, it is
known that “Majestic”, a highly TMV-resistant pepper variety, was the most popular variety
being grown by farmers in previous years. Although there is a lack of information on the
season when the 2004 survey took place, this is likely due to the different seasons in which
samples were collected. In 2014, the surveys were conducted in September (end of the
rainy season; moderate temperatures). As suggested by Afouda et al. [27], the abundance
of virus vector populations (aphids in the case of CMV and PVY) likely correlates with
seasonal variations affecting virus incidence. Nematode-transmitted virus (ToRSV, TRSV,
TRS) incidence also could be influenced by seasonal fluctuations in the spatial distribution
of the nematode population [28] and by the change in the pepper production system.

The varying detection rates of these viruses in the pepper samples from Miranda and
Lara states can also be attributed to a combination of factors. The geographic distribution
and environmental conditions of the two states may have influenced the prevalence of these
viruses. Different viruses could have been favored by specific climatic conditions [29,30],
temperature ranges [31], and soil types present in these regions [32]. Additionally, the
population dynamics of insect vectors, such as aphids and thrips, may have contributed
to the differing transmission rates of these viruses. The presence of abundant vector
populations could lead to higher rates of virus transmission [33]. Furthermore, variations
in host plant susceptibility might have played a role. Different pepper cultivars could have
exhibited varying levels of resistance to certain viruses, leading to differences in infection
rates. The movement of infected plant material, such as seeds and seedlings, could also have
contributed to the spread of viruses across the two states. Additionally, cultural practices
and farming strategies employed in each region could have influenced the transmission
dynamics of these viruses. Interactions between viruses and possible coinfections within
pepper plants might have affected detection rates as well. Some viruses could interact
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synergistically or competitively, influencing their ability to establish infections within the
same host plant [34].

A new potyvirus was found associated with the 2014 virus outbreak. Electron
microscopy analysis of infected tissues showed flexuous filamentous particles in the
800–900 nm size range typical of a potyvirus. RT-PCR using Potyvirus genus-specific
primers and subsequent sequencing identified the infectious agent as a potentially new
virus species, PepSMoV, belonging to the genus Potyvirus. Further coat protein sequence
analysis of PepSMoV and phylogenetic analysis with other viruses confirmed that PepSMoV
belongs to the genus Potyvirus. The molecular criteria for species discrimination within
the Potyvirus genus have been established by the International Committee on Taxonomy
of Viruses (ICTV) [24]. The species demarcation criteria, based upon the large ORF or its
protein product, are generally accepted as <76% nucleotide identity and <82% amino acid
identity. Pairwise homology studies of CP genes were undertaken between PepSMoV and
its closest related potyvirus, PepYMV. PepSMoV has a nucleotide identity of 74% and amino
acid identity of 77% with PepYMV and meets the molecular species demarcation criteria.

Based on these criteria and the results obtained from BLAST and multiple alignments
of nucleotide and amino acid sequences, with high certainty, we suggest the presence of a
virus that belongs to a new species of Potyvirus that is most closely related to PepYMV,
with which it shares 73.9% and 76.7% nucleotide and amino acid identity in the CP.

It is important to try to reveal the origin and evolutionary history of each virus. Like
its closest relative, PepSMoV did not carry the DAG motif present in most potyvirus CPs
as an important factor related to aphid transmission [35], both sharing instead a DAA
motif [36]. This confirms that PepYMV and PepSMV are highly similar and could have a
common origin.

PepYMV is a species indigenous and confined to Brazil, and it is the prevalent virus in
pepper fields [37]. It is believed that the extensive use of PVY-resistant cultivars may have
contributed to the emergence of PepYMV in that country [24].

Comparing the relatively low incidence of PepSMoV in the survey samples, we specu-
late that it might be a minor virus of pepper. Nevertheless, to determine its significance for
the genus Capsicum, future diagnostic surveys in Venezuela should include testing for the
presence of this virus. Issues such as complete genome sequence, host range, vector trans-
mission [38], epidemiology [39], and pathological properties [40], relevant to the proper
management of viral diseases in peppers, should also be addressed. This work constitutes
the first attempt to determine the role of RNA viruses in pepper production in Lara state
during the 2014 epidemic. It is expected that surveillance programs aimed at diagnosing
and preventing virus spread will be implemented in our country.

5. Conclusions and Prospects

Despite yield losses, very few viral emergencies or novel threats have been mentioned
in pepper crops in Venezuela during the past 20 years. Our study aimed to enhance the
understanding of RNA virus prevalence in pepper plants, paving the way for effective
management strategies and safeguarding the future of pepper cultivation. Our key findings
include the following:

(1) Five virus species (PVY, CMV, PMMoV, AMV, and TRV) were identified in samples
collected during the 2008 outbreak in Lara state. Two of these species (AMV and TRV)
were found infecting pepper for the first time in the country. Synergistic disease caused by
mixed virus infection could account for the crop losses reported during 2008.

(2) An alarming prevalence of TSWV and PMMoV in the surveyed regions during the
2014 and 2022 virus outbreaks reaffirms the severity of their impact on pepper production.

(3) Surveys revealed the unexpected and groundbreaking discovery of an entirely new
potyvirus species previously uncharacterized. This previously unknown virus represents a
significant addition to the existing repertoire of viral threats to pepper crops in Venezuela
and potentially beyond.
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The study made important contributions to sustainability in various dimensions.
The research had a social impact by addressing viral threats to pepper crops, directly
benefiting the agricultural communities of Lara and Miranda in Venezuela. The study
helped us understand the threats posed by these pathogens. This contributes to sustainable
agriculture by safeguarding crop health and minimizing yield losses due to viral infections.
The study addressed a real-world agricultural challenge by revealing the prevalence of
viruses in pepper plants. It provided essential information about the existing situation
and the temporal evolution (2008, 2014, and 2022), which allowed the identification and
quantification of viral threats.

The research benefited local farmers and agricultural stakeholders by offering for the
first time (as far as is known) the discovery of a new species of potyvirus in Venezuela. It
provided them with knowledge and certainty in the identification of the pathogen to protect
their crops effectively. The discovery of a new species of Potyvirus expanded the theoretical
knowledge base in virology and phytopathology. It contributed to the understanding
of viral diversity and evolution, supporting and enriching theoretical foundations in
these fields.

The study introduced new approaches to studying and managing viral infections in
crops. It offered innovative methods for detecting viruses, which can be applied in research
and agricultural practices beyond Venezuela. By presenting new approaches and solutions
to address the prevalence of the virus, the research justified its practical importance. From
this study, practical recommendations can be established that could be implemented on
farms, minimizing losses and promoting sustainable agricultural practices.

The research findings and methodologies have the potential to be applied in other
institutions, communities, or organizations beyond their original context. Their insights
into the prevalence and management of the virus could be adapted to benefit other regions
facing similar agricultural challenges, thus extending the positive impact and sustainability
beyond Venezuela.
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Appendix A

 
Figure A1. Electron micrograph of partially purified virions negatively stained.

Table A1. The list of primers used for the detection of pepper viruses.

Virus Genus Primer Name Sequence (5’-3 * Amplicon Size (bp) Reference

Ilarvirus Ilar1F5/ GCNGGWTGYGGDAARWCNAC 300 [16]
Ilar1R7 AMDGGWAYYTGYTYNGTRTCACC

Nepovirus Nepo-AF GGHDTBCAKTMYSARRARTGG 255 [12]
Nepo-AR TGDCCASWVARYTCYCCATA
Nepo-CF TTRKDYTGGYKAAMYYCCA 640 [12]
Nepo0CR TMATCSWASCRHGTGSKKGCCA

Orthotospovirus L1/ AATTGCCTTGCAACCAATTC 276 [10]
L2 ATCAGTCGAAATGGTCGGCA

Potexvirus Potex 1RC/ TCAGTRTTDGCRTCRAARGT 584 [17]
Potex 5 CAYCARCARGCMAARGAYGA

Potyvirus MJ1/ TGGTHTGGTGYATHGARAAYGG 327 [14]
MJ2 TGCTGCKGCYTTCATYTG

B1570/ GGAGAGTCTTGGGCT 1.200 [11]
PY10 GCAATGCTTGAGTCATGGGG

PepSMoV-CP-F GCAGATGACACAAGTAAAACT 837 This study
PepSMoV-CP-R CATATTCTTCACCCCAAGCAA

Tobamovirus TobUni1/ ATTTAAGTGGASGGAAAAVCAT 750 [15]
TobUni2 GTYGTTGATGAGTTCRTGGA

Tobravirus Tobra-F3/ GGTGGKCAATGGTCTTWTTGG 800 [13]
Tobra-R2 GTCAGCTGYTGATCAGATAACC

* R = A or G; Y = C or T; S = G or C; W = A or T; K = G or T; M = A or C; B = C or G or T; D = A or G or T; H = A or
C or T; V = A or C or G; N = any base.

Table A2. Reference sequences used for phylogenetic analysis.

Virus/Acronym Genbank Accession No.

agropyron mosaic virus NC_005903.1

algerian watermelon mosaic virus NC_010736.1

apium virus Y NC_014905.1

arracacha mottle virus NC_018176.1

artichoke latent virus isolate FR37 NC_026759.1

asparagus virus 1 isolate DSMZ PV-0954 NC_025821.1

banana bract mosaic virus NC_009745.1
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Table A2. Cont.

Virus/Acronym Genbank Accession No.

barley mild mosaic virus RNA 1 NC_003483.1

barley mild mosaic virus RNA2 NC_003482.1

barley yellow mosaic virus RNA 1 NC_002990.1

barley yellow mosaic virus RNA 2 NC_002991.1

basella rugose mosaic virus NC_009741.1

bean common mosaic necrosis virus NC_004047.1

bean common mosaic virus NC_003397.1

bean yellow mosaic virus NC_003492.1

beet mosaic virus NC_005304.1

bidens mosaic virus isolate SP01 NC_023014.1

bidens mottle virus NC_014325.1

blackberry virus Y NC_008558.1

blue squill virus A NC_019415.1

brazilian weed virus Y isolate KLL097 NC_030847.1

brome streak mosaic virus NC_003501.1

brugmansia mosaic virus strain SK NC_020105.1

brugmansia suaveolens mottle virus NC_014536.1

caladenia virus A NC_018572.1

calla lily latent virus strain m19 polyprotein
gene NC_021196.1

callistephus mottle virus isolate DJ NC_030794.1

canna yellow streak virus NC_013261.1

carrot thin leaf virus isolate CTLV-Cs NC_025254.1

cassava brown streak virus NC_012698.2

catharanthus mosaic virus isolate
Mandevilla-US NC_027210.1

celery mosaic virus NC_015393.1

chilli ringspot virus NC_016044.1

chilli veinal mottle virus NC_005778.1

chinese yam necrotic mosaic virus NC_018455.1

clover yellow vein virus NC_003536.1

coccinia mottle virus isolate Su12-25 NC_030840.1

cocksfoot streak virus NC_003742.1

colombian datura virus NC_020072.1

cowpea aphid-borne mosaic virus NC_004013.1

cucumber vein yellowing virus NC_006941.1

cucurbit vein banding virus isolate 3.1 NC_035134.1

daphne mosaic virus NC_008028.1

dasheen mosaic virus NC_003537.1

donkey orchid virus A isolate SW3.1
polyprotein gene NC_021197.1

east asian passiflora virus NC_007728.1
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Table A2. Cont.

Virus/Acronym Genbank Accession No.

endive necrotic mosaic virus strain ENMV-FR NC_034273.1

ecuadorian rocoto virus isolate Rocoto EU495234.1

euphorbia ringspot virus isolate PV-0902 NC_031339.1

freesia mosaic virus NC_014064.1

fritillary virus Y NC_010954.1

habenaria mosaic virus genomic RNA NC_021786.1

hardenbergia mosaic virus NC_015394.2

hippeastrum mosaic virus NC_017967.1

hordeum mosaic virus NC_005904.1

hubei poty-like virus 1 strain SCM51506
polyprotein gene NC_032912.1

impatiens flower break potyvirus isolate Asan NC_030236.1

iranian johnsongrass mosaic virus NC_018833.1

iris severe mosaic virus isolate BJ NC_029076.1

japanese yam mosaic virus NC_000947.1

jasmine ringspot virus NC_029051.1

johnsongrass mosaic virus NC_003606.1

keunjorong mosaic virus isolate Cheongwon NC_016159.1

konjac mosaic virus NC_007913.1

leek yellow stripe virus NC_004011.1

lettuce italian necrotic virus NC_027706.1

lettuce mosaic virus NC_003605.1

lily mottle virus NC_005288.1

longan witches broom-associated virus isolate
Han1 NC_034835.1

lupine mosaic virus NC_014898.1

maize dwarf mosaic virus NC_003377.1

moroccan watermelon mosaic virus NC_009995.1

narcissus degeneration virus NC_008824.1

narcissus late season yellows virus isolate
Marijiiup8 NC_023628.1

narcissus yellow stripe virus NC_011541.1

oat mosaic virus RNA 1 NC_004016.1

oat mosaic virus RNA 2 NC_004017.1

oat necrotic mottle virus NC_005136.1

onion yellow dwarf virus NC_005029.1

ornithogalum mosaic virus NC_019409.1

panax virus Y NC_014252.1

papaya leaf distortion mosaic virus NC_005028.1

papaya ringspot virus NC_001785.1

passion fruit woodiness virus NC_014790.2
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Table A2. Cont.

Virus/Acronym Genbank Accession No.

pea seed-borne mosaic virus NC_001671.1

peanut mottle virus NC_002600.1

pecan mosaic-associated virus isolate LA NC_030293.1

pennisetum mosaic virus NC_007147.1

pepper mottle virus NC_001517.1

pepper severe mosaic virus NC_008393.1

pepper veinal mottle virus NC_011918.1

pepper yellow mosaic virus NC_014327.1

peru tomato mosaic virus NC_004573.1

plum pox virus NC_001445.1

pokeweed mosaic virus isolate PkMV-PA NC_018872.2

potato virus A NC_004039.1

potato virus V NC_004010.1

potato virus Y NC_001616.1

rice necrosis mosaic virus RNA 1 NC_028144.1

rice necrosis mosaic virus RNA 2 NC_028145.1

rose yellow mosaic virus NC_019031.1

ryegrass mosaic virus NC_001814.1

scallion mosaic virus NC_003399.1

shallot yellow stripe virus NC_007433.1

sorghum mosaic virus NC_004035.1

soybean mosaic virus NC_002634.1

squash vein yellowing virus NC_010521.1

sugarcane mosaic virus NC_003398.1

sugarcane streak mosaic virus NC_014037.1

sunflower chlorotic mottle virus NC_014038.1

sunflower mild mosaic virus isolate Entre Rios NC_021065.1

sunflower ring blotch virus isolate Chaco NC_034208.1

sweet potato feathery mottle virus NC_001841.1

sweet potato latent virus NC_020896.1

sweet potato mild mottle virus NC_003797.1

sweet potato virus 2 NC_017970.1

sweet potato virus C NC_014742.1

sweet potato virus G isolate Jesus Maria NC_018093.1

tall oatgrass mosaic virus isolate Benesov NC_022745.1

tamarillo leaf malformation virus isolate A NC_026615.1

telosma mosaic virus NC_009742.1

thunberg fritillary virus NC_007180.1

tobacco etch virus NC_001555.1

tobacco mosqueado virus isolate RS-01 NC_030118.1
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Abstract: In order to find effective, biorational, and eco-friendly pest control tools, Cupressus semper-
virens var. horizontalis essential oil (EO) was produced using hydrodistillation, before being analyzed
with gas chromatography, specifically, using flame ionization detection. The monoterpene compo-
nents α-pinene (46.3%), δ-3-carene (22.7%), and α-cedrol, a sesquiterpene hydrocarbon, (5.8%), were
the main fractions. An oil-in-water nanoemulsion was obtained following a green protocol. The
EO, its nanoemulsion, and its terpenes each exhibited both insecticidal and insect repellent activities
against the rice weevil, Sitophilus oryzae. In a contact bioassay, the nanoemulsion induced a 100%
adult mortality rate in a concentration of 10.0 μL/cm2 after 4 days of treatment, whereas 40 μL/cm2

of EO and α-cedrol was required to kill 100% of weevils. Using fumigation, nanoemulsion and EO
at 10 μL/L air caused a 100% adult mortality rate after 4 days of treatment. The LC50 values of
botanicals ranged between 5.8 and 53.4 μL/cm2 for contact, and between 4.1 and 19.6 μL/L for
fumigation. The phytochemicals strongly repelled the weevil at concentrations between 0.11 and
0.88 μL/cm2, as well as considerably inhibiting AChE bioactivity. They were found to be safe for
earthworms (Eisenia fetida) at 200 mg/kg, which also caused no significant alteration in wheat grain
viability. This study provides evidence for the potential of using the EO of C. sempervirens and its
nanoemulsion as natural, eco-friendly grain protectants against S. oryzae.

Keywords: cypress oil; nanoemulsion; terpenes; Sitophilus oryzae; bioactivity; biosafety

1. Introduction

The world’s population is expected to grow to more than 10 billion by 2050, which will
boost the global food demand; particularly, for food crops and cereal products. Therefore,
agricultural production should be doubled if we are to secure adequate food sources for
this huge number of people [1]. There is no doubt that many countries of the world will
face problems in this regard, especially those developing and underdeveloped countries
with poverty and inadequate technologies for modern agriculture. Furthermore, harmful
insects and other pathogens cause the loss of more than 30% of the world’s food production,
both in the field and during storage as well [2,3]. Coleopteran arthropod insect pests are
the major causal agents of grain loss during storage, worldwide. Grain weevils of the
genus Sitophilus are among the world’s most damaging and widespread pests for stored
grains. Infestations of grains by these weevils cause significant grain losses and promote
the growth of molds, including harmful toxigenic species, by increasing temperature and
moisture levels [3].

The rice weevil, Sitophilus oryzae L. (Coleoptera: Curculionidae), is a serious primary
internal feeder pest, able to infest intact grains, causing both quantitative and qualitative
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damage in the grains and altering seed viability [4]. Chemical insecticides have widely
been applied to prevent insect pests from attacking a variety of crop plants, both in the
field and in stores. The overuse of chemical insecticides negatively affects not only the
health of consumers and farmers, but also nontarget beneficial organisms and the quality
of foodstuffs, in addition to bringing environmental problems as well [5,6]. Populations
of S. oryzae have also developed resistance against many insecticides and fumigants, such
as pirimiphos-methyl and phosphine [7]. These problems make the intensive use of
chemical pesticides a point of renewed public debate, especially in light of increasing public
awareness of the risks of insecticides. This popular awareness of the adverse effects of
conventional pesticides has promoted researchers to seek novel agrochemical pesticides that
can meet the increasing grower, consumer, environmental, and regulatory requirements [8].
These new pesticides should be environmentally safe, with novel action mechanisms and
low negative impacts on the ecosystem. Pest control using phytochemicals, especially plant
essential oils (PEOs), seems a promising alternative strategy for decreasing the intensive
reliance on conventional insecticides [6,9]. Because of their wide spectrum bioactivity as
pest control tools against several pest insects (including those of stored grains), PEOs are
increasingly being considered a credible eco-friendly natural alternative to conventional
insecticides [3,6,9–14]. This is especially significant for the protection of stored products,
whose confinement promotes the action of molecules which are naturally highly volatile, in
order to avoid the toxic residue from chemical insecticides contaminating food products. In
this context, we can observe major shortcomings related to the procedures adopted for the
extraction, formulation, application, and performance of plant products (including EOs)
in pest control protocols. For strengthening and improving the inclusion of plant-based
products in pest control programs, nanotechnology has emerged as a promising field across
multidisciplinary research, opening up many application opportunities in such various
fields as medicine, electronics, drug delivery, and agriculture [15,16]. In agriculture, the
potential benefits of nanotechnology in pest control programs include the fabrication of
novel plant-based nanomaterial formulations with enhanced insecticidal activities, which
could diminish the need for repeated application of chemical pesticides [6,15–18]. Because
of their high reactivity and solubility, in addition to their novel physical and chemical
characteristics, nanopesticide materials show enhanced bioactivities as pest control tools
relative to their bulk counterparts [6,15,17].

The genus Cupressus (Cupressaceae) comprises about 12 species, spread across North
America, Mexico, the Mediterranean basin, southern Europe, and subtropical west Asian
countries, including the Kingdom of Saudi Arabia [19]. Members of Cupressaceae are com-
mon essential-oil-bearing plants, of which an important species is Cupressus sempervirens L.
var. horizontalis (The Mediterranean cypress). It is an aromatic evergreen tree, traditionally
used as an expectorant in anticough and antibronchitis medications; for stomach pain; as
an antidiabetic medicine; as an antiseptic; for antiulcer and anti-inflammatory purposes;
and for treatment of toothaches, flu, coughs, and laryngitis [20]. This plant species has
been screened for different bioactivities, including antimicrobial, antiviral, antihelmenthic,
antiseptic, cytotoxic, antioxidant, anti-inflammatory, antirheumatic, antihyperlipidemic,
anticancer, antispasmodic, antidiuretic, and hepatoprotective activities [20,21]. Insecticidal
bioactivities of the cypress tree have also been recorded [9,22,23]. However, there have
been no thorough investigations into the insecticidal bioactivity of the EO, nanoemulsion,
or bioactive terpenes of C. sempervirens against stored-grain insects. In this study, we aimed
to investigate not only the composition, but also the contact, fumigant, and repellence
bioactivities of the oil, nanoemulsion, and bioactive terpenes of cypress trees growing in
Saudi Arabia against S. oryzae. The effect of EO materials on acetylcholinesterase (AChE)
bioactivity—being a common target enzyme for insect control agents—was investigated.
The impact of EO products on earthworms (E. fetida), as well as their phytotoxic activity
on wheat plant in terms of the basic growth parameters (%germination, root, and shoot
growth) were evaluated.
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2. Materials and Methods

2.1. Chemicals

Analytical grade monoterpenes, sesquiterpenes, and oxygenated monoterpenes,
(Sigma-Aldrich Co. Ltd., St Louis, MO, USA; label purity 99.0–99.8%) were used for com-
parisons. To calculate retention indices, the series of hydrocarbons (C5–C40) known
as triacontane (Supelco, Bellefonte, CA, USA) was used. Dimethyl sulfoxide (DMSO)
and its solvents, all of an analytical grade (Carlo Erba Milan, Milan, Italy), were used
in experiments.

2.2. Test Insect

A laboratory strain of the rice weevil, the S. oryzae were reared in a pesticide-free
environment in our laboratory for more than twenty generations. Weevils were kept in 2 L
glass bottles, each containing 200–250 adults and 250 g sterilized wheat grains (moisture
content 14 ± 2%). The jars were covered using muslin cloth that was held in place with
a rubber band, and then kept in laboratory conditions of 30 ± 2 ◦C and 68.5% relative
humidity, in complete darkness, until the emergence of the adult specimens.

2.3. EO Extraction

On September 2020, the whole aerial parts of the cypress trees were collected from
random gardens in Abha, Kingdom of Saudi Arabia; latitude 18◦ 19′ 45.7824′′ (N), longitude
42◦ 45′ 33.7140′′ (E), and 718 m altitude. Specimens were identified by the botanists of
Najran University, Saudi Arabia. A plant specimen (No. Cs 02) was laboratory-deposited,
for reference. Plant leaves were air dried in the shade, powdered mechanically using a high-
speed blender, before being subjected to hydrodistillation using a Clevenger apparatus to
obtain the EO. In each run, 150 g powders were hydrodistilled for 3 h with 250 mL distilled
water, and in three replicates. The oil/water mixture was extracted with hexane, which
had been washed with anhydrous sodium sulfate before the oil had dried, before then
being concentrated under reduced pressure. For bioassays, the oil yield (% wt./wt.) was
calculated on a dry weight basis and stored at 4 ◦C, where triplicates were considered in
calculating the oil yield.

2.4. Analysis of EO and Identification of Constituents

Cypress oil was analyzed using an Agilent 6890 N gas chromatograph (Agilent
Technologies, Palo Alto, CA, USA), coupled with a flame ionization detection (FID) and an
HP-5 capillary column (30 m 0.32 mm; thickness 0.25 m). The following conditions were
met by the GC–FID: one liter of EO; split mode; 50:1 split ratio; and an injector temperature
of 250 ◦C. Oven temperature was initially set at 40 ◦C for 3 min, then increased to 80 ◦C at a
rate of 5 ◦C/min, held at that temperature for 3 min, then increased to 250 ◦C at 10 ◦C/min,
which was held for 10 min. The injector and detector were set to 250 ◦C, and the carrier gas
was helium, at a 1.0 mL/min flow rate. The gas chromatograph was then connected to the
silica gel capillary column (HP-5 MS). At a split ratio of 1:100, 0.1 μL of EO was injected
onto the column; the carrier gas was helium (1.0 mL/min flow rate). Operation of the mass
detector was set at 70 eV ionization voltage. The mass range was taken at 45~550 AMU.
Temperatures of the ion source, transfer-line, and the quadrupole were 230, 250, and 150 ◦C,
respectively. Temperature of the oven was programmed as described for the GC. Retention
indices of terpenes were calculated depending on n-alkanes (C5–C40) co-injected into the
column, in accordance with Van Den Dool and Kratz’s equation. Identification of EO
profile was accomplished by comparing terpene retention indices and mass spectra to those
recorded by Adams [24] and the data stored in the database NIST Standard Reference
Database Number 69, [25]. The oil terpenes were quantified as percentages by integrating
their peak areas, calibrating, and comparing them to internal standards without the use of a
response factor correction. The remaining terpenes were likewise quantified as percentages,
calculated by integrating their peak areas, calibrating, and then comparing to standards
without using a response factor correction.
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2.5. Isolation of Main Terpenes

Ten milliliters of cypress oil was fractionated on a silica gel capillary column (Kieslgel
60, 230–400 mesh, Merck). Trials were conducted in order to determine the best eluent.
To accomplish this, several solutions of both n-hexane: ethyl acetate and toluene: ethyl
acetate were prepared, which were then tested using Thin-layer Chromatographic plates
(TLC), with toluene: ethyl acetate (90:10, then 93:7) being chosen as the best eluent [26].
According to TLC data, developed fractions were divided into 3 main fractions: Main
fraction 1 (fractions 8–14, 274.3 mg) was fractionated on a silica gel column, affording 41 mg
of α-pinene. The main fraction 2 (fractions 21–27, 193.1 mg) yielded 23 mg of δ-3-carene. By
contrast, when fraction 3 (fractions 31–37, 82.5 mg) was developed it provided 9.2 mg of
α-cedrol. Terpene fractions were visualized using an UV lamp (254 and 365 nm), and the Rf
values of terpenes were calculated and then compared against standards. The structures of
the terpene fractions were elucidated using spectroscopic instruments.

2.6. Nanoemulsion Formulation and Characterization

An oil/water nanoemulsion was made following a low-energy emulsification protocol
at a constant temperature, with the following proportions: deionized H2O (90%), EO 5%
(wt./wt.), and Tween 80 (5%) as a nonionic surfactant [17]. The EO/emulsifier mixture was
stirred at 800 rpm for 30 min in a water bath at 35 ± 5 ◦C. After reaching an oily phase,
deionized H2O was gradually added (2.5 mL/min). After stirring for 45 min at 800 rpm,
the temperature was gradually reduced to room temperature, and the nanoemulsion was
formed and then preserved in dark screw-capped vials at 24 ± 2 ◦C. At 0, 1, 10, 20, 30, and
45 days following its preparation, the nanoemulsion was examined for thermodynamic
changes. Nanoemulsion was characterized using a polydispersity index (PDI), mean
droplet size, and thermodynamic stability measurements (centrifugation, heating, cooling,
freezing cycles, and viscosity) [17]. The oil emulsion was first centrifuged (5000 rpm
at 25 ◦C for 25 min), and checked for phase separation, turbidity, and cracking, if any.
Heating/cooling tests were performed on the stable formulations for 6 cycles (4–40 ◦C, each
cycle lasting 48 h). Emulsions that demonstrated stability were subjected to a freeze–thaw
stress test by alternately storing them at 2 different temperatures (20 ◦C and 20 ◦C, 24 h each).
Nanoemulsions that demonstrated stability were stored in dark, tightly closed vials at room
temperature for one month to observe any creaming, phase separation, or flocculation.
The emulsion’s pH was measured at 25 ± 0.2 ◦C, and its viscosity (μ) was elucidated at
200 rpm. Samples were left to stand for about 2 min to reach an equilibrium; thus, readings
and experiments were each taken and performed in triplicate. The Z-average diameter of
droplets and PDI were measured using a nanoparticle analyzer apparatus (Zetasizer, Nano
ZS, Malvern Instruments, Worcestershire, UK) that operates on a dynamic light-scattering
basis. Prior to measurements, test formulations were diluted to 10% with deionized H2O
to avoid multiple scattering. The droplets’ size and their PDI were calculated using DLS
data. The measurements were taken at a scattering angle of 90◦, and trials were repeated
three times. A Scanning Electron Microscope, or SEM (JEOL, JFC-1600, Tokyo, Japan), was
used to determine the morphology of droplets; for this, 15 μL of emulsion that had been
dissolved in deionized H2O was placed onto a carbon-coated copper grid that had been
stained with 2% phosphotungstic acid (pH of 6.8). The test samples were dried at 26 ◦C
before being imaged at 80 kV.

2.7. Contact Insecticidal Activity

The contact bioactivity of the EO, nanoemulsion, and terpenes from cypress trees
against S. oryzae adults were determined using the dipping filter paper technique [6].
Test concentrations of 0.398, 0.795, 1.59 and 3.18 mL of EO, nanoemulsion, δ-3-carene,
α-cedrol, and α-pinene were dissolved in 5 mL acetone to obtain the test solutions. Each test
concentration was uniformly dropped onto a filter paper (Whatman No. 1, 9 cm d, 63.6 cm2)
to achieve serial test concentrations of 5.0, 10.0, 20.0, and 40.0 μL/cm2, respectively. Acetone
was evaporated from the treated papers; then a treated paper was placed into the bottom
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of a Petri dish (9 cm d) and twenty adult weevils (of mixed sexes, and 15–20 days old) were
introduced. Control groups (adults exposed to acetone-treated filter papers) were included.
Treatment and control dishes were kept in the dark at 30 ± 2 ◦C and 68 ± 5% r.h. After
24 h, insects were placed into clean Petri dishes, enriched with wheat grains, and kept in
rearing conditions. Experiments were performed six times alongside control, and mortality
was recorded 1, 2, 4 and 7 days after the treatment, whereafter the end-point mortality was
reached, and the resulting contact toxicity was expressed in μL/cm2.

2.8. Fumigation

Insecticidal bioactivity using fumigation was investigated as follows: a filter paper
(7.0 cm diameter) was dipped in 25 μL of an appropriate concentration of each terpene
dissolved in acetone, and control sets were made using acetone, only [6]. Botanicals were
screened at 4 dose rates (2.5, 5.0, 10.0, and 20.0 μL/L air). After evaporating the acetone,
each treated paper was attached to the undersurface of the screw cap of 250 mL volume
glass bottles, which served as fumigant chambers. Twenty weevils were placed into each
bottle as adults (15–20 days old), and the bottle was covered with a tape-fixed fine gauze.
Experiments were undertaken in six replicates, alongside control groups. After 24 h, the
weevils were transferred back to food-enriched clean vials and kept in the rearing conditions
described before; whereupon mortality was measured after 1, 2, 4 and 7 days had elapsed
from treatment, and the resulting fumigant bioactivity was expressed in μL/L air.

2.9. Repellence Bioactivity

The repellence bioactivity of C. sempervirens oil materials against adult weevils was
studied by adopting a chosen (area preference) bioassay [22]. A piece of filter paper
(Whatman No. 1, 9 cm diameter) was divided into two halves. Test solutions of oil
materials were prepared, with 3.5, 7.0, 14.0, and 28 μL of each material dissolved in 0.5 mL
n-hexane. Each test concentration was uniformly dropped onto a half filter paper disc,
which served as a test area, to obtain bioassay concentrations of 0.11, 0.22, 0.44, and
0.88 μL/cm2. The second half was treated only with n-hexane, representing a control. The
treated and untreated paper discs were then air dried for 5 min, and thereafter attached to
their corresponding opposite surface with adhesive tape, and put in the bottom of a Petri
dish (9 cm). Twenty (15–20 days old) unsexed adult weevils of S. oryzae were released at the
center of each disc, then the lid was covered using a parafilm. Five replicates (100 adults)
were considered for each concentration, and the experiments were achieved in rearing
conditions. The number of weevils that were observed across both the treated and control
halves were counted after 2, 6, 12, and 24 h. The Repellency percentage (RP) was calculated
using the following formula: RP = (C − T)/(C + T) × 100, where C is the No. of weevils on
untreated zone, and T is the No. of weevils on control zone.

2.10. AChE Inhibition and Estimation of IC50

Anticholinesterase (AChE) enzymatic activity was measured in accordance with Ell-
man et al. [27]. One gram’s worth of the adult weevils were homogenized in 20 mL of an
ice-cold phosphate buffer (50 mM and pH 7.4). Acetylthiocholine iodide (25 μL of 15 mM)
was dropped as a substrate. The inhibition in AChE activity was measured calorimetrically
using a supernatant as an enzyme source [17]. Botanicals were formulated initially in
acetone, then in Triton-X 100 (0.01%), and were then tested at 2.5~100 mM. Test and control
solutions were corrected using blanks for the nonenzymatic hydrolysis. Trials were per-
formed in triplicate. Absorbance of the solution reflecting AChE specific activity (ΔOD/mg
protein/min) was monitored at a wavelength of 412 nm.

2.11. Phytotoxicity

The phytotoxic impact of the oil terpene components (as indicated by basic growth pa-
rameters (%germination, root, and shoot growth)) was evaluated on wheat plants (Triticum
aestivum L.). Wheat seeds were sterilized using a solution of sodium hypochlorite (15%) for
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about 40 s, followed by rinsing in sterile deionized water. The grains were placed in clean
9 cm diameter Petri plates, each containing five layers of Whatman filter paper, onto which
1 mL of each botanical (at concentrations of 50, 100, and 150 μL/mL) was dropped. 2 mL
of methanol was sprayed on the control. After the evaporation of methanol, ten healthy
grains (~0.3–0.36 g) were deposited in each dish. Dishes were maintained at 20 ± 2 ◦C;
65 ± 5% R.H., with a natural photoperiod (optimized environmental conditions for wheat
germination). Additionally, 10 mL of water was given daily. Each concentration had five
replicates, as well as a control. Germination and the seedling growth were noticed after
10 days of planting. The length of shoot and number of leaves were counted 2 weeks later,
and seed germination was indicated by the emergence of radicles.

2.12. Toxicity on Earthworm

The acute toxicity of the botanicals against E. fetida earthworms was investigated,
according to the guidelines of OECD (Organization for Economic Co-Operation and Devel-
opment [28]. The animals were reared on artificial diet, as detailed by Pavela [29]. Terpenes
were admixed with the soil at concentrations equaling 50, 100, and 200 mg kg−1. The
positive control was α-cypermethrin at 10 and 20 mg kg−1 soil alongside, with deionized
water as a negative one. In 1 L glass pots containing either treated or untreated (control)
soil, the earthworms were confined as ten adults, and triplicates were made for each run.
Pots were covered with a fine gauze, then incubated at 22 ± 2 ◦C, 75 ± 5% R.H., and 16:8 h
light/dark photoperiod. Mortality was recorded after five and ten days of treatment.

2.13. Statistical Analysis

Data of mortality were adjusted for control mortality and corrected using Abbott’s
formula [30] when mortality in control exceeded (5%), and data were expressed as % means
(±S.E.). A one-way analysis of variance (ANOVA) at the probability level (=0.05) was
adopted on transformed data to compare significance differences between means in both
the treatment samples and the controls, followed by individual pairwise comparisons,
adopting Tukey’s HSD test. Dose–response mortality was analyzed using Finney’s Probit
analysis to estimate the LC50 and LC95 and their limits across 48 exposure periods [31].
Probit analysis was adopted to calculate the concentrations that inhibited AChE bioactivity
by 50% (IC50). The Statistical Package for Social Sciences was used for data analysis (version
23.0; SPSS, Chicago, IL, USA).

3. Results

3.1. Composition of EO

A pale yellowish EO with a strong odor (yield 0.74% w/w) was obtained from
C. sempervirens var. horizontalis using hydrodistillation. A total of 62 terpenes amounting
99.7% (wt./wt.) were identified in the oil (Table 1 and Figure 1a), and then listed accord-
ing to their retention indices. The main oil terpenes were (1S,5S)-2,6,6-trimethylbicyclo
[3.1.1] hept-2-ene (α-pinene, 46.3%), 3,7,7-trimethylbicyclo [4.1.0] hept-3-ene (δ-3-carene,
22.7%), and (1S,2R,5S,7R,8R)-2,6,6,8-tetramethyltricyclo [5.3.1.0] undecan-8-ol (α-cedrol,
5.8%) (Figure 1b). The structure of the terpenes was confirmed using physical and spectro-
scopic methods, which corroborates with published data:

α-pinene
Colorless, C10H16. 1H NMR (CDCl3, 300 MHz): δ 1.92 (m, 1H), δ 1.4 (s, 3H), δ 1.6 (s,

3H), δ 1.8 (s, 3H), δ 1.9 (m, 2H), δ 2.3 (m, 1H), δ 2.4 (m, 1H), δ 4.2 (s, 1H), δ 5.6 (t, 1H), 20.67,
22.35, 22.47, 26.36, 32.62, 36.08, 68.03, 94.15, 123.87, 134.38; 13C NMR (125 MHz, CHCl3): δ
46.99 (C-1), 144.6 (C-2), 116.0 (C-3), δ 31.3 (C-4), 40.69 (C-5), 37.97 (C-6),31.5 (C-7), δ 26.3
(C-8), 20.8 (C-9), 23.01 (C-10) [32,33].

δ-3-carene
Colorless, C10H16. 1H-NMR (600 MHz, CDCl3) δ ppm: 5.23 (2H, t, H-2), 2.62 (2H, t,

H-6), 1.60 (4H, m, H-3, 5), 1.022 (1H, m, H-4), 0.761 (6H, s, 9, 10-CH3), 0.49 (3H, s, 7-CH3);
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13C-NMR (125 MHz, CDCl3) δ ppm: 131.30 (C-6), 119.56 (C-1), 28.42 (C-7), 24.93 (C-5), 23.63
(C-4), 20.89 (C-2), 18.71 (CH3-8), 16.90 (C-3),16.78 (CH3-9), 13.20 (CH3-l0) [34,35].

α-cedrol
Colorless, C15H26O. νmax/cm−1 3380, 1460, 1030, and 1000; δH(300 MHz) 0.74 (3H, s,

Me), 0.78 (3H, d, J 7.1, Me), 0.85 (3H, s, Me), 0.88 (3H, s, Me), 0.85–1.61 (10H, m), 1.87–1.98
(1H, m), 2.1–2.2 (1H, m), and 3.94 (1H, ddd, J 2.2, 5.6 and 9.7, CHOH); m/z 222 (M1, 44%), 206
(15), 178 (100), and 123 (40) (Found: M1, 222.1992. C15H26O requires M, 222.1985) [36–38].

Table 1. Chemical profile of Cupressus sempervirens essential oil.

a,b Components c RI exp. d RI lit.
Concentration

(%)

2-Hexanal 860 862 0.2
Tricyclene 918 916 0.1
a-Thujene 920 921 0.4
α-Pinene 928 930 46.3
Camphene 930 932 1.2
a-Fenchene 941 942 0.1
Sabinene 966 967 0.6
ß-Pinene 980 980 0.9
ß-Myrcene 988 988 0.1
α-Phellandrene 1006 1008 0.2
δ-3-Carene 1010 1010 22.7
α-Terpinene 1016 1018 1.3
p-Cymene 1021 1020 0.6
Limonene 1032 1029 1.6
β-Phellandrene 1034 1032 0.2
Z-ß-Ocimene 1038 1037 0.2
E-ß-Ocimene 1044 1044 0.1
γ-Terpinene 1054 1055 0.3
cis-Sabinene hydrate 1067 1066 0.4
p-Cymenene 1070 1072 0.9
α-Terpinolene 1085 1086 1.3
Linalool 1096 1095 0.4
trans-Sabinene hydrate 1099 1097 1.1
Pinocarveol 1138 1140 0.1
Camphor 1142 1144 0.2
Pinocarvone 1158 1162 1.6
Borneol 1162 1165 0.2
Terpinen-4-ol 1176 1174 1.1
p-Cymen-8-ol 1180 1181 0.4
trans-Pinocarveol 1182 1184 0.6
α-Terpineol 1188 1186 0.2
Myrtenol 1192 1195 0.2
Pulegone 1235 1233 0.3
Carvacrol methyl ether 1241 1241 0,2
cis-Chrysanthenyl acetate 1244 1242 0.1
cis-Piperitone epoxide 1247 1248 0.4
trans-Piperitone epoxide 1251 1252 0.7
Carvone 1254 1258 1.1
Carvenone oxide 1260 1260 0.2
Bornyl acetate 1285 1186 0.4
Thymol 1289 1288 0.3
trans-Sabinyl acetate 1290 1292 0.2
Carvacrol 1296 1298 0.3
α-Cedrene 1295 1294 0.1
α-Copaene 1372 1374 0.2
β-Bourbonene 1382 1384 0.1
α-Gurjunene 1408 1408 0.3
β-Caryophyllene 1414 1417 0.1

83



Sustainability 2023, 15, 8021

Table 1. Cont.

a,b Components c RI exp. d RI lit.
Concentration

(%)

β-Gurjunene 1430 1432 0.2
α-Humulene 1450 1452 0.2
Alloaromadendrene 1472 1474 0.3
Germacrene D 1480 1478 0.3
Bicyclogermacrene 1496 1495 0.1
β-Bisabolene 1508 1510 0.2
cis-Calamenene 1544 1443 0.2
Spathulenol 1574 1576 0.6
α-Cedrol 1596 1591 5.8
α-Acorenol 1632 1630 0.3
β-Acorenol 1635 1637 0.2
γ-Cadinol 1648 1649 0.1
Cadalene 1674 1674 0.1
Manool 1990 1989 0.3
Grouped compounds (%) - -
Monoterpene hydrocarbons - - 77.1%
Oxygenated monoterpenes - - 12.9%
Sesquiterpene hydrocarbons - - 9.7%
% peaks identified - - 99.7
Total yield % (mL/100 g) - - 0.74

a Compounds are listed in the order of their elution from a HP-5MS column. b Identification methods: a, based on
comparison of RT, RI, and MS with those of authentic compounds; b, based on comparison of mass spectrum
with those reported in Wiley, Adams [24], and NIST 69 MS libraries [25]. c Linear retention index on the HP-5MS
column, experimentally determined using homologous (C5–C40) n-alkane series. d Linear retention index based
on Adams [24] or NIST 69 [25], and literature.

 
(a) 

 
       α-pinene        δ-3-carene              -cedrol 

(b) 

Figure 1. (a) GC–FID chromatogram of cypress EO. Major terpenes are highlighted; (b) Major terpene
components of cypress EO.
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3.2. Nanoemulsion Characterization

The developed emulsion (droplet size 67.8 ± 3.1 nm) showed stability during extreme
conditions of centrifugation, temperature, heating–cooling cycle (4–40 ◦C), and a freezing
cycle at −4 ◦C. The optimum conditions of nanoemulsion preparation, droplet size, and
their PDI, are listed in Table 2 and illustrated in Figure 2. The SEM revealed that a transpar-
ent nanoemulsion consisting of dispersed and spherical-shaped nanoparticles had been
developed (Figure 3).

Table 2. Characterization of Cupressus sempervirens oil nanoemulsion.

Storage Period (Days) Viscosity (mPa·s) pH PDI Size (nm ± S.E.)

0 4.1 6.1 ± 0.04 c 0.18 ± 0.03 a 67.8 ± 3.1 a

1 4.1 5.8 ± 0.06 b 0.20 ± 0.05 a 69.2 ± 3.6 a

10 4.4 5.6 ± 0.04 b 0.20 ± 0.02 a 73.4 ± 4.2 b

20 4.8 5.1 ± 0.08 a 0.23 ± 0.03 b 78.6 ± 5.7 bc

30 5.1 4.9 ± 0.16 a 0.25 ± 0.02 bc 86.1 ± 6.3 c

45 5.5 4.7 ± 0.14 a 0.28 ± 0.02 c 92.1 ± 6.1 d

Each experiment is the mean of three replicates. Within a column, means followed by same letter(s) are not
significantly different (p ≤ 0.05).

 

Figure 2. Particle size of nanoemulsion from cypress oil after: (a) 0 day, (b) 1 day, (c) 10 days,
(d) 20 days, (e) 30 days, and (f) 45 days.

 

Figure 3. SEM of cypress oil nanoemulsion.
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3.3. Contact Bioactivity

Contact bioactivity of EO materials was both dose- and time-dependent (Table 3). The
oil/water nanoemulsion caused the strongest activity, with which 100% adult mortality of
S. oryzae was reached at 10.0 μL/cm2 at 4 days’ following exposure. Under these conditions,
the percentage mortality was 71.1, 60.3, 37.1, and 33.6% for EO, α-cedrol, δ-3-carene and
α-pinene, respectively. After 7 days from exposing the weevils to 40 μL/cm2 of botanicals,
the mortality of the adults ranged between 77.5 and 100%.

Table 3. Contact insecticidal bioactivity of S. oryzae exposed to essential oil, nanoemulsion, and
terpene fractions of C. sempervirens.

Test Material
Concentration

(μL/cm2)

Mortality (% Mean ± S.E.) after Exposure Period

Day1 Day 2 Day 4 Day 7

Crude oil 5.0 18.1 ± 2.3 ghi 25.3 ± 1.1 fg 44.3 ± 2.6 g 70.3 ± 2.1 d

10.0 27.6 ± 2.1 f 46.6 ± 2.3 e 71.1 ± 2.3 d 84.1 ± 2.2 c

20.0 39.9 ± 2.1 e 63.6 ± 3.1 d 88.0 ± 3.2 b 100.0 ± 0.0 a

40.0 71.3 ± 3.0 b 93.8 ± 2.6 a 100.0 ± 0.0 a 100.0 ± 0.0 a

Nanoemulsion 5.0 36.3 ± 3.1 e 48.1 ± 2.1 e 83.6 ± 3.1 b c 92.4 ± 2.1 b b

10.0 54.4 ± 3.1 d 70.9 ± 2.1 c 100.0 ± 0.0 a 100.0 ± 0.0 a

20.0 67.8 ± 2.6 bc 81.3 ± 1.9 b 100.0 ± 0.0 a 100.0 ± 0.0 a

40.0 92.1 ± 3.3 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a

α-Cedrol 5.0 15.8 ± 1.1 ijk 29.3 ± 2.1 f 36.1 ± 2.1 h 44.8 ± 2.1 h

10.0 25.5 ± 2.1 fg 41.9 ± 2.3 e 60.0 ± 2.1 e 71.0 ± 2.1 d

20.0 36.0 ± 2.3 e 60.8 ± 2.6 d 70.9 ± 1.9 d 83.3 ± 1.7 c

40.0 61.3 ± 3.1 cd 83.1 ± 3.1 b 100.0 ± 0.0 a 100.0 ± 0.0 a

δ-3-Carene 5.0 11.3 ± 2.0 jk 16.6 ± 2.1 h 22.6 ± 3.1 i 29.3 ± 4.2 j

10.0 19.0 ± 3.0 ghi 30.3 ± 1.9 f 37.1 ± 2.1 h 46.7 ± 2.4 h

20.0 27.3 ± 2.3 f 41.9 ± 1.6 e 54.3 ± 2.6 ef 65.9 ± 2.0 f

40.0 38.2 ± 3.3 e 60.4 ± 3.1 d 77.3 ± 1.9 cd 84.3 ± 1.9 c

α-Pinene 5.0 8.3 ± 1.1 k 14.3 ± 1.1 h 19.4 ± 1.3 i 25.4 ± 2.1 k

10.0 13.1 ± 1.1 jk 20.8 ± 1.3 gh 33.6 ± 1.3 h 42.6 ± 1.8 hi

20.0 19.6 ± 1.6 ghi 28.5 ± 2.3 f 51.3 ± 1.9 f 56.3 ± 1.7 g

40.0 23.0 ± 2.3 fgh 44.0 ± 2.9 e 70.5 ± 2.3 d 77.5 ± 2.0 e

* F-value - 167.90 278.00 323.96 436.45

Each result is the mean of 6 replicates, each made with 20 adults (n = 120). Means within a column followed by
same letters are not significantly different (p ≤ 0.05) (Tukey’s HSD test). * All F-values are significant, at p ≤ 0.001.

3.4. Fumigation Bioactivity

Results of fumigation bioactivity (Table 4) tests demonstrated that the nanoemulsion
and the crude oil exhibited the strongest fumigant bioactivity (10 μL/L air of both botanicals
caused 100% adult mortality after 4 days). At these conditions, (%) mortality was 68.6, 53.3,
and 51.6% for α-cedrol, α-pinene, and δ-3-carene, respectively. After 4 days of exposing
weevils to 20 μL/L air, α-cedrol caused 100% adult mortality. After 7 days of exposing
insects to 20 μL/L air of botanicals, the mortality of adult weevils ranged between 81.5
and 100%.

Table 4. Fumigant insecticidal bioactivity of S. oryzae exposed to essential oil, nanoemulsion, and
terpene fractions of C. sempervirens.

Test Material
Concentration

(μL/L Air)

Mortality (% Mean ± S.E.) after Exposure Period

Day1 Day 2 Day 4 Day 7

Crude oil 2.5 15.6 ± 1.3 ijk 23.1 ± 1.6 fg 39.3 ± 2.4 e 53.8 ± 2.1 h

5.0 24.1 ± 1.3 hi 36.0 ± 2.3 e 63.6 ± 3.2 c 72.7 ± 2.4 e

10.0 33.6 ± 2.1 efg 55.3 ± 3.6 cd 100.0 ± 0.0 a 100.0 ± 0.0 a

20.0 55.3 ± 2.3 c 94.6 ± 2.2 a 100.0 ± 0.0 a 100.0 ± 0.0 a
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Table 4. Cont.

Test Material
Concentration

(μL/L Air)

Mortality (% Mean ±S.E.) after Exposure Period

Day1 Day 2 Day 4 Day 7

Nanoemulsion 2.5 27.5 ± 1.1 fgh 36.1 ± 2.3 e 66.6 ± 2.1 c 74.1 ± 2.4 e

5.0 49.9 ± 2.3 cd 60.3 ± 3.6 c 92.1 ± 2.1 a 100.0 ± 0.0 a

10.0 68.4 ± 3.1 b 94.3 ± 3.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a

20.0 91.1 ± 3.3 a 100.0 ± 0.0 a 100.0 ± 0.0 a 100.0 ± 0.0 a

α-Cedrol 2.5 13.3 ± 1.6 jk 20.6 ± 3.3 fg 34.3 ± 4.5 ef 49.5 ± 3.4 i

5.0 20.3 ± 2.1 hij 32.3 ± 3.3 e 49.3 ± 4.5 d 58.9 ± 2.7 g

10.0 34.8 ± 2.1 ef 47.9 ± 3.6 d 68.6 ± 3.3 c 76.1 ± 2.3 e

20.0 46.4 ± 2.3 d 70.3 ± 4.1 b 100.0 ± 0.0 a 100.0 ± 0.0 a

δ-3-Carene 2.5 9.3 ± 1.3 k 15.3 ± 3.3 fg 30.3 ± 4.5 fg 40.8 ± 3.4 j

5.0 14.3 ± 2.3 jk 23.0 ± 3.3 f 40.0 ± 4.5 e 52.5 ± 2.8 h

10.0 25.0 ± 2.0 gh 37.3 ± 3.6 e 53.3 ± 3.3 d 64.0 ± 3.2 f

20.0 37.3 ± 2.9 e 56.3 ± 4.1 c 77.0 ± 3.9 b 89.9 ± 2.1 c

α-Pinene 2.5 8.9 ± 1.1 k 12.9 ± 3.3 g 26.0 ± 3.2 g 33.0 ± 3.3 g

5.0 12.1 ± 1.1 jk 19.1 ± 1.8 fg 36.3 ± 4.5 ef 47.4 ± 3.6 ef

10.0 19.6 ± 2.1 hij 30.9 ± 1.5 e 51.6 ± 3.1 d 59.7± 3.1 g

20.0 33.1 ± 2.3 efg 53.3 ± 2.3 cd 70.1 ±2.9 c 81.2 ±2.6 d

* F-value - 134.04 265.03 317.22 302.08

Each result is the mean of 6 replicates, each made with 20 adults (n = 120). Means within a column followed by
same letters are not significantly different (p ≤ 0.05) (Tukey’s HSD test). * All F-values are significant, at p ≤ 0.00.

3.5. The Dose-Response Mortality

The LC50 and LC90 and their confidence limits are illustrated in (Table 5). For the
contact bioassay, LC50 values of the botanicals after 48 h of treatment were: Nanoemulsion
(LC50 = 5.8 μL/cm2, χ2 = 0.94, df = 4), crude oil (LC50 = 13.3 μL/cm2, χ2 = 1.33, df = 4),
α-cedrol (LC50 = 15.1 μL/cm2, χ2 = 2.04, df = 4), δ-3-carene (LC50 = 30.7 μL/cm2, χ2 = 2.77,
df = 4), and α-pinene (LC50 = 53.4 μL/cm2, χ2 = 3.12, df = 4). The LC50′s of the phytochemi-
cals after 48 h fumigation were as follows: Nanoemulsion (LC50 = 4.1 μL/L air, χ2 = 0.91,
df = 54), crude oil (LC50 = 8.7 μL/L air, χ2 = 1.08, df = 4), α-cedrol (LC50 = 12.2 μL/L
air, χ2 = 2.16, df = 4), δ-3-carene (LC50 = 17.2 μL/L air, χ2 = 3.06, df = 54), and α-pinene
(LC50 = 19.6 μL/L air, χ2 = 3.22, df = 4).

Table 5. * LC50 and LC95 and their fiducial limits of EO materials against S. oryzae 48 h post treatment.

Test Material Bioassay
LC50

** (95% fl)
LC95

** (95% fl)
Slope

(±S.E.)
*** χ2

(df = 4)

Crude oil Contact (μL/cm2) 13.3 (11.1–16.3) 25.9 (19.3–32.2) 2.1 ± 0.20 1.33
Fumigation (μL/L) 8.7 (7.5–10.1) 16.3 (13.8–21.3) 2.0 ± 0.24 1.08

Nanoemulsion Contact (μL/cm2) 5.8 (5.3–7.2) 10.2 (8.6–13.3) 1.5 ± 0.18 0.94
Fumigation (μL/L) 4.1 (3.7–4.9) 7.3 (6.1–8.6) 1.6 ± 0.14 0.91

α-Cedrol Contact (μL/cm2) 15.1 (13.4–18.9) 27.5 (22.9–35.3) 2.1 ± 0.28 2.04
Fumigation (μL/L) 12.2 (10.5–15.8) 22.9 (18.6–27.1) 2.6 ± 0.26 2.18

δ-3-Carene Contact (μL/cm2) 30.7 (27.6–36.6) 55.3 (48.4–64.8) 2.9 ± 0.32 2.77
Fumigation (μL/L) 17.2 (15.4–21.3) 39.6 (34.7–47.6) 2.8 ± 0.40 3.06

α-Pinene Contact (μL/cm2) 53.4 (46.3–63.1) 114.8 (101.8–119.1) 3.1 ± 0.30 3.12
Fumigation (μL/L) 19.6 (17.3–24.5) 42.2 (37.0–50.3) 2.7 ± 0.41 3.22

Each result is the mean of 6 replicates, each including 20 individuals (n = 120). * LC50 and LC95 are considered
significantly different when the 95% fiducial limits (f.l.) fail to overlap. ** fl = fiducial limits. *** Chi-square value,
significant at p ≤ 0.05 level; df = degree of freedom.

3.6. Repellence Bioactivity

As illustrated in Table 6 and Figure 4, the EO materials strongly repelled the adult
weevils, and the repellent bioactivity was both time- and dose-dependent. The crude oil of
C. sempervirens was the strongest insect repellent, even at low concentrations, followed by
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nanoemulsion, α-cedrol, and δ-3-carene; by contrast, the monoterpene α-pinene showed a
weak-to-moderate repelling efficacy. The crude oil completely repelled the adult weevils at
0.44 μL/cm2 after 12 h. The crude oil, nanoemulsion, and α-cedrol caused 100% repellency
when the weevils were treated with a concentration equaling 0.88 μL/cm2 of these products
after 24 h. At this concentration, the remaining monoterpenes caused moderate repelling
activities. At the lowest concentration tested (0.22 μL/cm2), the percentage repellency was
73.9, 61.3, 43.9, 33.3, and 22.1% for the EO, the nanoemulsion, α-cedrol, δ-3-carene, and
α-pinene, respectively.

Figure 4. Repellent activity of cypress EO products against S. oryzae at (a) 0.11 μL/cm2;
(b) 0.22 μL/cm2; (c) 0.44 μL/cm2; and (d) 0.88 μL/cm2. (%) (Repellency in control was nil).

Table 6. Repellence activity of EO, nanoemulsion, and terpenes of C. sempervirens against S. oryzae
adult weevils.

Test Material
Concentration

(μL/cm2)

Repellency (% Mean ± S.E.) after Period (h)

2 6 12 24

Crude oil 0.11 29.6 ± 1.1 gh 51.3 ± 2.3 efg 62.3 ± 3.1 f 73.9 ± 2.6 e

0.22 44.9 ± 2.3 e 72.9 ± 2.3 bcd 80.1 ± 2.9 c 100.0 ± 0.0 a

0.44 63.3 ± 3.1 b 80.6 ± 1.9 abc 100.0 ± 0.0 a 100.0 ± 0.0 a

0.88 82.3 ± 3.1 a 91.1 ± 2.6 a 100.0 ± 0.0 a 100.0 ± 0.0 a

Nanoemulsion 0.11 20.1 ± 1.3 j 37.1 ± 1.3 gh 46.1 ± 2.3 h 61.3 ± 2.1 h

0.22 29.3 ± 1.6 gh 53.3 ± 2.1 ef 68.6 ± 2.6 e 80.1 ± 2.2 d

0.44 44.6 ± 2.1 e 66.1 ± 3.6 cde 80.9 ± 3.3 c 89.6± 0.0 b

0.88 59.3 ± 2.6 c 83.9 ± 2.6 ab 90.3 ± 3.1 b 100.0 ± 0.0 a

α-Cedrol 0.11 15.6 ± 1.3 k 28.6 ± 2.1 hi 37.3 ± 2.3 i 43.9 ± 2.3 i

0.22 23.6 ± 2.1 i 44.6 ± 2.3 fg 60.3 ± 2.1 f 70.1 ± 2.1 f

0.44 37.9 ± 2.1 f 58.9 ± 2.6 def 72.9 ± 1.9 d 83.3 ± 1.6 c

0.88 48.3 ± 2.3 d 71.3 ± 3.1 bcd 83.6 ± 2.1 c 100.0 ± 0.0 a
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Table 6. Cont.

Test Material
Concentration

(μL/cm2)

Repellency (% Mean ± S.E.) after Period (h)

2 6 12 24

δ-3-Carene 0.11 9.6 ± 1.3 lm 17.9 ± 1.9 ij 28.6 ± 3.1 k 33.3 ± 3.1 k

0.22 15.3 ± 2.1 k 27.6 ± 1.6 hij 36.1 ± 2.1 i 41.3 ± 2.6 j

0.44 27.6 ± 2.1 h 43.9 ± 2.6 fg 51.3 ± 2.6 g 60.9 ± 2.3 h

0.88 39.1 ± 2.3 f 51.3 ± 3.3 efg 62.3 ± 1.9 f 66.1 ± 1.9 g

α-Pinene 0.11 7.9 ± 1.1 m 12.6 ± 1.1 k 20.9 ± 1.6 m 22.1 ± 2.3 m

0.22 11.3 ± 1.3 l 16.1 ± 1.3 ij 24.6 ± 1.9 l 30.6 ± 1.9 l

0.44 18.9 ± 1.6 j 23.9 ± 2.3 hij 32.3 ± 1.9 j 39.3 ± 2.6 j

0.88 31.1 ± 2.1 g 37.9 ± 2.9 gh 44.1 ± 2.1 h 46.1 ± 2.3 i

Control - 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
* F-value - 961.75 61.65 1237.03 2644.87

Each result is the mean of 5 repeats, each including 20 individuals (n = 100). Means within a column followed
by same letter(s) are not significantly different. (p ≤ 0.05) (Tukey’s HSD test). * All F-values are significant at
p ≤ 0.001.

3.7. AChE Inhibition

All test EO materials caused a remarkable inhibition of AChE activity in S. oryzae
(Table 7). The nanoemulsion (IC50 = 9.88 mM, χ2 = 1.68, df = 5, p = 0.201) was the superior
AChE inhibitor, followed by EO (IC50 = 14.03 mM, χ2 = 2.41, df = 5, p = 0.243), and α-cedrol
(IC50 = 17.21 mM, χ2 = 2.88, df = 5, p = 0.311). By contrast, δ-3-carene and α-pinene caused
moderate effects. The IC50 of methomyl was 2.44 × 10−3 mM.

Table 7. Inhibition of acetylcholinesterase (AChE) of S. oryzae larvae by EO materials of
C. sempervirens.

Plant Material * IC50 (mM) (95% Fiducial Limits) Slope (±S.E.) ** χ2(df = 5) p

Crude oil 14.03 (12.21–16.28) 1.44 ± 0.22 2.41 0.243
Nanoemulsion 9.88 (7.94–11.71) 1.09± 0.14 2.68 0.201
α-Cedrol 17.21 (15.20–20.07) 1.30 ± 0.19 2.88 0.311
δ-3-Carene 34.54 (30.00–39.33) 1.66 ± 0.25 3.82 0.355
α-Pinene 39.83 (34.44–46.12) 2.08 ± 0.34 4.05 0.512
Methomyl 2.17 × 10−3 (1.73 × 10−3–3.66 × 10−3) 1.03 ± 0.18 2.62 0.377

* The concentration causing 50% enzyme inhibition. ** Chi-square value, not significant at p ≤ 0.05 level;
df = degree of freedom.

3.8. Phytotoxicity Assessment

Phytotoxicity testing revealed that the botanicals were not phytotoxic to wheat plants,
where the agronomical parameters of wheat (%) germination, and the growth of radicals and
shoots were unaffected after treatment with botanicals at concentrations ranging between
50.0 and 150 μL/mL (Table 8 and Figure 5). Percentage germination and growth of shoots are
slightly affected at 150 μL/mL, especially with EO, nanoemulsion, and α-cedrol. By contrast,
the remaining compounds were nonphytotoxic, even at high test concentrations.

Table 8. * Phytotoxic activities of essential oil, nanoemulsion, and major fractions of C. sempervirens
against wheat plants.

Plant Material Concentration (μL/mL) Germination (%) RL SL

Crude oil 50 90.6 ± 1.4 a 9.08 ± 0.31 a 3.32 ± 0.14 ab

100 80.3 ± 1.5 ab 8.89 ± 0.23 a 3.12 ± 0.11 ab

150 70.1 ± 1.3 b 8.07 ± 0.18 a 2.26 ± 0.15 c
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Table 8. Cont.

Plant Material Concentration (μL/mL) Germination (%) RL SL

Nanoemulsion 50 88.9 ± 1.3 a 9.03 ± 0.19 a 3.16 ± 0.12 ab

100 76.3 ± 1.2 ab 8.70 ± 0.20 a 3.03 ± 0.14 ab

150 65.2 ± 1.2 bc 7.08 ± 0.28 a 2.05 ± 0.12 c

α-Cedrol 50 88.2 ± 1.3 a 9.11 ± 0.41 a 3.28 ± 0.15 ab

100 83.4 ± 1.9 ab 9.02 ± 0.26 a 3.20 ± 0.13 ab

150 74.2 ± 1.4 b 8.24 ± 0.12 a 2.59 ± 0.17 bc

δ-3-Carene 50 90.6 ± 1.7 a 9.20 ± 0.18 a 3.39 ± 0.16 a

100 88.7 ± 1.4 a 9.12 ± 0.31 a 3.34 ± 0.11 a

150 88.3 ± 1.9 a 9.01 ± 0.22 a 3.09 ± 0.11 ab

α-Pinene 50 91.8 ± 1.1 a 9.24 ± 0.19 a 3.41 ± 0.13 a

100 91.0 ± 1.3 a 9.23 ± 0.08 a 3.31 ± 0.11 ab

150 90.2 ± 1.3 a 9.19 ± 0.22 a 3.16 ± 0.12 ab

Control - 91.7 ± 1.6 a 9.22 ± 0.32 a 3.43 ± 0.18 a

F-value - 4.28 1.16 7.94

* Each value is the mean ± S.E. of 4 trials; RL = Radicle growth (length of seeds, cm); SL = Shoot length (cm). In a
column, means followed by same letter (s) are not significantly different (p ≤ 0.05). All F-values are significant at
p ≤ 0.001.
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Figure 5. Viability of wheat grains as (%) germination treated with cypress EO products at
(a) 50 μL/mL; (b) 100 μL/mL; and (c) 150 μL/mL.

3.9. Toxicity against Earthworms

The test botanicals showed relative safety toward E. fetida. Neither mortality nor
toxicity signs were recorded in treated animals, even at 200 mg per kg−1 soil. On the other
hand, the chemical pesticide α-cypermethrin at 20.0 mg per kg−1 caused 100% mortality of
earthworms after 10 days.
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4. Discussion

The yield and composition of C. sempervirens var. horizontalis oil are in a good ac-
cordance with previous studies of the same Saudi species or those of other similar flora,
where α-pinene was the main component of cypress EO [21,39–42]. Variations both in
the yield and the abundant oil terpenes of plant oils have been recorded in previous re-
ports [22,43–45]. However, β-thujene was presented as the main terpene component (31.4%)
in the EO of Brazilian C. sempervirens [43]. These variations are mainly dependent on many
factors, including genetic and geographic factors. The soil status, the method of cultivation,
water availability, seasonality, the extracted parts, and extraction techniques are also of
major influence [6,46–48].

According to our findings, the EO of cypress, its nanoemulsion, and individual ter-
penes exhibited remarkable insecticidal, repellent, and AChE effects against S. oryzae. To
our knowledge, bioactivity of the EO of cypress belonging to Saudi flora, particularly its
nanoemulsion and individual terpenes, had not been investigated against insects of stored
grain; hence our study is considered a first report. A remarkable fumigation bioactivity
of the EO extracted from Egyptian cypress was recorded against adults of S. oryzae with
LC50 = 17.2 mg/L air.

The EO of C. sempervirens was reported to possess toxic and repellent bioactivities
against Sitophilus zeamais and Tribolium confusum using the impregnated filter paper bioassay,
as well as treated grains [22]; a remarkable repellent potential against the codling moth,
Cydia pomonella; and moderate toxicity and repellent activities against the mosquitoes, Aedes
albopictus and Ae. aegypti [49–51]. The oil materials tested herein strongly repelled S. oryzae
adult weevils. There are many factors affecting the repellent bioactivity of the plant-based
products against harmful insects, which depend mainly on the nature of products under
investigation; the respiratory system upon which the plant bioactive substances act, and
the insect’s olfactory receptors are of a major influence [52]. The high volatile nature
of EOs play a main role in this phenomenon, where they can be inhaled, ingested, or
easily absorbed through the insect’s skin [53,54]. The repellence bioactivity of cypress EO
products toward S. oryzae was in accordance with studies and reports that investigated the
bioinsecticidal and repellant potential of plant EOs against insects of stored grain, including
S. oryzae [10,11,55–57].

In this study, a green approach was followed to prepare an oil-in-water nanoemulsion
(droplet size 67.8 ± 3.1 nm) from cypress oil using fewer toxic chemicals at acceptable
concentrations, in the proportions 5:90:5% (EO:H2O:Tween 80 as an emulsifier). Tween
surfactants, especially Tween 80 and Tween 20, are frequently utilized as emulsifiers in
the preparations of oil/water nanoemulsions as they can produce stable formulations
without using cosurfactants [58]; However, Tween 80 was selected herein as a nonanionic
emulsifier, due to its miscibility with water and good solubility for EOs. It is characterized
by a high hydrophilic–lipophilic balance (HLB = 15); hence, decreasing the tension between
the oil and aqueous phases, and resulting in the formation of stable emulsions [17]. In
most cases, Tween 80 also appeared to perform better than Tween 20 in terms of droplet
size distribution and the stability of the nanoemulsion, which may be due to the structural
differences in the nonpolar tail of the two molecules [59,60]. In both micro- and nanoemul-
sion preparations, the surfactant functions to reduce the interfacial energy by providing a
mechanical barrier to coalescence [17]. The nanoemulsion of cypress oil exhibited a good
stability up to 45 days after preparation when exposed to stress conditions during storage.
Meanwhile, nonequilibrium emulsion formulations may undergo a breakdown, resulting
in sedimentation, flocculation, and coalescence, resulting in many shortcomings in their
biological activities. Alternatively, because of their novel properties, such as subcellular
size, nanoemulsions have good stability under extreme conditions [17,61]. The pH of the
nanoemulsion stabilized around 6.5 during storage. The pH of an emulsion is critical to
its stability because changes in pH affect the surface charge of the globules, disrupting
their stability. Furthermore, increases in the surface charge of globules cause electrostatic
repulsion, which reduces flocculation and leads to the dissolution of micro- and nanoemul-
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sions [17]. In a nanoemulsion formulation, the PDI determines droplet size stability and
uniformity; a low PDI ensures high droplet size uniformity. Over 30 days of storage, the
PDI of cypress oil nanoemulsion ranged between 0.18 ± 0.03 and 0.24 ± 0.02. Many authors
have reported that a PDI of less than 0.25 indicates a narrow distribution of particle size,
providing stability and homogeneity due to a reduced Ostwald ripening [17,61].

The nanoemulsion of cypress oil exhibited superior bioactivity against the target
weevil. When materials are formulated at the nanoscale, they acquire novel chemical
and physical properties, such as increased surface area, solubility, and high affinity to the
targeted biosystems, which promotes their biological activities [17]. Because of these novel
criteria, nanomaterials are promising candidates for developing effective eco-friendly insec-
ticides. To avoid the overuse of the toxic solvents or high-energy inputs that are commonly
used in pesticide synthesis, the “green synthesis” concept has been proposed, outlining the
potential use of animal, microbial, and plant-borne compounds as stabilizing agents for the
production of bioactive nanomaterials [15,62]. As a result, nanotechnology is being consid-
ered as an alternative strategy to improve the stability and bioactivity of pesticide materials
that rely on various nanocarriers, such as plant-oil-based nanoemulsions [6,15,17,63]. In
the literature, the reported insecticidal activity of plant-based nanopesticides, including
oil nanoemulsions against serious insects, such as those infesting stored grains, has been
reported [6,15,16,18]. Nenaah reported that nanoemulsions made from the EOs of three
Achillea species, A. biebersteinii, A. santolina, and A. millefolium, outperformed their bulk
counterparts in adulticidal activity against T. castaneum [6]. Similar results have been
reported for T. confusum and Cryptolestes ferrugineus [18,63].

The bioactivity of plant oils are attributed to several components, with demonstrable
insecticidal activity contained in the plant EO, especially in monoterpenes such as α-
pinene, α-terpinene, limonene, camphor, carvacrol, thymol, δ-3-carene, α-thujone, 1,8-cineol
(eucalyptol), eugenol, and ascaridole [3,6,9–11,17,57]. Although a synergism with other
minor constituents is common where each oil component participates in penetration,
fixation, and distribution into biomembranes [6,9,17], synergy between components of an
EO might be occur between several components contained in the same oil, or between
different essential oils with known biological activities [17,64,65].

Essential oils, particularly monoterpenes, are volatile and lipophilic, allowing them
to quickly penetrate the integument of insects, interfering with physiological parameters
and causing alteration in all vital functions. [6,9,17,53]. The EO materials caused a consid-
erable inhibition in the AChE bioactivity of S. oryzae, indicating a neurotoxic mechanism
of action. As mixtures, the toxicity of EOs is not yet fully understood. Nevertheless, the
rapid action against some pests is major evidence of a neurotoxic action, which is attributed
to AChE inhibition, as described herein [9–12,17]. Comparing our results with previous
reports, the dichloromethane, acetone, ethyl acetate, and methanol extracts of the cones and
leaves of Cupressus sempervirens var. horizantalis displayed a moderate inhibition of butyryl-
cholinesterase, AChE, and tyrosinase bioactivities at 200 μg/mL [66]. Aazza reported the
acetylcholinesterase inhibitory effect of cypress oil (where IC50 was 0.2837 mg/mL) using
bovine acetylcholine [67]. Recently, Alimi et al. found that the EO of cypress displayed a sig-
nificant inhibition in AChE activity of Hyalomma scupense (Acari: Ixodidae) [68]. The plant
EOs can interfere with other protein targets, which disrupts the insect’s nervous system,
such as the nicotinic acetylcholine receptors (nAChR), and the octopamine or the neuro-
transmitter inhibitor γ-aminobutyric acid (GABA). EOs were found to inhibit enzymatic
biosystems (superoxide dismutase (SOD), catalase (CAT), glutathione-S-transferase (GST),
and glutathione reductase (GR)), peroxidases (POx), and the nonenzymatic (glutathione
(GSH)) antioxidant defense biosystems [9,11].

According to our findings, the EO materials showed a relative safety within the limit
of the test concentrations when tested on E. fetida (a common earthworm) and wheat
plants. Plant products with pesticidal activities are often wrongly considered safe with
no negative effects on nontargets, including humans, without this being experimentally
verified. Nevertheless, many authors stated that EOs, nanoemulsion preparations, and oil
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terpenes were relatively safe when assessed against several nontarget species [3,17,28,69].
In that regard, most reports have focussed on assessing the acute toxicity, whereas both
subchronic and chronic evaluations have not been fully undertaken [5,17,69–71]. Regarding
cypress oil, health risks or side effects following administration of designated therapeutic
dosages are not recorded. Nevertheless, kidney irritation was recorded with the intake
of large doses [72]. However, not all natural products are free of risk, therefore deep
investigations are always required to explore the biosafety of the plant-based pesticides
before practical use in stored-product insect control programs. The authors should discuss
the findings and how they can be interpreted in light of previous research and the working
hypotheses. The findings and implications should be discussed in the broadest possible
context. Future research directions may be highlighted as well.

5. Conclusions

According to the results of the present study, cypress EO, the oil nanoemulsion, and its
individual terpenes showed remarkable insecticidal, repellence, and acetylcholinesterase
inhibitory bioactivities against the rice weevil, S. oryzae. There were no significant adverse
effects on the earthworms, nor the agronomical parameters of wheat plant. When properly
prepared, cypress oil, its nanoemulsion, and its main terpenes could be applied as novel
ecofriendly natural pest-control options against S. oryzae, being more appropriate than the
chemical insecticides. However, deep toxicological evaluations should be carried out to
substantiate the relevant concentrations and adverse effects of the test products against
mammals and other nontarget organisms.
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Abstract: Sclerotinia sclerotiorum is a phytopathogenic fungus that causes wilting and white rot in
several species such as strawberry. The overuse of agrochemicals has caused environmental pollution
and plant resistance to phytopathogens. Inoculation of crops with beneficial microorganisms such as
arbuscular mycorrhizae (AM), plant-growth-promoting rhizobacteria (PGPR), and their metabolites
is considered as an alternative to agrochemicals. B.halotolerans IcBac2.1 (BM) and Bacillus TrujBac2.32
(B), native from Peruvian soils, produce antifungal compounds and are plant-growth-promoting
rhizobacteria (PGPR). B. halotolerans IcBac2.1 and Bacillus TrujBac2 with or without G. intraradices
mycorrhizal fungi (M) are capable of controlling S. sclerotiorum disease in strawberries. Inoculation
of mycorrhiza alone decreases disease incidence as well. Treatments with chitosan (Ch), which is
used to elicit plant defense responses against fungal pathogens, were used for comparison, as well as
non-inoculated plants (C). Co-inoculation of mycorrhiza and bacteria increases plant shoot and root
biomass. Our results show that the inoculation of arbuscular mycorrhiza and antifungal Bacillus are
good biocontrols of S. sclerotiorum in strawberry.

Keywords: biological control; beneficial microorganisms; microbial metabolite; Fragaria annanasa

1. Introduction

Agrochemicals are used for a fast and easy control of pests. However, they may be
very toxic, can cause pest resistance, accumulation in the food chain, and soil and water
contamination. Therefore, an alternative is the use of biological control [1], using predators,
parasites, bacteria or fungi, or natural resources that cause less contamination, long-term
results, and less risk of resistance.

Strawberries (Fragaria annanasa var Aromas) are popular fruits consumed in many coun-
tries [2]. In Peru, strawberry crops have increased due to favorable weather and soil conditions.
Exports of frozen fruit generated profits of 5.5 million USD in 2010 with Europe and North
America as the main markets. Harvest is labor-intensive and generates jobs [3]. However,
annual losses caused by pathogens exceeded 200 million USD in the United States [4].

Strawberry is vulnerable to several pathogens such as Sclerotinia sclerotiorum fungi
that attacks the plant crown causing wilt and decreasing production [5,6]. The attack of
phytopathogens is generally treated with pesticides [7]. It is important to consider that
foreign markets restrict the use of pesticides in fruits [3]. Thus, we considered testing
biological control in strawberries [8]. Plant-growth-promoting bacteria (PGPR) produce
growth substances and metabolites with phytopathogenic controlling effects and have been
successfully used in field and greenhouse assays in Peru [9,10]. In addition, arbuscular
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mycorrhizae (AM), a mutualistic symbiotic association present in most plants, confers on
the plant a higher nutrient content, tolerance to abiotic stresses, and resistance to different
diseases or pests [11–13]. Thus, AM is widely used in agriculture [14]. The objective of this
work was to analyze the effect of arbuscular mycorrhizae, plant-growth-promoting bacteria,
and their metabolites in the control of white rot caused by the fungus S. sclerotiorum in
strawberry plants, comparing its effect with chitosan, an agrochemical widely used to
control phytopathogens.

2. Materials and Methods

2.1. Plant and Soil Materials

Strawberry seedlings (Aromas variety), from the province of Huaral, Lima, were
used. Seedlings were previously grown in the greenhouse for 40 days in a sterile mixture
of rice husk, peat, and sand. Seedlings were transplanted into 800 g pots with a sterile
substrate comprised of agricultural soil, peat, and sand as substrate (2:1:1). Physicochemical
characteristics of the mixture used as substrate were neutral pH (7.0); slightly saline
(electrical conductivity: 1.21 dS/m); high organic matter content (5.13%); low available
phosphorus content (6.1 ppm); and medium available potassium content (146 ppm).

2.2. Inoculation of Plant-Growth-Promoting Bacteria

Bacillus TrujBac2.32 (B) isolated from the rhizosphere of common beans [15], was
grown in 100 mL of tryptone soy broth (TSB) at 28 ◦C, at constant shaking (150 rpm) for
24 h. At the end of incubation, bacterial biomass was diluted with sterile TSB broth (1:1) to
an optical density (at 600 nm) equivalent to 108 cfu/mL.

For the production of bacterial biomass and metabolites with antifungal activity, B.
halotolerans IcBac2.1 (BM) isolated from the rhizosphere of common beans [15] was used.
The inoculum was cultured in 20 mL of TSB, incubated at 28 ◦C with constant shaking
(150 rpm) for 24 h. Biomass obtained was added to 200 mL of minimum mineral medium
(pH 7) and incubated at 28 ◦C, shaking constantly (150 rpm) for 72 h in order to obtain
antifungal metabolites. All the fermentative broth was used, which included the biomass
and all the synthesis products of the bacteria [8].

2.3. Glomeromycota Fungus Inoculum (M)

The fungus Rhizophagus intraradices was obtained from Brachiaria decumbens (grown
in pots), in which spores and propagules were reproduced in 2 cycles of 4 months each.
Afterwards, a sample of rhizospheric soil was extracted, the spores were quantified (wet
sieving and decanting), and separated in sucrose gradient according to [16]. Rootlets were
used to quantify mycorrhizal colonization [17] with trypan blue [18]. An inoculum was
prepared with propagules richness of 2950 spores/mL and rootlets with 90% colonization.
A total of 2 mL of this inoculum was added, per plant, 15 days before infecting the plant
with S. sclerotiorum in order to achieve colonization of arbuscular mycorrhizal fungi in the
roots of strawberries seedlings, previous to exposure to the pathogen.

2.4. Preparation of the Phytopathogen Fungus (P)

S. sclerotiorum, (P), isolated from common bean with symptoms of stem rot [9] was used
to infect plants. It is a highly virulent pathogen with a wide host range. In pathogenicity
plant tests, the characteristic symptoms of rot and mycelium proliferation were observed
in the green organs of strawberry plants [5,6]. This fungus was maintained in potato
dextrose agar (PDA) medium at 25 ◦C in the dark for 5 days. For the infection of strawberry
plants, wheat seeds were used as substrate for the growth of S. sclerotiorum. Seeds were
hydrated by placing them in a beaker with sterile water, and pre-cooked in the microwave
for 5 min. After this, the water was decanted and the seeds dried under sterile conditions.
Subsequently, wheat seeds were sterilized in small portions in polyethylene bags for 15 min
at 121 ◦C for three successive periods of 24 h. PDA discs colonized with the fungus were
placed inside the bags with sterile wheat and incubated at 25 ◦C for 5 days.
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2.5. Substrate Sterilization

The substrate that was used in pots to grow plants was sterilized (fluent steam)
in an autoclave for 1 h, 100 ◦C. After 24 h, this process was repeated twice to remove
Glomeromycota fungal spores and propagules from the substrate as described by [19].

2.6. Plant Cultures

Strawberries were grown in a greenhouse with 12 h photoperiod, maximum (32 ◦C)
and minimum (17 ◦C) temperature, and 89% of relative humidity. A completely random-
ized design with the following inoculation treatments was performed: Control without
microorganisms (C), S. sclerotiorum (P), arbuscular mycorrhiza (M), and the following
combinations: P+M, P+B, P+BM, P+Ch, P+M+BM, and P+M+B. The experiment consisted
of 9 treatments with 5 repetitions and a total of 45 pots. First, 2 plants per pot were set;
bacterial inoculum and mycorrhizae were added to the seedling neck. M inoculated at
sowing, B and BM 10 days after sowing. Subsequently, 15 days after installation, 4 wheat
seeds covered with the mycelium of S. sclerotiorum were placed in the base of the plant. The
appearance of the symptoms of stem wilt caused by S. sclerotiorum in strawberries were
observed after seven days of inoculation. The disease index analysis was calculated weekly
for 6 weeks, according to the scale explained below, in Table 1.

Table 1. Scale for measuring the degree of rot in strawberries.

Disease Index Percentage Damage Plant Characteristic

1 0% Healthy plant
2 0–25% Plant tissue damage
3 26–50% Plant tissue damage
4 51–75% Plant tissue damage
5 76–100% Plant tissue damage
6 100% Dead plant

2.7. Disease Evaluation

Damage caused by S. sclerotiorum in strawberry plants was evaluated using a disease
index (1–6) in the scale described in [20] that considers the largest percentage damage as 6
and healthy plants as 1.

2.8. Evaluation of Plant Growth Parameters

At harvest (six and a half weeks), fresh and dry weight (g) of shoot and root were
recorded. Dry weight of the plants was recorded after drying the plants at 60 ◦C for 3 days.
To evaluate the efficiency of disease control of the microbial inoculations, the following
indexes were calculated: % I PSA C, (percentage of increase in aerial dry weight compared
to the negative control without microorganisms, C) and % I PSA P, percentage of increase
in aerial dry weight compared to the positive control (P, with S. sclerotiorum).

2.9. Quantification of Sclerotinia sclerotiorum at the End of the Experiment

A total of 10 g of soil was weighed and placed in a flask with 90 mL of 0.85% saline
solution and shaken vigorously. Subsequently, with a sterile pipette, 1 mL of the suspension
was taken and transferred to a test tube with 9 mL of saline solution until reaching the
10−4 dilution. Then, 1 mL aliquots of each dilution was placed in sterile Petri dishes
(3 per dilution), and incorporated into PDA culture medium. A total of 30 mg/L of
streptomycin was added to inhibit the bacterial population. The plates were incubated at
room temperature (22 ◦C) for 5 days, after which the count of S. sclerotiorum colonies was
made in the plates that contained between 8–80 colonies. The results were expressed in
cfu/g of dry soil.
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2.10. Disease Progress Curve

The area under the disease progress curve (AUDPC) evaluates the progress of the
disease using the severity records, according to the following formula proposed by [21]:

ABCPE = ∑n−1
i=1

[
Xi+1 + Xi

2

]
(ti+1 − ti)

where:

Xi: Percentage of tissue severity due to S. sclerotiorum at time I;
ti: Time elapsed in days in the evaluation I;
n: Total number of evaluations.

This method determines the severity of disease accumulated during the time of the study.

2.11. Statistical Analysis

A completely randomized design was performed. Least significant difference (LSD)
of Fisher was applied and standard deviation of each treatment was calculated. For the
analysis of aerial, root, total plant biomass, and AUDPC curve, after the ANOVA analysis,
the posteriori Tukey test was applied for the comparison between averages of treatments
(p ≤ 0.05). The analyses were carried out with Statgraphics program.

3. Results

Antifungal capacity and growth promotion of Bacillus TrujBac2.32 and B. halotolerans
IcBac2.1 were tested in previous studies carried out by [15] and their results are shown
in Table 2. Both bacteria are able to control R.solani, S. sclerotiorum and F. oxysporum fungi.
B. halotolerans ICBac2.1 produces antifungal lipopeptides, antibiotics, and siderophores.
Bacillus TrujBac2.32 produces volatile metabolites and has the ability to solubilize phos-
phates. Both bacteria produce hydrolytic enzymes, as proteases and cellulases, and in-
doleacetic acid (Table 2).

Control plants without the phytopathogen have an aerial dry weight of 1.31 g, while
infected plants with the pathogen (P) weigh 0.65 g. Strawberry plants inoculated with myc-
orrhiza (M) and Bacillus (B) have an increase in dry weight over 24% and 23%, respectively,
compared to the infected plant. All treatments inoculated with promoting microorganisms
increase the dry weight of the plant between 55 and 101% compared to (C), except the
interaction of (BM) and (M) (Table 3). The dry weight of the root has a similar tendency to
the shoot dry weight, except in (P) whose weight is greater (1.6 g) than C (1.46 g).

Table 4 shows the disease index of the plants evaluated for six weeks. It is observed in
all cases that the damage rate increases in time. After six weeks, the plant inoculated with
the fungus (P) has an index of almost 6. It should be noted that chitosan does not diminish
plant damage.

The treatments that best control the disease are mycorrhizae (M), BM, and BM+M
inoculations, which reduce the damage to 2.3, 4.1, and 4.3, respectively, according to the
disease index (Table 1). The infection begins with the proliferation of the mycelium of the
phytopathogenic fungus around the neck of the plant causing a necrosis of the plant, then the
disease gradually extends to the foliage of the plant. Figure 1a shows a healthy plant, while
Figure 1b shows the mycelium of S. sclerotiorum starting to cover the neck of the plant.
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Table 4. Disease index of wilt caused by S. sclerotiorum in strawberry plants inoculated with growth-
promoting microorganisms and its metabolites.

Inoculation
Treatments

Weeks

1 2 3 4 5 6

P 3.75 ± 2.05 4.25 ± 1.91 4.88 ± 1.36 5.63 ± 0.74 5.75 ± 0.71 5.75 ± 0.71
M - - - - - -

P+M 1.62 ± 0.52 1.75 ± 0.46 2 ± 0.53 2 ± 0.53 2.13 ± 0.35 2.38 ± 0.52
P+B 3.75 ± 2.05 3.88 ± 1.89 4.25 ± 1.67 4.38 ± 1.77 4.63 ± 1.60 4.63 ± 1.60

P+BM 2.38 ± 1.19 2.62 ± 1.41 3.75 ± 1.98 4 ± 1.51 4 ± 1.51 4.13 ± 1.64
P+Ch 3.63 ± 1.60 4.38 ± 1.19 5.38 ± 1.06 5.5 ± 0.93 5.5 ± 0.93 5.75 ± 0.71

P+BM+M 3.38 ± 2.20 3.50 ± 2.14 4 ± 1.93 4.13 ± 1.89 4.25 ± 1.98 4.38 ± 2.00
Control (C) - - - - - -

The values were compared using least significance difference (LSD) test of Fisher, and show means ± stan-
dard deviation per treatment. n = 5. Abbreviations: Control (without microorganisms), (P) S. sclerotiorum,
(M) arbuscular mycorrhiza, (B) Bacillus TrujBac2.32 inoculation, (BM) B. halotolerans IcBac2.1 and its antimicrobial
metabolites, and (Ch) chitosan. Treatments M and Control show no symptoms since they are not inoculated with
the phytopathogenic fungus.

 
 

(a) (b) 

Figure 1. (a) Healthy plant without disease symptoms. (b) Appearance of the mycelium of the
S. sclerotiorum developing in the neck of strawberry.

Table 5 shows that plants treated with BM+M have a higher percentage of AM root
colonization (20.4%), followed by B+MI (12%). The bacteria significantly stimulates mycor-
rhizal roots colonization of the plant, compared to that plant that is only inoculated with
the mycorrhizal fungi, while the pathogen diminishes mycorrhizal colonization.

Table 5. Arbuscular mycorrhizal colonization (%) in strawberry plants inoculated with S. sclerotiorum,
growth-promoting bacteria and their metabolites.

Inoculation
Treatments

% AM Root Colonization

P+BM+M 20.46 ± 1.65 c
P+M 8.94 ± 2.06 a

P+B+ M 14.96 ± 0.95 b
M 17.49 ± 3.39 bc

Values followed by the same letter are not significantly different, according to Tukey test (p < 0.05). n = 5.
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At harvest, the population of S. sclerotiorum that was in the soil around the crown of
the plant was quantified. Table 6 shows that there were 80 × 103 cfu of S. sclerotiorum/g
soil. All treatments reduce the population of the phytopathogenic fungus, with (BM) and
(B+M) (50 × 103 cfu/ g dry soil) being the most effective treatments. Chitosan has no effect.

Table 6. Number of colonies of the phytopathogen S. sclerotiorum in rhizospheric soil (cfu/g dry soil)
after the harvest of strawberries inoculated with growth-promoting microorganisms and its metabolites.

Inoculation with Beneficial Microorganisms in Addition to
S. sclerotiorum

104 cfu
S. sclerotiorum/g Dry Soil

P 80 ± 35
M 60 ± 30
B 60 ± 32

BM 50 ± 25
Ch 80 ± 15

BM+M 60 ± 35
B+M 50 ± 35

The values were compared using least significance difference (LSD) test of Fisher, and show means ± standard
deviation per treatment. n = 3. Abbreviations: (P) S. sclerotiorum, (M) arbuscular mycorrhiza, (B) Bacillus
TrujBac2.32, (BM) B. halotolerans IcBac2.1 and its antimicrobial metabolites, and (Ch) chitosan.

Figure 2 shows the number of colonies of S. sclerotiorum grown in PDA medium
isolated from soil in pots after plant harvest.

Figure 2. Colonies of S. sclerotiorum in PDA medium.

In relation to AUDPC (Figure 3), the values of each bar correspond to the average of
eight repetitions/treatment, representing the progress of the disease on plants. According
to the ANOVA analysis, P+M is the treatment with the lowest ABCE value (31), however,
it is statistically similar to P+B, P+BM, and P-BM+M. P is statistically to similar P+Ch,
indicating that chitosan does not diminish the disease. The analysis indicates that beneficial
microorganisms alone (M, B, or BM) or in combination, BM+M, control S. sclerotiorum.
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Figure 3. Area under disease progress curve (AUDPC) of the disease caused by S. sclerotiorum in
strawberry plants inoculated with arbuscular mycorrhiza, growth-promoting bacteria and their
metabolites. Abbreviations: (P) S. sclerotiorum, (M) arbuscular mycorrhiza, (B) Bacillus TrujBac2.32,
(BM) B. halotolerans IcBac2.1and its antimicrobial metabolites, and (Ch) chitosan. Different letters over
the bars indicate significant differences between treatments (Tukey p ≤ 0.05). n = 8.

4. Discussion

Bacillus are commonly used to control phytopathogens [22,23]. Different mechanisms
have been proposed to explain the ability to inhibit mycelial growth of fungal pathogens,
such as the production of antimicrobial metabolites, competition for nutrients or space, or a
combination of them [24]. Ref. [25] found that B. amyloliquefaciens protected tomato, squash,
and eggplant from S. sclerotiorum. The protection is related to the antibiosis capacity of
B. amyloliquefaciens. This bacterium also controls other fungi through the production of
a-1,3-glucanase. In addition, due to its capacity to produce enzymes such as chitinases,
proteases, amylases, and celluloses, B. amyloliquefaciens and other Bacillus species cause
leakage of fungal cell contents when hydrolyzing cell walls of the phytopathogen. Here,
we found that both Bacillus strains produce hydrolyzing enzymes. Ref. [26] also observed
that cell suspensions, cell-free culture filtrates, and broth cultures of B. subtilis control
S. sclerotiorum in soybean, through the reduction in its mycelial growth (by 50 to 75%) and
suppressing sclerotial formation by > 90%. Antibiotic peptides present in its cell-free super-
natant may be responsible for this effect [10,15]. Antimicrobial metabolites produced by
bacteria include iron-chelating siderophores, antibiotics, volatile biocides, and non-volatile
antimicrobial compounds such as cyclic lipopeptides (CLPs) such as iturins, fengycins, and
surfactins involved in the inhibition of mycelial growth of phytopathogens [27,28].

Here, we found that BM reduces the infection rate of the phytopathogenic fungus to
50%, while the disease index of P is greater than 81%. In our group we reported previously
a reduction in the incidence of S. sclerotiorum wilt in beans by 96% due to the application of
the strain B. halotolerans IcBac2.1 (BM) [9]. There, the bacterium was inoculated at different
stages of growth, seed, flowering, formation, and filling of pods. Notably, the same strain
was able to reduce the population of the phytopathogen in the soil, similar to our results
with strawberry.

Bacteria may promote plant growth by phytohormones and solubilize phosphate [29].
Several species of Bacillus produce indole-3-acetic acid (IAA), which increases root length
and the number of secondary roots [30]. Ref. [31] demonstrates that B. velezensis and
B. amyloliquefaciens can produce phytohormones, fix nitrogen, and solubilize phosphate,
in addition to reducing disease against phytopathogens such as Helicobasidium purpureum,
F. oxysporum, and Rhizoctonia solani on pepper. Both bacteria used in this work have
the capacity of producing AIA; Bacillus TrujBac2.32 (B) produces large amounts of AIA
(32.6 μg mL−1) [15,32]. In this work, this strain was able to improve shoot dry weight of
the plant by 149% (Table 2).
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Chitosan is considered an environment-friendly alternative to the use of chemicals for
controlling phytopathogens such as Sclerotinia, among others, and post-harvest diseases in
fruits [33]. In our case, chitosan is not able to diminish disease or the fungal population in
the soil. Results obtained in different studies with chitosan are variable and depend on sev-
eral factors, such as the concentration used, the application method, and the experimental
temperature of the greenhouse, among others [34].

Regarding arbuscular mycorrhizae, the inoculation of the fungus R. intraradices (M) is
able to significantly reduce the disease index by effectively controlling infection. In this
treatment the highest shoot dry weight of the plant increased by 150% (Table 2). However,
the percentage of AM root colonization is the lowest (Table 3), which could indicate that
even with 8% root colonization, the promoter effect exerted by R. intraradices is sufficient to
achieve such biomass. Similar to our results, [35], mycorrhiza achieves adequate control
of the disease caused by Fusarium sp. in maize, with a low number of Glomeromycota
spores or root colonization, which could also be associated with the effectiveness and
affinity of the AM fungus with the host in question. Arbuscular mycorrhizae can induce
systemic resistance in the plant to soil and/or aerial pathogens [36]. The production of
jasmonic and/or salicylic acids, among others, as phytopathogenic resistance mechanisms
are stimulated in the plants by mycorrhizal inoculation [37]. In mycorrhized plants, the
expression of different genes involved in plant defense against foliar and root pathogen
attack may play a role locally and systemically. There are mechanisms in which acid
endochitinase PR4 and β1, 3-endoglycanase EG488 may also be involved [38]. Moreover,
AM fungi can improve the resistance of host plants to phytopathogens by changing the
anatomical structure of plant roots and producing substances involved in plant defense
against pathogenic attack [39]. Some authors [40] described the fact that mycorrhizal
association causes a chemical balance in the plant that inhibits the growth and reproduction
of phytopathogenic fungi. Ref. [41] observes that pre-inoculation with the AMF Glomus
mosseae prevents the decrease in antioxidant compounds, along with the decrease in SOD
activity and ascorbate content in strawberry roots after inoculation with F. oxysporum f. sp.
fragariae. These mechanisms, although not evaluated in our case, could be occurring for
the control of S. sclerotiorum.

In cotton, inoculation with PGPR stimulates root AM colonization [42], which is in
agreement with the results presented here where the strains of Bacillus TrujBac2.32 (B) and
B. halotolerans IcBac2.1 and its metabolites (BM) increase root mycorrhizal colonization
significantly, 12 and 20.4 %, respectively (Table 3). The interaction between PGPR and
AM can favor the plant both by promoting mycorrhiza activity, which, in turn, favors the
development of plants (mycorrhiza helper bacteria) [43,44], and by contributing to the
control of phytopathogens [36].

BM+M is the most effective treatment in the control of the disease and better mycor-
rhizal colonization, which could, in turn, influence the decrease in Sclerotinia spores in the
rhizosphere of the plant. Although this treatment does not produce more dry biomass of
the plant, it is effective in the parameters that indicate control of the phytopathogen. The an-
tifungal effects of B. halotolerans ICBac2.1 may be due to the production of lipopeptides [15]
and could explain our results.

Similarly, other authors found that the interaction of AMF and PGPR controlled plant
diseases [27]. AM and PGPR favor the tolerance of strawberry plants to wilt induced
by P. capsici. [39], indicating that the combined treatment of AMF and PGPR as Bacillus
exerts a positive control on plant root diseases. The mixed inoculation of G. mosseae and
Bacillus subtilis not only reduces the severity of Fusarium-caused disease by 85.0–93.4%, but
also improves plant nutrient content, total soluble sugar, total soluble protein, and total free
amino acid content [45,46]. Our results show that the joint use of beneficial microorganisms,
AMF and PGPR, can control plant diseases, and constitute an alternative for sustainable
agriculture, contributing to the reduction in the application of agrochemicals. Ref. [47]
proposes that the use of biological control, together with crop rotation and the use of
resistant cultivars, will allow for effective sustainable management of agriculture.
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5. Conclusions

The interaction between PGPR and AM favors the development of plants and con-
tributes to the control of phytopathogens, such is the case of BM +M, which is the most
effective treatment in controlling the disease caused by S. sclerotiorum and promotes mycor-
rhiza activity. The presence of beneficial microorganisms in the rhizosphere with influence
on the state of health of the plant is complex and manifests itself in our results, so it could
be considered that the microorganisms used influence the defense responses of strawberry
plants to S. sclerotiorum. Our results constitute a first approach to the joint use of native
strains of both PGPR and AMF for the control of the disease caused by S. sclerotiorum in
strawberries plantations in Peru. We suggest further research of these studies.

Author Contributions: Conceptualization, M.T. and D.Z.-D.; methodology, M.T., M.M.-Z. and
D.Z.-D.; validation, A.D. and M.M.-Z.; formal analysis, M.T. and D.Z.-D.; investigation, A.D. and
M.M.-Z.; resources, D.Z.-D.; writing—original draft preparation, M.T. and D.Z.-D.; writing—review
and editing, M.T.; supervision, M.T., M.M.-Z. and D.Z.-D.; project administration, D.Z.-D.; funding
acquisition, D.Z.-D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants 009-2016 Fondecyt from Fondo Nacional de Desarrollo
Científico, Tecnológico y de Innovación Tecnológica and Innovate Perú Proyect 158-PNCIP-PIAP-2015
from Programa Nacional de Innovación para la Competitividad y Productividad del Ministerio de
la Producción.

Acknowledgments: The authors express their gratitude to Wilson Castañeda for the preparation of
the Glomeromycota inoculum used in the experiment and appreciate the collaboration of Auxi Toro
García and Esperanza Martínez-Romero (Centro de Ciencias Genómicas, Cuernavaca, Mexico) in
their support as linguistic advisors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. RedAgrícola. Las Exportaciones de Fresa Congelada le Dan una Segunda Vida a Este Cultivo. 2020. Available online: https://www.
redagricola.com/pe/las-exportaciones-fresa-congelada-le-dan-una-segunda-vida-este-cultivo/ (accessed on 4 March 2021).

2. MINAGRI. Estudio de la Fresa en el Perú y el Mundo. 2008. Available online: https://www.midagri.gob.pe/portal/download/
pdf/herramientas/boletines/estudio_fresa.pdf (accessed on 24 October 2022).

3. Olivera, S. Cultivo de Fresa (Fragaria X ananassa Duch.); Ministerio de Agricultura, INIA, Estación experimental Donoso Kiyotada
Miyagawa, Programa Nacional de Innovación Agraria en Hortalizas: Huaral, Peru, 2012; pp. 39–49.

4. Xia, S.; Xu, Y.; Hoy, R.; Zhang, J.; Qin, L.; Li, X. The notorious soilborne pathogenic fungus Sclerotinia sclerotiorum: An update on
genes studied with mutant analysis. Pathogens 2020, 9, 27. [CrossRef]

5. Marin, M.V.; Peres, N.A. First report of Sclerotinia sclerotiorum causing strawberry fruit rot in Florida. Plant Dis. 2020, 104, 3250.
[CrossRef]

6. Ficker, A. Sclerotinia sclerotiorum impacts on host crops. In Master of Science Monography; Iowa State University: Ames, IA, USA, 2019.
7. Kamal, M.; Lindbeck, K.; Savocchia, S.; Ash, G. Biological control of Sclerotinia stem rot of canola using antagonistic bacteria.

Plant Pathol. 2015, 64, 1375–1384. [CrossRef]
8. Khan, N.; Martínez-Hidalgo, P.; Ice, T.A.; Maymon, M.; Humm, E.A.; Nejat, N.; Sanders, E.R.; Kaplan, D.; Hirsch, A.M. Antifungal

activity of Bacillus species against Fusarium and analysis of the potential mechanisms used in biocontrol. Front. Microbiol. 2018, 9, 2363.
[CrossRef]

9. Memenza, M.; Mostacero, E.; Camarena, F.; Zúñiga, D. Disease control and plant growth promotion (PGP) of selected bacterial
strains in Phaseolus vulgaris. In Biological Nitrogen Fixation and Beneficial Plant—Microbe Interactions; Gonzales-Andres, F., James, E.,
Eds.; Springer: Cham, Switzerland, 2016; pp. 237–245.

10. Memenza-Zegarra, M.; Zúñiga-Dávila, D. Isolation and characterization of antifungal secondary metabolites produced by
rhizobacteria from common bean. In Microbial Probiotics for Agricultural Systems: Advance in Agronomic Use; Zúñiga-Dávila, D.,
Gonzales-Andres, F., Ormeño-Orrillo, E., Eds.; Springer: Cham, Switzerland, 2019; pp. 141–153.

11. Alban, R.; Guerrero, R.; Toro, M. Interactions between a root-knot nematode (Meloidogyne exigua) and arbuscular mycorrhizae in
coffee plant development (Coffea arabica). Am. J. Plant Sci. 2013, 4, 19–23. [CrossRef]

12. Barea, J.M. Future challenges and perspectives for applying microbial biotechnology in sustainable agriculture based on a better
understanding of plant-microbiome interactions. J. Soil Sci. Plant Nutr. 2015, 15, 261–282. [CrossRef]

13. Jain, P.; Pundir, R.K. Biocontrol of Soil Phytopathogens by ArbuscularMycorrhiza—A Review. In Mycorrhizosphere and Pedogenesis;
Varma, A., Choudhary, D., Eds.; Springer: Singapore, 2019; pp. 221–237.

106



Sustainability 2023, 15, 2901

14. Dar, M.; Reshi, Z.; Shah, M. Vesicular arbuscular mycorrhizal (VAM) fungi—As a major biocontrol agent in modern sustainable
agriculture system. Russ. Agric. Sci. 2017, 43, 132–137. [CrossRef]

15. Memenza-Zegarra, M.; Zúñiga-Dávila, D. Bioprospection of native antagonistic rhizobacteria from the Peruvian coastal ecosys-
tems associated with Phaseolus vulgaris. Curr. Microbiol. 2021, 78, 1418–1431. [CrossRef]

16. Gerdemann, J.; Nicolson, T.H. Spores of mycorrhizal Endogone species extracted from soil by wet sieving and decanting. Trans.
Br. Mycol. Soc. 1963, 46, 235–244. [CrossRef]

17. Giovannetti, M.; Mosse, B. An evaluation of techniques for measuring vesicular arbuscular mycorrhizal infection in roots. New
Phytol. 1980, 84, 489–500. [CrossRef]

18. Phillips, J.; Hayman, D. Improved procedures for clearing roots and staining parasitic and vesicular-arbuscular mycorrhizal fungi
for rapid assessment of infection. Trans. Br. Mycol. Soc. 1970, 55, 158–161. [CrossRef]

19. Sieverding, E. Vesicular-Arbuscular Mycorrhiza Management in Tropical Agrosystems; GTZ: Eschborn, Germany, 1991.
20. Ouhaibi, N.; Abdeljalil, B.; Vallance, J.; Gerbore, J.; Rey, P.; Daami-Remadi, M. Bio-suppression of Sclerotinia stem rot of tomato

and biostimulation of plant growth using tomato-associated rhizobacteria. J. Plant Pathol. Microbiol. 2016, 7, 2.
21. Wilcoxson, R.D.; Skovmand, B.; Atif, A.A. Evaluation of wheat cultivars for the ability to retard development of stem rust. Ann.

Appl. Biol. 1975, 80, 275–287. [CrossRef]
22. Fritze, D. Taxonomy of the genus Bacillus and related genera: The aerobic endospore-forming bacteria. Phytopathology 2004, 94,

1245–1248. [CrossRef] [PubMed]
23. Shafi, J.; Tian, H.; Ji, M. Bacillus species as versatile weapons for plant pathogens: A review. Biotechnol. Biotechnol. Equip. 2017, 31, 446–459.

[CrossRef]
24. Compant, S.; Duffy, B.; Nowak, J.; Clement, C.; Barka, E. Use of plant growth-promoting bacteria for biocontrol of plant diseases:

Principles, mechanisms of action, and future prospects. Appl. Environ. Microbiol. 2005, 71, 4951–4959. [CrossRef]
25. Abdullah, M.T.; Ali, N.Y.; Suleman, P. Biological control of Sclerotinia sclerotiorum (Lib.) de Bary with Trichoderma harzianum and

Bacillus amyloliquefaciens. Crop Prot. 2008, 27, 1354–1359. [CrossRef]
26. Zhang, J.X.; Xue, A.G. Biocontrol of sclerotinia stem rot (Sclerotinia sclerotiorum) of soybean using novel Bacillus subtilisstrain SB24

under control conditions. Plant Pathol. 2010, 59, 382–391. [CrossRef]
27. Serret-López, M.; Espinosa-Victoria, D.; Gómez-Rodríguez, O.; Delgadillo-Martínez, J. Tolerance of strawberry (Fragaria × ananassa

Duch.) plants pre-mycorrhized with Rhizophagus intraradices and inoculated with PGPR’s to Phytophthora capsici. Agrociencia 2016,
50, 1107–1121.

28. Colman, V.; Hanif, A.; Farzand, A.; Kibe, M.; Ochieng, S.; Wu, L.; Samad, H.; Gu, Q.; Wu, H.; Gao, X. Volatile Compounds of
Endophytic Bacillus spp. have Biocontrol Activity Against Sclerotinia sclerotiorum. Phytopathology 2018, 108, 1373–1385.

29. Richardson, A.E.; Barea, J.-M.; McNeill, A.M.; Prigent-Combaret, C. Acquisition of phosphorus and nitrogen in the rhizosphere
and plant growth promotion by microorganisms. Plant Soil 2009, 321, 305–339. [CrossRef]

30. Idriss, E.E.; Makarewicz, O.; Farouk, A.; Rosner, K.; Greiner, R.; Bochow, H.; Richter, T.; Borriss, R. Extracellular phytase activity
of Bacillus amyloliquefaciens FZB45 contributes to its plant growth—Promoting effect. Microbiology 2002, 148, 2097–2109. [CrossRef]
[PubMed]

31. Soliman, S.A.; Khaleil, M.M.; Metwally, R.A. Evaluation of the Antifungal Activity of Bacillus amyloliquefaciens and B. velezensis
and Characterization of the Bioactive Secondary Metabolites Produced against Plant Pathogenic Fungi. Biology 2022, 11, 1390.
[CrossRef]

32. Memenza-Zegarra, M.; Zúñiga-Dávila, D. Evaluation of the antagonic activity of metabolites produced by the culture of Bacillus
halotolerans to control Rhizoctonia solani. In Abstract Book in XVI Symposium on Biological Nitrogen Fixation with Non-Legume;
Embrapa: Foz de Iguazu, Brazil, 2018.

33. Gutierrez-Martínez, P.; Ledezma-Morales, A.; Romero-Islas, L.; Ramos-Guerrero, A.; Romero-Islas, J.; Rodríguez-Pereida, C.;
Casas-Junco, P.; Coronado-Partida, L.; González-Estrada, R. Antifungal activity of chitosan against postharvest fungi of tropical
and subtropical fruits. In Chitin-Chitosan—Myriad Functionalities in Science and Technology; BoD—Books on Deman: Norderstedt,
Germany, 2018. [CrossRef]

34. Velázquez-del Valle, M.; Hernández-Lauzardo, A.; Guerra-Sánchez, M.; Mariaca-Gaspar, G. Chitosan as an alternative to control
phytopathogenic fungi on fruits and vegetables in Mexico. Afr. J. Microbiol. Res. 2012, 6, 6606–6611. [CrossRef]

35. Olowe, O.M.; Olawuyi, O.J.; Sobowale, A.A.; Odebode, A.C. Role of arbuscular mycorrhizal fungi as biocontrol agents against
Fusarium verticillioides causing ear rot of Zea mays L. (Maize). Curr. Plant Biol. 2018, 15, 30–37. [CrossRef]

36. Pérez-de-Luque, A.; Tille, S.; Johnson, I.; Pascual-Pardo, D.; Ton, J.; Cameron, D.D. The interactive effects of arbuscular mycorrhiza
and plant growth-promoting rhizobacteria synergistically enhance host plant defenses against pathogens. Sci. Rep. 2017, 7, 16409.
[CrossRef]

37. Pozo, M.J.; Azcón-Aguilar, C. Unravelling mycorrhiza induced resistance. Curr. Opin. Plant Biol. 2007, 10, 393–398. [CrossRef]
[PubMed]

38. Wani, K.A.; Manzoor, J.; Shuab, R.; Lone, R. Arbuscular mycorrhizal fungi as biocontrol agents for parasitic nematodes in plants.
Mycorrhiza-Nutr. Uptake Biocontrol Ecorestor. 2017, 195–210. [CrossRef]

39. Weng, W.; Yan, J.; Zhou, M.; Yao, X.; Gao, A.; Ma, C.; Cheng, J.; Ruan, J. Roles of arbuscular mycorrhizal fungi as a biocontrol
agent in the control of plant diseases. Microorganisms 2022, 10, 1266. [CrossRef] [PubMed]

107



Sustainability 2023, 15, 2901

40. Sudhasha, S. Chapter-1 Constructiveness of the biocontrol agents on fusarial wilt of tomato incited by the destructive pathogen
Fusarium oxysporum f. sp. lycopersici. In Current Research and Innovations in Plant Pathology; AkiNik Publications: Delhi, India, 2020.

41. Li, Y.H.; Yanagi, A.; Miyawaki, Y.; Okada, T.; Matsubara, Y. Disease tolerance and changes in antioxidative abilities in mycorrhizal
strawberry plants. J. Jpn. Soc. Hortic. Sci. 2010, 79, 174–178. [CrossRef]

42. Valencia, C.; Zuñiga-Dávila, D. Análisis de la presencia natural de micorrizas en cultivos de algodón (Gossypium barbadense L.)
inoculados con Bacillus megaterium y/o Bradyrhizobium yuanmingense. Ecol. Apl. 2015, 14, 65–69. [CrossRef]

43. Miransari, M. Interactions between arbuscular mycorrhizal fungi and soil bacteria. Appl. Microbiol. Biotechnol. 2011, 89, 917–930.
[CrossRef] [PubMed]

44. Mora, E.; Lopez-Hernández, D.; Toro, M. Arbuscular Mycorrhizae and PGPR applications in tropical savannas. In Microbial
Probiotics for Agricultural Systems: Advance in Agronomic Use; Zúñiga-Dávila, D., Gonzales-Andres, F., Ormeño-Orrillo, E., Eds.;
Springer: Cham, Switzerland, 2019; pp. 169–178.

45. Cai, X.; Zhao, H.; Liang, C.; Li, M.; Liu, R. Effects and mechanisms of symbiotic microbial combination agents to control tomato
Fusarium crown and root rot disease. Front. Microbiol. 2021, 12, 629793. [CrossRef] [PubMed]

46. Hoda, H.; Ghalia, A. Effect of arbuscular mycorrhizal Fungus Glomus mosseae and Glomus subtilis on the infection of tomato roots
by Fusarium oxysporum. Egyp. J. Microbiol. 2007, 42, 29–49.
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Abstract: The bagworm (Metisa plana) is a recurrent indigenous invasive defoliator in oil palm
plantations. Moderate foliar injury can cost up to 40% yield loss and more for years. The main
objective of this review is to disseminate published research demonstrating the versatile services
that would benefit farmers by adopting the Asian weaver ant into their pest management agenda.
Oecophylla smaragdina is a natural indigenous enemy applied as a successful biological control agent
(BCA) and strong component of integrated pest management (IPM) against important damaging pest
infestations of commercial crops in the Asia-Pacific region. Farmers facing invasion could benefit by
introducing Oecophylla ants as a treatment. The foraging behavior and population dynamics of this
species are poorly documented, and hence need further evaluation. Ants of the Oecophylla genus,
while exhibiting an intrinsic obligate arboreal pattern, demonstrate additional lengthy diurnal ground
activity. The absolute territorial characteristic via continuous surveillance is significantly valuable
to maintain pest balance. The exploratory scheme of major workers over large territories is derived
from their inner predation instinct. The insufficient understanding of the population dynamics of
this weaver ant species diverges from the knowledge of underground species. However, population
density estimations of weaver ants by direct nest visual recordings are practicable and viable. The
abundance assessment of individual underground ant species colonies by excavation ends with their
extinction, which is not a sustainable model for O. smaragdina. Mathematical model estimation by
simulation could not resolve this issue, adding inaccuracy to the deficiency of experimental proof.
Thus, long-term monitoring of the population dynamics in real time in the field is compulsory
to obtain a valid dataset. Oecophylla colonies, with the criteria of population stability, individual
profusion, and permanent daily patrol services, are eligible as a BCA and alternative IPM treatment.
The last decades have witnessed the closing of the scientific applied research gap between Asian
and African species in favor of O. longinoda with comprehensive novel findings. By introducing
Oecophylla ants, two main goals are reached: easing the burden of management costs for injurious
insects and ending the practice of applying highly toxic pesticides that are harmful to non-target taxa,
thus promoting environmental restoration.

Keywords: Oecophylla genus; population abundance; territorial foragers; quarantine defoliators; IPM

1. Introduction

The Asian weaver ant (Oecophylla smaragdina) is among the ecologically dominant
insects in tropical forests, savannas [1], and agricultural landscapes [2]. It is an obligate
arboreal, polydomous (multiple nests per occupied tree), absolute territorial species [3].
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Few publications [4,5] have exposed the foraging and predation activities of O. smaragdina
in oil palm plantations in Southeast Asia. The first report focused on the usage of weaver
ants as a future potential biological control agent (BCA) for dominant bagworm defoliators
(Pteroma pendula). Occupied palm trees were protected and demonstrated absence or low
level foliar injury with significant higher productivity in comparison to unoccupied trees.
Attack chronology patterns in relation to foraging activity were assessed in heavy infested
blocks. The second report was a thesis dissertation that discussed the foraging activities
of weaver ants in relation to air temperatures and relative humidity. A case study was
conducted on a research national station at Teluk Intan, Perak with a preliminary study of
population dynamic.

According to foraging activity, there is no major differences between Asian and African
weaver ant species [6,7]. Foraging activity is a diurnal task performed exclusively by major
workers, continuously patrolling outside the nests for prey along with surveillance du-
ties [6]. Prey transportation by the foragers is performed only during the day period [8].
Infestation outbreak control largely depends on the sustainability of natural enemy pop-
ulations. Thus, estimating the relative density of individuals to monitor the population
dynamics of Asian weaver ants is important for effectively suppressing pests of economic
importance to commercial crops [9,10].

The premise of population stability by single or assemblage species with Oecophylla
ants achieving similar or better protection compared to specialist predators is attractive.
Asian weaver ants could become a strong candidate in integrated pest management through
direct application on threatened crops [11,12].

The bagworm, Metisa plana, an indigenous quarantine pest, is responsible for an aver-
age productivity loss of 33–40% in subsequent years of harvesting due to moderate (10–13%)
foliar injury [13,14]. However, a more serious infestation can cause up to 43% yield loss over
a two-year period [15]. The problems faced by smallholders and large estate plantations
due to bagworm are recurrent and affect large, planted areas [16,17]. It is understood that
smallholders (comprising many small plantation owners having approximately an average
of 4 ha each within the same organization) are unable to properly handle outbreaks due
to budget constraints. Further expansion of pest outbreaks is triggered from their small
plantations to the neighboring larger cultivated area [18,19].

Plantation owners are very skeptical about using weaver ants to solve the bagworm
issue owing to its pugnacious behavior towards humans [20,21]. Previous studies have
showed that integrated pest management (IPM) trials [22] for treatment [23] gave conclu-
sive successful outcomes. However, more information on weaver ants (such as mating
mechanism, distinctive caste structure, population size-density, and individual behavior as
a verified aggressor during foraging activity) is needed before they can be used for IPM [24]
or as a BCA [25] in a large-scale management program [26,27].

This review examines other studies in order to understand weaver ant ecology. This
understanding can be used to support the novel idea of bagworm control treatment by
Oecophylla ants as a generalist predator. This review will articulate the information on
O. smaragdina: (i) foraging behavior, (ii) population dynamics, (iii) the benefits and chal-
lengers faced by plantation owners if they adopt weaver ants to mitigate bagworm infes-
tation, and (iv) expose recent research development towards adoption of weaver ants in
agriculture and conclude some controversies, rare weaknesses, and strengths.
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2. Research Methodology for This Review

2.1. Search and Assessment Inclusion Benchmark

This review was performed to collate the relevant available published academic litera-
ture. Only studies that provided information of both Oecophylla species were included in a
first selective step. The second step of enrichment with broader sources was performed in
the absence of enough supportive elements based solely on the first step criteria. Based on
this review, title terms such as foraging behavior and population dynamics were the most
dominant and relevant attributes to justify Oecophylla ants as a biological control agent. This
was necessary to extract publications related only by analogy solely within ant taxonomy
(http://info-now.org/ants/AntTaxonHierarchy.php, accessed on 5 October 2021) or scien-
tific classification adhering to the Integrated Taxonomic Information System regrouping the
Formicidae family. Studies written in “Bahasa Indonesian”, French, Spanish, and English
were included. We included studies exploring ecology, population modeling, foraging,
and predation behavior. To fulfil the main objective of this review (convince farmers of the
benefits), topics of the services and disservices of Oecophylla ants were given priority in
our evaluation. Among them was the potential answer to the looming global food security
crisis of including weaver ants in daily diets [28]. Finally, BCA and IPM treatments were the
culminating subjects of the research findings. Tables were derived from the most relevant
papers describing the associated host plant protection provided by Oecophylla ants from
pests of economic interest: among them, classified invasive species. O. smaragdina was the
dominant species.

2.2. Literature Documentation Selection

We started the literature search using the keywords “Oecophylla ants”, “Asian weaver
ants”, “Oecophylla smaragdina”, and “Oecophylla longinoda” in the Google search engine.
The preliminary relevance of each manuscript was determined from the title based on
the content of the abstract. From that initial step, if the content seemed to discuss the
content of the review main topic title, we obtained its full reference, including author, year,
title, and abstract, for further evaluation. We searched Google Scholar, Web of Science,
frequently used databases. Because the two species of Oecophylla are rarely evaluated for
bagworms in the oil palm plantation industry, we extended the publication date from 1960
to 2022 (articles published in the past sixty-two years), so that the review was constructed
based on both older and recent literature. Considering a broader information retrieval and
synthesis better demonstrated the hypothesis of Oecophylla ants being potent predators
for the control of harmful pests. We first applied the Google general search engine to
obtain different sources of papers by using keywords “Oecophylla foraging activity”, “Asian
weaver ants population”, or added “dynamic”, and then copy-pasted it into Google Scholar.
The research was fine-tuned by adding “Scholarly articles” before each keyword. Whenever
using a less specific term, such as “studies on the predatory activity of Asian weaver ants”,
the search turnover of 13,600 results was decreased by adding “P. pendula” or “M. plana”.
The decrease reached 44 and 25 potentially relevant articles, respectively, of which 15 and 4
articles abided by the intended topic title of this review. For information filtering and final
selection of the manuscripts of interest, selection of the quality and eligibility of the pub-
lished articles was achieved by strongly considering the following authors for most topics
of study: Hölldobler & Wilson; Peng & Christian; Peng et al.; Van Mele & Cuc; Offenberg;
Dejean; and Way & Khoo. By reading through pre-selected or selected articles, we found
more experts doing fundamental and applied research that could significantly contribute
to the value of this review as follows: Newey; Robson, Crozier, and Nielsen for the Asian
species; and Nene, Vayssieres, and Rwegasira et al. for the African species. The search for
keywords “Oecophylla foraging activity” and “Oecophylla population dynamic” completed
the final article selection process. For foraging activity, we obtained approximately 2900
referred articles in Google Scholar, of which only 35 showed a strong relevance to the main
title subject. For population dynamics, we obtained a total of 2380 results, of which only 20
were related to the manuscript title with a majority of these articles showing an orientation
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for applied biological control treatment on various pests of economic interest. After initially
screening the titles and reading the abstracts of an average of over 300 related articles, a
total of 156 studies were identified as relevant to the title of this review: “Asian weaver
ants as potential biological control agents of invasive bagworms Metisa plana (Lepidoptera:
Psychidae): a review”. For each selected article in the review, the “Related articles” option
available in the Google Scholar database helped to quickly identify similar studies able
to enrich the search for study inclusion in the review. For the final inclusion of identified
studies, we scanned through the full-text articles to further evaluate their quality and
eligibility by systematically targeting the reputable names of those researchers mentioned
above that have a strong record related to the Oecophylla ant genus.

3. Foraging Behavior of Weaver Ants

Weaver ants are a well-disciplined and well-organized insect society. Its major workers
caste members perform extensive foraging over a large territory to ensure the safety of the
entire colony and maintain colony survival [6]. As a diurnal insect, weaver ant foragers
are seen patrolling with their special task force of experienced workers to secure the whole
perimeter of the colony territory [25]. Although they are strictly arboreal in nature [29,30],
weaver ants have been commonly seen actively foraging on the ground [31] and moving
by group of foragers [32], even when the canopies are interconnected [5].

During foraging, Oecophylla ants use their visual organ to detect encountered items
from a distance [33] and olfactory cues to perform daily foraging duties [30]. Various
authors [6,34,35] have proposed that the foraging activity of weaver ants can be summarized
into five main schemes as follows: (i) the recruitment of ants into a new landscape to fill
a gap in their path (i.e., obstacle crossing by bridging with more individuals). Complex
chemical compounds are secreted from anus glands coupled with tactile signals. These
chemicals form a chain of trails that facilitate the path of recruited nestmates using their
antennae to reach the desired destination; (ii) foragers use palpable stimuli by mouth
connection, antennae, or feelers, and head shaking to find resources; (iii) to explore new
foraging range, fluid droplets from the rectal vesicle are laid to be detected by nestmates;
(iv) to resist trespassers, an “alarm” attractant pheromone from the sternal gland is released;
(v) defensive long-range recruitment comprising of odor trails, antennae, and thrilling
“body jerking”. All tasks related to foraging, nest guarding, and repair, along with territorial
defense, are carried out by the major workers [6].

Generally, foraging and colony defense is a risky task, substantially impairing survival
ability and therefore incurring high mortality rates to ants [36]. This is particularly true
for Oecophylla ants, where major workers aggressively defend extensive territory against
con-specific individuals from different colonies seen as competitors or intruders. Thus, eval-
uating the general activity of Oecophylla ants as a whole colony entity for IPM utilization is
well justified. It helps in designing a better method of pest control in the field [37]. The basic
main tasks at the colony level comprising the foragers’ activity of major workers caste range
from foraging to hunting, transporting prey items back to the nest, and surveillance [38–40].

There is still a scarcity in reports concerning the foraging activity of O. smaragdina
or O. longinoda at the colony level based on 24 h monitoring scale [41]. However, another
report expressed the importance of defining the appropriate daily time period to perform
colony identification, transplantation, and population estimation [37]. The benefits of such
manipulations will enhance integrated pest management by defining the multiple duties of
weaver ants [37]. Major workers are the sole foragers outside the nest area and responsible
for covering extensive grounds for hunting and predation purposes [6]. They also explore
more territory to expand the colony boundaries. Figure 1A–D exposes the foraging activity
of major workers on canopies, trunks, and ground in Felda oil palm plantations.
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Figure 1. (A–D). O. smaragdina major workers’ foraging activity: (A) Foragers on palm canopies
frond. (B) Foragers on palm trunk In Felda Gunung Besout, Perak plantations. (C) Nomadic ground
foragers around palm trees performing duties of exploring/hunting/surveillance in Felda Keratong
Pahang plantations. (D) Foragers occupying a different plant species in oil palm plantations in Felda
Keratong Pahang. Photo credit: Exélis Moïse Pierre.

4. Population Dynamics of Weaver Ants

After the introduction of any natural enemy, if individual abundance decreases and
requires continuous artificial release upon mass-rearing to maintain its stability, this may
not be economically feasible [42,43]. Therefore, the basic ecological need is the species status
level, which monitors its variations in time and space [44,45]. This concept constitutes
one of the main factors for a proper assessment of healthy population dynamics [46,47].
Investigations of the underlying forces (biotic and abiotic elements) responsible for those
variations form the other fundamental basic components for checking and estimating
PD [46]. Population dynamics are influenced by deterministic (predictable) or stochastic
(unpredictable) components operating simultaneously [47]. For instance, in many insect
species having short life cycles, predictable seasonal environmental parameters, such as
temperature [48], rainfall interception [49], and accessible food web, influence negative or
positive fluctuations in population dynamics [47]. Insects are affected by sudden variations
in temperature due to their ectothermic nature [48]. The synchrony of Glanville fritillary
butterfly (Melitaea cinxia) population dynamics during lower summer precipitation is an
example of how drought affects the survival of early larvae instar, hence its metapopulation
stability in the long term [49]. To successfully use weaver ants in any pest management
control, it is fundamental to understand the importance of ecological factors that regulate
their population dynamics. In addition, it is also compulsory to evaluate PD in the field for
a long period [50]. Manipulation of the O. smaragdina population by introducing foreign
pupae from different colonies demonstrated a successful boosting with significant worker
force increase [51]. Such promotion of incipient colonies to reach growth maturity earlier
than usual enables further nest translocation to targeted pest-affected crops [50].

Limited studies have been conducted directly in the field with a large agricultural
monoculture over long periods of monitoring (5 to 10 years) that are backed up with empir-
ical database records. This is because most ant colonies are subterranean. An example is
the spectacular colossal intricate nest chambers (equal to the size of a house) of the attine
leafcutter ant species Acromyrmex and Atta of tropical America [52]. According to ref. [53],
monitoring insect taxa population dynamics by measuring their abundance and biomass
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based on individual precise count is “historically” an exceptionally rare method. Nest exca-
vation leads to colony habitat destruction [54]. Some researchers answered this hurdle by
applying software simulation [55,56]. Ref. [57] gave caution on the adequacy of the ability
of such models to predict and explain the overall characteristics of the collective behavior
of ants by having scarce quantitative validation and insufficient experimental evidence.

Fortunately, the population dynamics of O. smaragdina can be estimated using the
direct nest counting method (all individual castes, brood ants, and eggs) (Figure 2A,B). This
method is feasible for planters and agricultural officers without the need to consider nest
volume and other nest characteristics because none of the parameters are correlated to indi-
viduals’ distribution in the nest [25]. Nest distribution uniformity within the same habitat
or plantation for mature colonies is documented with an average occupancy comprising a
range (per tree, per colony) [5,6]. Verifying that the distribution of O. smaragdina is not cor-
related to nest internal and external variables (i.e., volume), this method is acceptable [10].

Figure 2. (A,B). Numerous O. smaragdina eggs from clusters extracted from a captured nest in
Felda Gunung Besout, Perak oil palm plantations and examined by using a stereomicroscope Nikon
SMZ800N (A). Brood ants, major, and minor workers exposed for direct counting of all individual
castes (B). Photo Credit (Moïse Pierre Exélis).

As a potential BCA candidate, O. smaragdina is viable for practical reasons, such as
abundance of individual predators versus that of defoliators [7]. Their surface occupancy is
sufficient with fairly large individual numbers, enabling physical counting without needing
to destroy the colony for estimation assessment. O. smaragdina is never subterranean, but
some nests can be found on the ground under heaps of debris or piles of vegetation [31].
In addition, in Peninsular Malaysia, this method produced satisfactory results without
complications [5]. This result in oil palm plantations was similar to previous reports on the
abundance of individuals per colony for the Oecophylla genus [10,58].

In an earlier study, the population size of an Oecophylla colony was estimated to be
approximately half a million major workers, with more than 1/4 million or more brood ants,
without providing data on the total number of minor workers [59]. Similar reports from
other studies [60–63] have confirmed the existing range of mature colonies with an average
population of several millions of workers. The population abundance and its dynamic may
vary with the adopted colony’s habitat, such as tropical primary or secondary rain forests,
large monoculture, selected preferred variety of fruits trees, including medicinal plants, as
well as rural or urban zones [9,58,64].

The widely recorded geographical distribution of O. smaragdina in Asia and Ocea-
nia [65,66] gives the species some reliable edge as a potential BCA in large agricultural
landscapes. To sum up this concept of density interrelated functions for maintaining BCA
stability [67,68], the regulation of the population size is dependent on the persistence
of positive fluctuations recurrent over generations [69,70], but the lack of data asserting
whether any resilient metapopulation is bound by a variable mechanism adds to the am-
biguity of this ecological fundamental concept with contemporary challenges [71]. The
interdependence between abiotic and biotic factors with coexisting species based on the
natural principles of competition is the determinant factor [72–74].
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5. Benefits and Challenges

O. smaragdina is an ecologically dominant and aggressive ant species [75]. Asian
weaver ants are reputed to be excessively pugnacious generalist predators that prey on a
wide range of insects [76]. Their prey comprise eight orders with twenty-six families, for
a total of more than one hundred different pests [12]. Being by nature highly predaceous
ants, O. smaragdina exhibit extensive exploratory behavior [32], with major workers having
long, slender, and serrated mandibles exhibiting elongated distal teeth, perfectly adapted
to their hunting inner instinct [77]. Records show that in China, Oecophylla nests have
been introduced in citrus orchards to control pests since 300 A.D [78]. A study [79] in the
Solomon Islands showed the smooth dispersal of O. smaragdina in coconut trees by having
ants naturally infect new plantations, thus establishing new unwavering colonies.

Research has focused mainly on citrus and cashew nut crops [80], but some reports
provided solutions for a variety of pests in mango orchards [22]. An integrated pest
management model using Asian weaver ants in Australia to control major pests such as
leafhoppers, Idioscopus nitidulus, red-banded thrips, Selenothrips rubrocinctus, the mango
tip borer, Penicillaria jocosatrix, the fruit spotting bug, Amblypelta lutescens lutescens, the
kernel weevil, Sternochetus mangiferae, the fruit fly, Bactrocera jarvisi, numerous leaf waves,
and flower caterpillars is well documented [22]. The combined treatment of Oecophylla
colonies with potassium soap and white oil was performed in comparison with synthetic
insecticides, demonstrating a significant increase in yield without affecting pollinators [22].

In their review, ref. [12] listed only seven insect pest families susceptible to weaver
ants in tropical crops. Ref. [81] reported that weaver ants significantly reduced the presence
of damaging herbivores on Rhizophora mucronata in Thailand. Table 1 summarizes the use
of Asian weaver ants as a BCA for various insect pests of economic significance affecting
major crops in countries in Asia and the Pacific region. The success of using Oecophylla spp.
as a biological control in fruit orchards (Table 1) has been well documented [81,82]. Initially,
weaver ant control of numerous insect pests was associated with their diet orientation. It
was suggested that the presence of the African species O. longinoda may have impacted the
underlying mechanisms of successful pest control. Its ability to initiate the host plant to
generate beneficial secondary metabolites in leaves reinforced the plants’ defense against
insect herbivores [83]. Furthermore, its pheromone density is recognized as a disturbing
factor for oviposition by invasive Ceratitis cosyra and Bactrocera invadens (new invasive
species in West-Central Africa) mango fruit flies, capable of achieving noticeable damage
reduction [84]. Those pheromones were identified as having a natural fruit fly repellent
effect. However, the presence of the synergistic consequence of the weaver ants using
the parasitoid Fopius arisanus within the same ecosystem may outweigh the subsequent
effective suppression on B. invadens (foreign invasive species on mango in Africa) [85].
Hence, this factor is important if the two natural enemies are to be adopted in combined
efforts against this fruit fly species. Although weaver ants are gaining momentum as a
biological control agent in Africa and Asia, there are instances where these ants are a serious
hindrance for plantation workers [86]. Their ferociousness is a real nuisance during pruning
and harvesting of crops [20]. A protocol helping to alleviate this problem was proposed
and offered encouraging measures [80,87]. More study is needed to find a comprehensive,
practical, and cheap approach to minimize the painful bites faced by maintenance staff in
occupied plant canopies. The following Tables 1–7 present the results of a meta-analysis of
O. smaragdina functions as a beneficial predator of major agricultural pests from diverse
commercial crops (among them, some studies show only potential BCA treatments, see
Table 3).

115



Sustainability 2023, 15, 780

Table 1. Beneficial records of O. smaragdina for coconut.

Oecophylla Occupied
Plants (Colloquial,
Scientific Name)

Control Methods—
O. smaragdina Presence Effects

Associated Pest Species
(Colloquial, Scientific
Name)

Damage & Economic
Yield Loss/Increase in
Presence/Absence of
O. smaragdina Treatment

Region Key Reference(s)

Coconut
Cocos nucifera

Satisfactory: palm base dieldrin
spraying prevented Pheidole
megacephala to induce Oecophylla’s
population
dynamic collapse.
High Oecophylla predation on
A. cambelli.
Soursop fruit Annona muricata
buffer zone promoted colony
abundance.
Oecophylla ants not effective on
O. arenosella. Monomorium
floricula and
Crematogaster spp. outweighed
Oecophylla
egg predation.
Iridomyrmex myrmecodiae and
Pheidole, broke Oecophylla
population dynamics.

Hispid absence correlated with
presence of Oecophylla.

Amblypelta cocophaga

Axiagastus cambelli
Brontispa longissima
Promocotheca spp.

Opisina arenosella

Coconut bug,
A. cocophaga
Hispine beetle
B. longissima.
Palm leaf beetle
P. papuana &
P. opacicollis

Premature bug nut fall,
sucks sap of young
coconut

A. cambelli causes dry,
thin, long nut
production (no milk)

Similar

Young leaf feeder with
seedlings and mature
palm damage.

Destruction of leaflet
distal parts by feeding
[88]: 2 years recurrent
yield loss before full
recovery.

Solomon Islands

NBPNG *

Sri Lanka

Solomon Islands

Papua New Guinea

[89,90]

[91–95]

[96]

[94,97]

[98]

* New Britain Papua New Guinea.

Table 2. O. smaragdina benefits for agarwood, lychee, and cocoa.

Agarwood
Gaharu
Aquilaria spp.
Gyrinops spp.

Control: 2–4 Oecophylla ants
per prey

Heortia vitessoides Excessive defoliation Indonesia [99]

Lychee
Litchi chinensis

1 nest managed to prevent
foliar injurious insects and
pentatomid bug

Lychee stink bug,
Tessaratoma papillosa.

Fruit: premature fall, external
feeding, discoloration.
Inflorescence: external feeding,
fall of shedding.
Stems: external feeding, necrosis.

China [78]

Cocoa, Theobroma cacao Oecophylla abundant
population provided complete
protection

P. megacephala control;
Oecophylla ants effective
protection.

Oecophylla population
increased by shrimps, palm
sugar pellet feeding: 7.44% and
13.38% less damage,
respectively.

Helopeltis theobromae
Amblypelta theobromae
Peudodoniella
laensisPantorhytes spp.

Pantorhytes biplagiatus
Conopomorpha cramerella
Sn.

Mosquito bug nymphs, adults
infest cherelles, pods, young
shoots.
A. theobromae: high yield loss.
Weevil borer larvae: sapwood of
trunks, branches digging 1–3 cm
deep burrows causing bark
canker water mold disease
Phytophthora palmivora and
termites.

Severe pod damage by 21.54%,
clumped beans.

64% or more yield loss with
significant Average Damage
Severity Index
(ADSI) of 3.5 (dry season) [100]

Malaysia

PNG

Solomon Islands

Malaysia

Indonesia

[20,21,101]
[102]
[93,95,103]

[104]

[105–107]

T. cacao Highly abundant colonies
reaching level 5: healthy fruit.
Serious fruit damage in control
plots.
O. smaragdina
absence/presence > 36–50%
pod lesions, respectively. No
choice feeding demonstrated
highly aggressive predation.

Cocoa pod borer
Conopomorph
(Acrocerops) cramerella
Snellen Cacao mired
bug (CMB)
Helopeltis bakeri

Similar damage as others reports

Severe lesions on pods

Indonesia

Philippine

[108]

[109]
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Table 3. O. smaragdina benefits for citrus, Manilkara zapota.

Citrus
Citrus spp.
C. sisensis
C. reticulata

C. maxima
C. sinensis

C. limon

Sapodilla-
Naseberry @ M.
zapota
Calamansi- Limau
kasturi,
Citrofortunella
microcarpa

Buffer conservation zone
of associated plants * for
weaver ant abundance.
Effective with pomelo
trees **. IPM by Oecophylla
replaced WHO classified
extremely hazardous
insecticides, i.e., methyl
parathion. Reduced by
50% pesticide use
dependency & 60% vector
disease. Diaphorina citri
reduction but ineffective
on mealy bugs. ***
IPM: Effective protection
on mixed pomelo/orange
equal yield, lower cost
than chemical treatments.
Leafhopper Idioscopus
clypealis
(honeydew) tending =
Negativeproductivity in
Thailand mangoorchards
[23].
Suppressed a wide
number of pest species.
O. smaragdina colonies
partially present during
the year (5 months).

Potential BCA

Potential BCA

Predation on large number
of insect pests [110]

Tessaratoma
papillosa and other
Heteroptera,
Rhynchocoris
humeralis
R. serratus
Phyllocnistis citrella
Toxoptera
aurantii—T.
citricida
Diaphorina
citriPanonychus
citri
Phyllocoptruta
oleivora
Bactrocera spp.
Eudocima salaminia
Ophiusa coronate
Hypomeces
squamosus. Asiatic
citrus psyllid
(ACP), Diaphorina
citri.
NA a

25 records

R. humeralis sucks the
juice from fruit, leaves,
and branches.
R. serratus principally
seed-feeding and sap
feeder
P. citrella eat leaf
tissues

T. aurantii- citricida
responsible for Citrus
tristeza closterovirus
(CTV) a phloem virus
P. oleivora infests
mature branches,
green twigs, leaves,
and fruit skins causing
heavy yield/quality
losses.
D. citri cause greening
disease
E. salaminia green
fruit-piercing moth
O. coronate
fruit-piercing moth

High density of
curculionid beetle
H. squamosus
extensively grazing on
young shoots,
immature trees, larger
trees (no ants or
pesticides), See [111]

Citrus vein phloem
degeneration (CVPD)
@ huánglóngbìng.
20% yield increase per
year

NA a

NA a

China

Philippine

Vietnam

Vietnam
Thailand

China

Indonesia

India

Malaysia

[78,112,113]

[114]

[115]

[23]

[111,116]

[117]

[118]

[110]

* Eucalyptus tereticorni, Ceiba pentandra, Mangifera indica, Spondias dulcis, Annona glabra, Premna integrifolia ** Larger
and thicker leaves provide better protection from cold temperatures for nest survival during winter periods.
*** Mutualistic relation for honey dew energetic source. a Not available.
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Table 4. O. smaragdina benefits for mango.

Eucalyptus
Eucalyptus spp.

Vegetation clearing
around trees in
combination with the
introduction of Oecophylla
colonies

Acria cocophaga Adult, nymph causing
heavy shoot-tip necrosis

Solomon
Islands

[119]

Mango
Mangifera indica

Potassium soap
(1.5%)/white oil (2%)
spray reduced
scale/mealy bug damage
on fruit [26].
Reduction of formic acid
damage on fruit by
separation of Oecophylla.
Abundance of weaver ants
+ soft chemicals < 1%
caused much lower
downgraded mango than
untreated orchards [120].
Control fail: honeydew
producer leafhopper
I. clypealis & Oecophylla
association = 125% less
profit compared to
chemical treatments & no
fruit
setting [23]. No difference
in
presence/absence of
Oecophylla on mealy bug
Drosicha mangiferae &
scales
Aulacaspis tubercularis
occurrence [23]

Cryptorrhynchus
gravis
Idioscopus nitidulus
Sternochetus
mangiferae
Campylomma
austrina
Selenothrips
rubrocinctus
a Bactrocera jarvisi
[23]
I. clypealis [23]
Mango leaf
webber larvae
Orthaga euadrusalis

Hoppers Nymphs & adult
suck sap:
panicles, tender shoots =
withering and
dropping of florets, lower
photosynthesis.

Thrips weaken
inflorescence, causing
serious bronzing of the
fruit surface due to the
presence of air in emptied
cell cavities; 20% 1st fruit
class increase & 80%
profit/tree per year [22].

Fruit flies maggots cause
rotting

Indonesia

Australia

Thailand

[121]

[26,120]

[23]

a Extra pests: Mango flower webber Eublemma versicolor, Mango shoot webber Orthaga exvinacea, Mango leaf
hopper I. nitidulus, Red bugs Dysdercus cingulatus, Leaf twisting weevil Apoderus tranquebarious Curculionidae,
Brentid beetle Estenorhinus spp.

Table 5. O. smaragdina benefits for Mahogany, Makassar ebony & teak wood.

African mahogany
Khaya sp.
K. ivorensis
Swietenia macrophylla

K. senegalensis

Abundant colonies occupation
with low cost food supplements,
mix cropping, favorite host plant
habitats to enhance colonies long
term conservation as a
maintenance buffer zone support.
Comparative study with
pesticides demonstrated similar
or better protection, yield
production
Damaged trees mean average was
0–2.6% by weaver ant
treatments—14.2–27.0% at
Howard Springs, 28.2–48.6% at
Berrimah Farm in weaver ants
absence.
Yearly damage trees: 4.2–32.4% by
yellow loopers—0–10.4% by bush
crickets

Hypsipyla robusta

Amblypelta lutescens

Gymnoscelis sp.
Myara yabmanna

Shoot borer

fruit-spotting bug
causing damage tree
level 80–100%

25–70.4% by yellow
loopers
25–100% by bush
crickets

Malaysia

Australia

Australia

[58,122,123]

[25]

[37]
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Table 5. Cont.

Makassar ebony
wood
Diospyros celebica Bakh

Oecophylla colonies presence
maintained a low 7.69% rate of
attack among 39 trees (others
predators available)—important
highly commercial luxury wood
endemic to Sulawesi

Arctornis
submarginata
Lymantria marginata

Leaves are gnawed
from the edge to the
vein and midrib

Indonesia [124]

Teak wood
Tectona grandis

Colonies presence: control pests
with an average 80–90% rate of
teak trees (most important
commercial wood in Indonesia).
Absence of weaver ants: 30% level
1, 30% level 2, 25% level 3 and
15% level 4 foliar injury

Undetermined
defoliators species
Termites Tectona
grandis L.f.

Teak stands leaves
attack in early wet
season

Indonesia [125]

White lead tree, River
tamarind
Leucaena leucocephala

Field surveys observation records:
one colony of Oecophylla kills an
average 2000 psyllid lamtoro
jumping plant lice per day.
Leucanae trees widely planted
offers shadows to crops and
livestock feeding for animal
production. Agroforestry mix
systems field:
Coffee—Coffea Arabica,
Vanilla—Vanilla planifolia;
Cocoa—Theobroma cacao, Oil
palms—Elaeis guineensis Jacq.

leucaena psyllid
Heteropsylla cubana a

Young leaves stems,
branches, petioles
gregarious feeders.
USD
1.5 billion loss from
five years of
infestation [126,127]

Indonesia [128]

a Invasive species.

Table 6. Beneficial O. smaragdina activities in cashew nuts orchards.

Cashew Nuts
Anacardium
occidentale

Low damage, production of
high
quality nuts and panicles. In
absence of insecticides, ant
abundance increased from 0
to 80%. First 2 or 3 years,
oscillated under 80%. Colony
isolation can produce 100%
colonization level [129,130].
Monitoring of nest dynamic
per naturally occupied
cashew trees (11–13 old) [131].
Rearing colonies during
4 years with two blocks
(occupied and unoccupied)
by nest translocation.
O. smaragdina
nests presence throughout the
year.
Field, semi-field, and
laboratory trials: main
method used 3 weaver ant
populations, i.e., 0, 5, 10
colonies per 5 plants [132].
Oecophylla not affecting
S. indecora population when
combined with Helopeltis spp.
Plant protection was
achieved and nymph
predation occurred if cashew
shoot hopper infestation
occurred in absence of the tea
mosquito bug [133].

Helopeltis pernicialis
Penicillaria jocosatrix
Amblypelta lutescens
lutescens
Anigraea ochrobasis

Helopeltis spp.
H. antonii

* Helopeltis spp.

Sanurus indecora

Both sap-sucking bugs
75–80% shoot, 98% flower.
Positive correlation between
yield with levels of ant
colonization; the total
variation in yield was
explained by 83–90% of the
results [129,130]. Tea
mosquito bug damage
significantly reduced with
higher fruit
yield. Effective protection,
preying on adult and nymphs,
13.67% yield increasd [131]

Successful control of
Helopeltis spp. population

Lower frequency, number of
attacks on flowers of “Jambu
Mete”

Australia

India

Sri Lanka

Indonesia

[129,130]

[131]

[132]

[133,134]

* Main and most damaging cashew nuts pest.
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Table 7. Medicinal and large monoculture industrial plantations.

Hoop pine
Araucaria
cunninghamii

O. smaragdina effective
larval predator

Araucaria looper or
millionair moth
Milionia isodoxa

Whole day larval
feeding causing
serious foliar injury

Papua New
Guinea

1 [135]

Climbing vine
Cynanchum
pulchellum

Plant used for medicinal
purpose. Predation by
O. smaragdina.

Common tiger
caterpillar, Danaus
genutia genutia

Larvae feeding on
plants

Singapore [136]

Oil Palm
Elaeis guineensis
Jacq.

<2% foliar injury with
Level 0, 1. Higher FFB
productivity/quality
fruits. Bagworm
infestation ≤ 15%. Weevil
pollinator Elaiedobius
kamerunicus safe.
Predation trial by
non-choice and choice on
S. nitens 87.50% & 83.33%
respectively

Pteroma
pendula—Metisa
plana a

Setora nitens
Sethosea asigna
Thosea sinensis,
M. plana,
Parasa lapida

Heavy foliar injury
level 4, Less FFB
productivity recorded.
Severe damage/±44%
yield loss/year
recurrently.
Foliar injury (palm
canopies)

Malaysia

Indonesia

[4,5]

[13,14]

[137,138]

Asian weaver ant
O. smaragdina
beneficial
Synthesis

Ecosystem services
Productivity & yield
enhancer-feces nutrient
NPK 3 provider,
Regulation of wide variety
of pests including invasive
species; Supportive of IPM
helping reduce harmful
pesticides dependency.
Weaver ants have longer
lifespan, stability factor.
High pest predation rate
with
phytophagous regulation,
fruit
damage reduction, and
pollination neutral effect;
herbivory assists nutrient
cycle

Ecosystem
disservices
Rare cases of low
yield, pollinator
abundance and
scales
insects-mealy bugs
foliar damage See
refs. [7,80]

Economic
Input-Societal
Benefits
High income, rich
nutrition,
medicinal-antioxidant
properties;
global food crisis
security
component:
See refs. [28,139–143]
Bacillus thuringiensis,
Oecophylla
colony usage in IPM 2

outweigh
more expensive
treatments.

Asia Agricultural
Systems
Variety of
plantations:
See refs.
[7,80,144]
Among all
predators,
O. smaragdina
has higher
potential for
arboreal pest
insects (CMB).

1 available online by 2009. 2 Trials done on same plantations with existing colonies before Bt applications.
3 Nitrogen, Phosphorus, Potassium. a Invasive species.

Even though the successful application of Asian weaver ants in cocoa plantations in
Malaysia was proven [101], its final adoption was recently abandoned due to the aggressive
behavior of O. smaragdina [20,21]. This nuisance factor is impossible to avoid since man-
made intervention is permanent. During the harvesting process, sometimes highly toxic
synthetic chemical poisons were used to eradicate weaver ant colonies. This issue cannot be
taken lightly and must be addressed [42,80]. In Africa, the use of ashes in field plantations
proved to be very effective against ant bites [27]. Recently, oily repellents proved to be
the most effective in Africa, hence giving promising results for eventual adoption and
utilization by farmers during work [145]. Plantation staffs could carry out their duties
during lowest weaver ant activity periods [37]. By avoiding the active period peaks of
Asian weaver ants, pruning and harvesting were safer during early morning hours [5].

Another aspect that needs consideration is the existence of other antagonistic species
observed to be a limiting factor to the normal activities of O. smaragdina. Dolichoderus spp. is
suggested to impair O. smaragdina activities in cacao plantations in Malaysia, yet Oecophylla
are surprisingly accepting of the presence of Dolichoderus with full passivity [21]. Should
O. smaragdina to be used as a predator in oil palm plantations, this factor should be seriously
considered as to not leave the ground open for any cohabitation shared between Oecophylla
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ants and the black ant D. thoracicus. Repeated monitoring during surveys exposed the
inability of Oecophylla ants to establish their colonies within occupied D. thoracicus areas.
Another antagonistic effect of D. thoracicus was reported in Citrus sinensis and Citrus
reticulata in which colony development of Oecophylla was hindered [115]. The possibility of
additional existing antagonistic species is real and need further attention.

6. Recent Research Development towards Adoption of Weaver Ants in Agriculture

Over the recent years, a fair investment in research has been engaged in improving the
management of O. smaragdina by incorporating innovative and effective procedures with
new knowledge of the ants’ ecological patterns. Such research enabled easily detecting
queen nests with the purpose of future transplantation agenda [146,147]. The introduction
of weaver ants in cashew nuts trees reduced the menace of the tea mosquito bug, Helopeltis
antonii (Hemiptera: Miridae) [148]. Gravid queens of O. smaragdina, tested for their accep-
tance of foreign nest pupae, resulted in a drastic increase in the worker population within a
short period of time, thus helping colonies mature faster. The proposed study conducted
on incipient colonies demonstrated the viability and benefit incurred by the adoption of
such new foreign broods as an early colony booster [51]. It is possible that by boosting
the population dynamics from the initial stage within an undisturbed environment, those
O. smaragdina colonies may be introduced later into crop trees [50]. The feasibility of using
artificial nests to capture new queens upon nuptial flight has been demonstrated for Asian
weaver ants [50]. Incipient colony development to maturity takes as long as three years to
potentially produce a new queen brood. Pupae sourced from different colonies added to an
incipient colony stimulates early colony growth and gains in significance if the incipient
colonies are polygynous [50,51]. Larvae transplantation between different colonies is possi-
ble [82] since at this stage the nestmate recognition cues have not yet been formed [149,150].
Pupae adoption by foreign colonies of various ant species is feasible [150]. It is understood
that larvae and pupae of O. smaragdina do not possess pheromones characteristic to deter-
mine recognition cues within each colony, which will only be acquired upon emergence of
the adult stage [82]. This is beneficial for the manipulation of colony population growth,
knowing that O. smaragdina is strictly territorial [151]. In a recent study of Asian weaver
ant to promote faster early colony development, the addition of pupae to form a new
colony gave promising results without hostile rejection [50]. The combination of polygyny
and abundant pupae transfer achieved faster colony growth [50,51]. Comparatively, after
12 days of replacement with 60-pupae transplantation and four queens per colony, it was
possible to produce much a higher brood rate than that achieved with two queens and
without pupae relocation [50]. Ref. [51] demonstrated that the benefit of having a greater
number of gravid queens, resulting in a drastic increase in new workers.

For long-term sustenance of a colony, the availability of food is the major dependent
factor in sustainable maintenance. An experiment conducted in cashew nut orchards with
O. longinoda demonstrated an increase in population for colonies fed additional sugar and
fish protein without impeding their predatory activity [152]. Personal observation in cage
culture for mass rearing demonstrated that the ants possessed exceptional survival ability
when faced with severe food scarcity up to two months (continuous feeding with water,
sugar, and protein was provided for the first week only). An average population size of two
hundred ants was achieved. With the combination of such advantages and the beneficial
factors exhibited by weaver ants, O. smaragdina can be a real contender in combatting pests
in oil palm plantations [5]. Figure 3A,B illustrates O. smaragdina major workers attacking
the pupae of P. pendula bagworms in an affected plantation [4].

121



Sustainability 2023, 15, 780

Figure 3. (A,B). O. smaragdina predation acting on P. pendula bagworm pupae in an oil palm plantation.
(A) Hunting during midday peak foraging period. (B) Predation during late evening day period.
Photo credit: Exélis Moïse Pierre.

Within the same topic, effective tested queen nurseries were recommended to save time
and avoid the hassle of wild capturing ants by providing a continuous direct source of water,
sugary solutions, and protein to ensure weaver ants are able to establish a new colony [153].
In the case of failure by Oecophylla colony treatment in the face of uncontrollable pest
species, such as the mutualistic relationship between the leafhopper Idioscopus clypealis
and weaver ants to obtain honeydew [23], it is necessary to apply alternative methods. An
example of another environmentally safe application includes sex pheromone trapping and
Neem (Azadirachta indica) application, which demonstrated compatibility with Oecophylla
control in Ghana cocoa [154].

A recent paleontological study on Oecophylla fossils demonstrated an early and middle
Eocene appearance from North America, with their chronological distribution related
closely to ecology, behavior, and natural competition factors among global ant clusters [155].
Finally, an assessment of Oecophylla worker population density and dynamics is feasible
using the direct nest counting method, provided that no external nest characteristics are
statistically significantly correlated with the number of workers. A simplified multiple linear
regression (MLR) model formula demonstrating higher accuracy performance with lower
mean squared error (MSE) and root mean squared error (RMSE) has been demonstrated [156].

Potential Controversies Weaknesses and Strengthes

In addition to the mentioned biotic and abiotic potential factors responsible for posi-
tively or negatively influencing population dynamics, daily photoperiod cycles have never
been reported to harm weaver ant colonies. O. smaragdina exhibiting omnivorous diet ori-
entation [6] might invite caution about the possibility that they can prey on both herbivores
and other beneficial natural enemies from surrounding crops. In fact, the Asian weaver ant
demonstrated clear selective food preferences towards rich protein sources, such as live
mealworms over fish, with a balanced lesser attraction for liquid-diluted honey during pilot
field trials as a favourable BCA on the shoot borer, Hypsipyla robusta [58]. Another report
exposed their predilection for chicken meat [157]. However, there is not clear reported
evidence of the Asian weaver ant targeting beneficial insects in commercial crops. Few
reports emphasize the risk of harming diverse pollinators in agricultural landscapes. It
is opportune to revise the possibility of attack causing injuries to pollinators. Ref. [158]
surveying pummelo (C. maxima) exposed a satisfactory and continuous attendance by di-
verse pollinators in the presence of O. smaragdina [159], which contradicted the findings of
repelling pollinators due to Asian weaver ant occupancy in rambutan orchards (Nephelium
lappaceum). This apparent setback did not disturb the fruit setting mechanism (Kazuki
Tsuji, pers. com). The foraging activity of ants on Polemonium viscosum was suggested to
promote the plant pollination process [160]. The Asian weaver ant, by targeting the less
proficient pollinator species, promoted activation of the most efficient pollinators, thus
providing a strategic profitable ecological service [161]. Hence, there is no evidence of
weaver ants directly physically harming any pollinator. Ref. [159], by narrowing their
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interpretation of “repelled pollinator”, did not explore the benefits of O. smaragdina as a
more versatile service provider [161]. The mutualistic relationship between weaver ants
and trophobiont honeydew producers sheltering and feeding on plants stems damaging
host plants is a rare case of disservice [12,58]. The Asian weaver ant obligate territorial
stance is not derived as a preventive response to their exposed apparently weak arboreal
habitat condition, but rather by natural intrinsic behaviors [6]. The major workers pro-
vide excellent protection within and beyond the colony perimeter from three dimensions
(canopies, trunks, and ground), denying alien interference to their best ability by sealing all
occupied sites [162]. The ground successive defensive layer mechanism, turning colony
territory into a fortress of patrolling permanent major workers, is testimony to the intelli-
gence of this species surpassing that of others [162]. The Asian weaver ant is a good natural
enemy able to be introduced alone as a biological control agent against the Queensland
fruit fly, Bactrocera tryoni by 1-octanoil emission [163], the invasive M. plana or incorporated
as an IPM component in combination with soft chemical support [26,42]. An important
slight differentiation in methodology needs to be further explained. Natural enemies are
either indigenous or introduced exotic insect species (predators) already existing in various
ecosystems function in the ecological balance chain as the dominant regulators of other
harmful insects [164], with the second option never to be used. Such predators can be used
as biological control agents by performing some artificial manipulations to help them get
established and raising their population for massive propagation or for long term field
nurseries, thus reaching abundant and stable levels [165]. Even though weaver ants are
widely distributed, there are occurrences of poorly occupied territories in need of improve-
ment by forming conservation buffer zones made of favorite hosts [58,78,113] or by massive
translocation of their nests [25]. Ant bites are followed by the release of low quantities of
formic acid, so the harm incurred by humans is not toxic. Major workers attack all stages
of bagworm development, from immature to mature individuals. To conserve energy,
foragers first get rid of the immobile pupae, wingless queens, and laid eggs, then all instar
larvae stages by conducting a systematic prey hunt [4,5]. Few reports exposed the toxicity
of pesticides to O. smaragdina [166]. Sometimes in large oil palm plantation monoculture, a
campaign of stern elimination is conducted to suppress Asian weaver ant colonies using
broad-spectrum, highly toxic, synthetic chemicals. Studies proving the effectiveness of both
Asian and African weaver ants as biological control agents and IPM valuable components
(combined treatment with other methods) is far beyond the infancy stage and is reaching
an advanced level of achievement [7,80,144]. Hence the differentiation of the two methods
is fundamental: a biological control agent is used alone for treatment control while IPM is
the combination of an array of methods constitutive of biological input with soft chemicals
in order to discourage the development of a harmful organism population and guarantee
the lowest disruptive impact to the agro-ecosystem’s health [167].

7. Conclusions

Weaver ants are reputable natural enemies used as a biological control agent of in-
jurious insects to commercial crops, but a few cases have highlighted their limitation,
including rupture of their population dynamics caused by competition with D. thoracicus
along the promotion of mealy bugs and scale insects in occupied plants for mutualistic
benefit. The advantages of O. smaragdina as a natural enemy, as a biological control agent
or as a component of IPM treatment, are numerous when implemented as a side business
of farming entrepreneurship. Among the various ecosystem services is the provision of
NPK nutrients sourced from ant feces for absorption through leaves to be assimilated
as a productivity-yield enhancer. The regulation of pests of economic interest include
invasive species. The method is supportive of IPM in helping to reduce harmful pesticide
dependency and weaver ants have a longer lifespan, proving a population stability factor
without antagonistic ant interference. The economic input and societal benefits include side
income earning, when sold for songbirds or as a nutritious diet delicacy rich in medicinal
and anti-oxidants properties. Indeed, weaver ants are suggested as a potential global food

123



Sustainability 2023, 15, 780

crisis security component. To implement the adoption of O. smaragdina, understanding its
foraging activity and population dynamics is compulsory. Defining the appropriate daily
time period to perform colony identification, transplantation, and population estimation
will enable avoiding the nuisance of ant bites. Sustained and healthy population dynamics,
corresponding to an abundance of major workers, offers more guarantee for effective pest
control. It is also necessary to carry out further evaluation to close the knowledge gaps
on mating behavior, colony social structure composition, and its functional activity, which
are still poorly documented. In view of previous studies, conducting more field practical
trials on each targeted potential pest and host plant will be valuable. The phenological
differences among diverse plants need to be considered in the study’s experimental design
to extract more conclusive results. It is also valuable to establish buffer zone small corri-
dors that include favorite O. smaragdina-occupied hosts, hence promoting the long-term
conservation and population dynamics of colonies. In the last two decades, a great deal of
valuable applied research towards the adoption of weaver ants has reinforced the effective
biocontrol agent status of Oecophylla ants, including IPM applications in large or small
commercial orchards. Although some setbacks have occurred due to the nuisance of ant
bites in cacao plantations, the interest shown by farmers is gaining momentum. The almost
cost-free application would eventually outweigh the tenacious character of ants, especially
since the predator is already included by government official agencies in countries such as
Australia, Africa, China, and Vietnam.
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Abstract: Accurate predictions of crop production are critical to developing effective strategies at the
farm level. Knowing banana production is due to the need to maximize the investment–profit ratio,
and the availability of this information in advance allows decisions to be made about the management
of important diseases. The objective of this study was to predict the number of banana bunches from
epidemiological parameters of Black Sigatoka (BS), using random forests (RF) for its ability to predict
crop production responses to epidemiological variables. Weekly production data (number of banana
bunches) and epidemiological parameters of BS from three adjacent banana sites in Panama during
2015–2018 were used. RF was found to be very capable of predicting the number of banana bunches,
with variance explained as 70.0% and root mean square error (RMSE) of 1107.93 ± 22 of the mean
banana bunches observed in the test case. The site, week, youngest leaf spotted and youngest leaf
with symptoms in plants with 10 weeks of physiological age were found to be the best predictor
group. Our results show that RF is an efficient and versatile machine learning method for banana
production predictions based on epidemiological parameters of BS due to its high accuracy and
precision, ease of use, and usefulness in data analysis.

Keywords: Black Sigatoka; Musa; production; banana disease; random forest; machine learning

1. Introduction

The banana (Musa spp.) economically and globally represents the most important
fruit species in production and trade [1,2]. In the case of Panama, it is one of the largest
producers in Latin America, ranking tenth in the FAO ranking [1,3] with a production of
308,835 tons, a cultivated area of 8449 ha, and a yield of 36,553 Kg/ha, which makes it an
essential crop both for its economic importance and for its deep cultural roots [4,5].

However, banana production has been seriously harmed by the emergence of Black
Sigatoka (BS), or black streak disease, of banana leaves, caused by the pathogenic fungus
Pseudocercospora fijiensis (asexual phase, [Morelet] Deighton; the sexual phase of P. fijiensis
is Mycosphaerella fijiensis Morelet) [6–8]. The control of this disease in Central and South
America represents 27% of production costs, this being approximately USD 10 million
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annually. It is for this reason that BS is considered the most severe and destructive banana
disease in the world [9,10], causing the largest harvest losses in banana plantations and
outweighing all other banana fungal diseases and the high costs for their control [11–13].

These financial limitations, coupled with the decrease in production in many local
farmers in developing countries, are the basis for generating studies that seek to predict
banana production based on BS epidemiological parameters [7,14]. Therefore, predicting
the next harvests through rates of BS infections in banana plants would allow farmers to
take appropriate preventive measures and mitigate disease management costs. Although
there are studies linking BS forecasts to meteorological variables [15–17], powerful models
to forecast BS infections have not yet been developed (so far as we know), much less to
predict banana production.

Advances in machine learning algorithms in bananas, such as neural networks
(NN) [18–20], random forest (RF) [11,20–23], support vector machines (SVM) [21,24,25],
and orthogonal partial least-squares-discriminant analysis (OPLS-DA) [11], have addressed
time series models. However, these models have difficulty modeling irregularity over
time. Recently, a study by Olivares et al. [11] established through supervised methods
such as RF and OPLS-DA relationships between incidences of banana wilt and soil prop-
erties, demonstrating the great classifying and predictive power that RF has in this type
of situation. Today, RF regression applications in crop science remain lacking, with few
exceptions. Numerous studies have pointed out various promising advantages of RF as a
regression tool compared to traditional regression models [21–23]; therefore the initiative
to use the RF algorithm arises in this study focused on its usefulness as a prediction tool in
banana production.

For the prediction of yield (number of bunches), the farmer’s experience is important
when there are no methods for estimation and this becomes the only resource; however,
these approximations may be insufficient, and what is needed is systematically stored
information that an example includes, first of all, average historical production records;
and, secondly, yield variations due to agricultural management, climatic factors, epidemio-
logical parameters or disease management, among others, to reduce any bias or error. This
situation causes new methodologies to be developed and other data to be considered,
for example: physical, environmental, epidemiological, or climatic, that can improve the
quality of predictions.

Although various scientific studies have produced mathematical models of infectious
diseases, it is difficult to adapt these models to incorporate the production approach in
terms of the number of banana bunches or the number of exportable boxes, for example.
This study aimed to validate the hypothesis that BS epidemiological parameters can predict
banana bunch numbers in large areas of Bocas del Toro, Panama using an RF prediction
model. In this case, the quantitatively estimated parameters of this disease could be used
to improve the evaluation of banana production. Analysis used with highly predictive
RF can provide a working model for bananas in an area where there is little history of
such problems.

2. Materials and Methods

2.1. Study Area

The study refers to three commercial banana farms belonging to the same coopera-
tive, with banana plants (AAA) Cavendish cv. Williams and Gran Enano, located in the
Changuinola District of the Bocas del Toro province in Panama (Table 1). The climate is
tropical and rainy, and the amount of precipitation fluctuates between 2500 mm annually
and has a non-seasonal rainfall regime, where the lowest rainfall is in February (143 mm),
and most of the precipitation falls in December (284 mm). The absolute maximum tem-
perature is 36 ◦C and the minimum is 15 ◦C, with an annual mean temperature between
25–26 ◦C [26].
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Table 1. The geographical location of cultivated area (ha) until December 2018 and the number of
banana lots of the three banana farms in Bocas del Toro, Panama.

Site Geographic Coordinates Cultivated Area (ha) Banana Lots (n)

1 9◦25′43.0′′ N 82◦32′57.1′′ W 160.75 56
2 9◦28′09.2′′ N 82◦31′27.9′′ W 212.91 77
3 9◦30′05.5′′ N 82◦35′42.2′′ W 184.51 47

2.2. Epidemiological Evaluation of Black Sigatoka in Host Plants

The epidemiological parameters to evaluate the incidence and severity of BS were
carried out in three ages of plants: plants in the acorn stage, and plants seven weeks
(49 days) and ten weeks (70 days) after the appearance of the acorn, in reports of identical
format. The only exception is in the parameter called symptom status through the gross
sum, which was evaluated only in plants in the acorn stage.

Sampling consisted of weekly monitoring of 10 representative production areas per
site. Within each area, 15 plants obtained randomly at the three physiological ages were
sampled: five young plants in the acorn stage (1 to 4 days), five plants at seven weeks of
age (49 days), and five plants at ten weeks of age (70 days) during the period 2015–2018.
The evaluation method based on the severity scale developed by Stover [27], and later
modified by Gauhl [28,29], was used. It consisted of visually estimating the affected leaf
area, showing necrotic lesions of the stalks go from 4 to 6 on the Fouré scale [30]. The
variable related to production was the total number of bunches harvested weekly (52 weeks
per year) during the 2015–2018 period for the three sites evaluated (Site 1, Site 2, and Site 3).
The epidemiological parameters evaluated were:

a. The infection index (INC): Expresses the magnitude of the damage caused by the
disease on a quantitative scale, whose ideal limit is 0.10. It was calculated using
Equation (1). This index is a weighted average considering the severity of the BS
attack in all the evaluated leaves. The INC gives us a single value indicating the
magnitude of foliage damage, on a scale of 0 to 1. In plants in the acorn stage, a value
of <0.10 is considered low, ≥ 0.10–0.15 as intermediate, and >0.15 as high [28,29].

INC = ∑
nb

(N − 1)T × 100
(1)

where INC = infection index, n = number of leaves in each grade, b = grade,
N = number of grades used in the scale, and T = total number of leaves evaluated.

b. State of the symptom (gross sum) (SIN): comes from the observations of the most
developed state of the present symptom and the density of these symptoms in sheet
No. 3 plants in acorn state. Through a spreadsheet, a numerical value (weight)
was obtained for each state of the symptom to subsequently obtain the gross sum.
The gross sum reflects the development of BS at an early stage and allows the
development of new BS infections to be determined several weeks earlier than
with all other parameters. It also allows us to evaluate if the last applied fungicide
treatment had a significant effect on the control of BS, or if it is not controlling the
disease. The gross sum can range between 0 and 140. A value below 50 is considered
good disease control [28,29].

c. The number of functional leaves (LEAF): represents the average of the total number
of leaves per plant; only those leaves that, visually, presented 80% of their surface
free of necrosis by BS [28,29].

d. Youngest leaf with symptoms (YLWS): number of the leaf-bearing symptoms. Leaves
were numbered from the first (topmost) open leaf downward, according to the
methodology proposed by Hernández et al. [31]. Youngest leaf with symptoms
visible from the ground. These are usually stage 2 and 3 striae that can be identified
from the ground.

e. Youngest leaf spotted (YLS): number of the leaf-bearing spots with dry centers.
A higher value of YLS indicates more healthy leaves on the plant. Leaves were
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numbered as for YLWS. It is the average of the youngest leaf with 10 or more spots
with a grayish and dry center, which is the last stage of the development of BS. In the
spot state with a grayish and dry center, the fungus produces ascospores [28,29].

These last two variables, YLWS and YLS, represent two concepts of epidemiological
importance, such as the incubation period and the latency period. The fluctuations in these
two variables are associated with the behavior of the disease in the field, and, therefore, are
used as elements of judgment to make decisions in the selection of the fungicide and the
days between applications.

2.3. Data Analysis
2.3.1. Exploratory Analysis

The data matrix X was constituted by the set of vectors of the observations X[ij], j = 1,
. . . , p, and where each vector X[ij] presented the jth variable for all the observations and
where X the data matrix was formed by “n = 623” observations with “p = 13” variables. A
total of 13 predictor variables were considered in this study, being the following: infection
index (INC) in plants in the acorn stage; infection index in plants at 7 weeks of age (INC_7)
and 10 weeks of age (INC_10); youngest leaf with symptoms on plants at the acorn stage
(YLWS) (nº); youngest leaf with symptoms on plants at 7 weeks of age (YLWS_7), and on
plants at 10 weeks of age (YLWS_10); youngest leaf spotted in plants in the acorn stage (YLS)
(nº), at 7 weeks of age (YLS_7) and 10 weeks of age (YLS_10); more developed state of the BS
symptoms in plants in the acorn stage (SIN); and the number of functional leaves in plants
in the acorn stage (LEAF) (nº), at 7 weeks of age (LEAF_7) and 10 weeks of age (LEAF_10).

Before data analysis, we checked the data integrity. A principal component analysis
(PCA) was performed as an exploratory analysis to check the presence of outliers and
identify patterns in the data using the statistical package in R software version 4.0.2 (R Core
Team, Vienna, Austria) and the function “PCA” [32]. The objective of this application was
to summarize the information of many variables (13 in our study) in a few latent variables,
trying to avoid overfitting as new components are added. Pearson’s correlation coefficient
was also used as a method of parametric statistics, which is not only used to determine the
relationship between two quantitative variables, but also to predict a variable.

2.3.2. Random Forest Prediction

The RF algorithm was applied, as a machine learning method based on binary trees,
to predict the number of banana bunches. In the scope of our study, RF was used as a
regression tool. Predictor variables are evaluated by how much they decreased in node
impurity when selected for splits. The impurity of the node is defined as the root mean
square error (RMSE) of the node in the RF regression [33].

The statistical program R [32] was used together with the ‘randomForest’ package
with the following configuration (number of variables randomly sampled as candidates at
each split (mtry) = 9, number of the trees (ntree) = 500, node size = 5) [34]. Three analysis
measures in the package were used: (1) mean decrease accuracy, (2) mean decrease Gini,
which are the measures of the performance of the model without each variable, and (3)
partial dependence plots.

First, the mean decrease accuracy plot expresses how much accuracy the model loses
by excluding each variable. The more precision suffers, the more important the variable
is for successful classification. The variables are presented in decreasing importance. The
second measure is the mean decrease in the Gini coefficient, which is a measure of how
each variable contributes to the homogeneity of nodes and leaves in the resulting random
forest. The higher the mean decline precision value or the mean decline Gini score, the
greater the importance of the variable in the model [34–36].

The third analysis measure is the partial dependence plots; this shows how each predictor
influences the RF model predictions when all other model predictors are controlled. The
value of the Y-axis of a partial dependence plot is determined by the average of all possible
predictions of the model with the data set when the value of the target predictor is X [37].
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2.3.3. Model Performance Evaluation

The k-fold cross-validation procedure was performed, with k = 3 becoming 3-fold
cross-validation. Cross-validation was used primarily in this case to estimate the skill of
the machine learning model on unseen data; that is, using a limited sample to estimate how
the model is expected to perform overall when used to make predictions on data that was
not used during model training.

Four methods were used to evaluate model performance: (1) root mean square error
(RMSE), (2) the explanation of variance (%), (3) an observed versus predicted plot to visualize
model performance, and the coefficient of determination (R2). A simple linear regression
line was drawn on the plot to compare the accuracy of the model’s predictions. These are
commonly used measures for farming systems and models of different crops [22,38].

3. Results

3.1. Descriptive Analysis

Table 2 shows the descriptive statistics of the epidemiological parameters and the num-
ber of clusters per site evaluated. Site 2 presents the highest average values of the number of
banana bunches with 10,855.82 ± 1575.60, and the lowest CV value of 14.5%. On the other
hand, site 1 presented the lowest average cluster number value with 7611.77 ± 1648.12 and
the highest CV with 21.65%. The asymmetry measures presented served to provide an idea
about the shape of the frequency distribution through the coefficient shown in Table 2. The
coefficient measures the degree of asymmetry of the distribution concerning the mean. A
positive value for this indicator means that the distribution is skewed to the left (positive
orientation), as is the case for the banana bunch variables at site 1, YLWS_10, and SIN at all
sites. A negative result means that the distribution is skewed to the right, as in the case of
the banana bunch variables at sites 2 and 3, and YLS_10 in all the sites evaluated.

Table 2. Summary of descriptive statistics for the three sites evaluated: means values, standard
deviations (S.D), standard error (S.E), coefficient of variation, (CV) minimum, maximum, skewness
(S), kurtosis (K) and percentiles 25, 50, 75 for the production variable and epidemiological variables.

Site Variable Mean S. D S. E CV Min Max S K P (25) P (50) P (75)

1
(n = 208) Bunch (nº) 7611.77 1648.12 114.28 21.65 4152.0 12,921.0 0.59 0.25 6404.00 7360.00 8620.00

INC 0.06 0.03 0.00 41.00 0.02 0.17 1.35 3.09 0.04 0.06 0.08
YLS (nº) 14.08 1.42 0.10 10.12 9.35 16.60 −1.08 1.09 13.25 14.40 15.16
YLWS (nº) 11.06 1.41 0.10 12.71 7.45 14.28 −0.08 −0.43 10.10 11.00 11.96
SIN 52.36 9.91 0.69 18.93 40.00 99.25 1.45 2.62 44.80 49.60 57.60
LEAF (nº) 13.67 0.65 0.05 4.77 11.50 15.40 −0.47 0.60 13.25 13.70 14.16
LEAF_7(nº) 10.17 0.89 0.06 8.79 7.25 11.80 −0.62 0.15 9.60 10.28 10.80
LEAF_10(nº) 9.30 1.20 0.08 12.86 5.15 11.12 −0.76 0.06 8.48 9.48 10.28
INC_7 0.13 0.05 0.00 42.37 0.03 0.31 1.06 2.02 0.09 0.12 0.16
YLS_7 (nº) 10.08 1.93 0.13 19.12 4.75 13.20 −0.71 −0.07 8.88 10.48 11.48
YLWS_7 (nº) 6.43 2.04 0.14 31.73 1.20 10.72 −0.03 −0.22 5.15 6.50 7.56
INC_10 0.17 0.06 0.00 37.41 0.05 0.39 0.72 0.74 0.13 0.17 0.21
YLS_10 (nº) 8.66 2.24 0.16 25.86 2.55 12.32 −0.65 −0.27 7.25 9.04 10.24
YLWS_10 (nº) 4.58 2.08 0.14 45.42 1.00 9.32 0.28 −0.65 3.10 4.32 6.04

2
(n = 208) Bunch 10,855.82 1575.60 109.25 14.51 6297.00 15,843.00 0.30 0.42 9899.00 10,640.00 11,775.00

INC 0.08 0.03 0.00 35.06 0.03 0.17 0.85 0.62 0.06 0.07 0.09
YLS (nº) 13.24 1.93 0.13 14.60 7.95 16.04 −0.78 −0.40 11.96 13.84 14.56
YLWS (nº) 10.13 1.40 0.10 13.84 6.50 13.36 −0.05 −0.36 9.00 10.28 11.00
SIN 54.49 10.47 0.73 19.22 40.00 103.00 1.33 2.41 47.20 52.00 59.20
LEAF (nº) 13.19 1.03 0.07 7.81 10.45 15.12 −0.61 −0.30 12.48 13.36 13.96
LEAF_7 (nº) 9.47 1.30 0.09 13.73 5.85 11.56 −0.67 −0.53 8.48 9.84 10.52
LEAF_10(nº) 8.42 1.60 0.11 18.99 4.73 10.92 −0.55 −0.97 7.08 9.00 9.80
INC_7 0.15 0.06 0.00 40.05 0.06 0.35 1.05 0.85 0.11 0.14 0.18
YLS_7 (nº) 8.89 2.27 0.16 25.57 3.10 12.56 −0.66 −0.53 7.40 9.40 10.68
YLWS_7(nº) 5.36 1.94 0.13 36.20 1.00 9.56 −0.19 −0.67 3.80 5.56 6.84
INC_10 0.21 0.08 0.01 38.67 0.09 0.45 0.90 0.20 0.14 0.19 0.26
YLS_10 (nº) 7.31 2.51 0.17 34.34 1.00 11.68 −0.75 −0.42 5.85 7.92 9.28
YLWS_10(nº) 3.53 1.88 0.13 53.35 1.00 7.40 0.22 −1.20 1.70 3.50 5.32
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Table 2. Cont.

Site Variable Mean S. D S. E CV Min Max S K P (25) P (50) P (75)

3
(n = 207) Bunch (nº) 8984.02 1479.62 102.84 16.47 5543.00 12,517.00 −0.01 −0.05 8137.00 8969.00 9915.00

INC 0.07 0.03 0.00 41.15 0.03 0.17 1.17 1.59 0.05 0.06 0.08
YLS (nº) 13.04 1.49 0.10 11.45 8.45 15.85 −0.94 0.63 12.30 13.36 14.04
YLWS (nº) 10.53 1.22 0.08 11.59 7.45 13.30 −0.09 −0.40 9.60 10.56 11.35
SIN 56.76 12.60 0.88 22.19 40.00 106.00 1.17 1.37 48.00 52.80 64.80
LEAF (nº) 12.89 0.72 0.05 5.61 11.05 14.85 −0.19 −0.30 12.43 12.96 13.40
LEAF_7 (nº) 9.62 0.75 0.05 7.84 7.45 11.45 −0.66 0.77 9.28 9.70 10.12
LEAF_10 (nº) 8.73 0.93 0.06 10.70 5.95 10.25 −0.90 0.42 8.30 8.88 9.44
INC_7 0.14 0.05 0.00 40.45 0.05 0.32 1.17 1.65 0.09 0.13 0.16
YLS_7 (nº) 9.27 1.78 0.12 19.21 3.78 12.65 −0.81 0.13 8.18 9.72 10.52
YLWS_7 (nº) 6.07 1.66 0.12 27.36 1.55 9.45 −0.26 −0.28 4.88 6.08 7.28
INC_10 0.19 0.17 0.01 88.06 0.05 2.43 10.90 137.99 0.13 0.17 0.22
YLS_10 (nº) 7.85 2.00 0.14 25.48 2.85 11.15 −0.84 −0.23 6.30 8.40 9.36
YLWS_10 (nº) 4.31 1.74 0.12 40.42 1.00 7.75 0.04 −0.82 3.20 4.12 5.80

Note: Bunch: number of harvested bunches; infection index (INC) in plants in the acorn stage. infection index
in plants at 7 weeks of age (INC_7) and 10 weeks of age (INC_10); youngest leaf with symptoms on plants at
the acorn stage (YLWS) (nº), youngest leaf with symptoms on plants at 7 weeks of age (YLWS_7) and on plants
at 10 weeks of age (YLWS_10); youngest leaf spotted in plants in the acorn stage (YLS) (nº) at 7 weeks of age
(YLS_7) and 10 weeks of age (YLS_10); state of the symptom (gross sum) in the acorn stage plants (SIN); the
number of functional leaves in plants in the acorn stage (LEAF) (nº) at 7 weeks of age (LEAF_7) and 10 weeks of
age (LEAF_10).

On the other hand, some variables present a higher degree of concentration (less
dispersion) of the values around their mean, such as the case of LE-AF_10 in sites 1 and
3; and other variables, on the contrary, present a lower degree of concentration (greater
dispersion) of their values around their central value, such as the variables YLWS_10 and
YLS_10 in all the sites. Therefore, kurtosis informs the pointed (higher concentration) or
flattened (lower concentration) of these distributions. Regarding the percentile as a measure
of non-central position, for site 2, the P75 of the bunch variable is 9915.0 banana bunches.
This means that 75% of the weeks show a bunch production equal to or less than 9915.0,
followed by P75 = 9865.0 and 8620.0 banana bunches for sites 3 and 1, respectively.

The correlation analysis is shown as a heat map (Figure 1), useful to try to understand
the relationships between the multiple variables studied. The lower triangle of the matrix
shows the heatmap of correlations between pairs of variables. The bunch variable has
an extremely low correlation coefficient concerning the epidemiological variables; high
correlations (p ≤ 0.05), whose Pearson’s r was greater than | 0.85 | are also shown between
the variables derived from the YLS, YLWS, LEAF, and INC.

The PCA was carried out to evaluate the changes in the pattern of the epidemiological
variables by evaluated sites. PCA was unable to distinguish the sites evaluated in this
study (Figure 2a). The first two principal components (PC) explained 81.6% of the variables;
however, no trends were detected in the differences (Figure 2b). According to the value
of the contribution in the biplot, we obtained four epidemiological parameters, including
YLS_10, INC_7, YLWS_10, and LEAF_7 (Figure 2c). The goodness-of-fit of the PCA model
was R2X = 0.70. By analyzing the projections perpendicular to PC1 of the points that
represent the cases, certain weeks were identified during the evaluated years with greater
inertia, i.e., the points that are at a greater distance from zero (Figure 2c), either moving
away to the right or the left. Likewise, the analysis of the projections of the points that
represent the variables on the PC1 allowed us to identify the variables with the greatest
inertia and with the greatest collinearity, e.g., (YLS10 and YLS7); (LEAF, LEAF 7, and
LEAF10); (YLWS, YLWS7, and YLWS10).
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Figure 1. Heatmap of correlation coefficient among epidemiological parameters and numbers of
banana bunches. (*) Pearson correlation (p ≤ 0.05) is shown between variables described in this
study. Note: Bunch: number of harvested bunches; infection index (INC) in plants in the acorn stage,
infection index in plants at 7 weeks of age (INC_7) and 10 weeks of age (INC_10); youngest leaf
with symptoms on plants at the acorn stage (YLWS) (nº); youngest leaf with symptoms on plants
at 7 weeks of age (YLWS_7) and on plants at 10 weeks of age (YLWS_10); youngest leaf spotted in
plants in the acorn stage (YLS) (nº) at 7 weeks of age (YLS_7) and 10 weeks of age (YLS_10); state of
the symptom (gross sum) (SIN); the number of functional leaves in plants in the acorn stage (LEAF)
(nº) at 7 weeks of age (LEAF_7) and 10 weeks of age (LEAF_10).

In the interpretation of “correlations” between variables according to the angles of the
vectors that represent them, it was found that acute angles indicated positive correlations
(all variables derived from YLS, YLWS, and LEAF), obtuse angles corresponded to negative
correlations (SIN and INC) and right angles indicated that there was no correlation between
the variables. The length of the vectors corresponding to the variables is not of interest
when the data has been previously standardized.
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(a) 

 
(b) 

 
(c) 

Figure 2. Classifying PC from site based on the epidemiological parameters; (a) PCA based on the
first two principal components; (b) sample scatterplot displays the first two components in each data
set in PCA; (c) contribution of each feature selected on the first component in PCA using the biplot.
Note: Infection index (INC) in plants in the acorn stage, infection index in plants at 7 weeks of age
(INC_7) and 10 weeks of age (INC_10); youngest leaf with symptoms on plants at the acorn stage
(YLWS) (nº); youngest leaf with symptoms on plants at 7 weeks of age (YLWS_7) and on plants at
10 weeks of age (YLWS_10); youngest leaf spotted in plants in the acorn stage (YLS) (nº) at 7 weeks of
age (YLS_7) and 10 weeks of age (YLS_10); state of the symptom (gross sum) (SIN); the number of
functional leaves in plants in the acorn stage (LEAF) (nº) at 7 weeks of age (LEAF_7) and 10 weeks of
age (LEAF_10).
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3.2. Global Banana Bunches Predictions

RF successfully predicted the number of banana bunches on a global scale when
compared to test data that had not been included in model training. Figure 1 shows the
observed versus predicted plot for the number of banana bunches at all sites tested. The RF
model explained 70.6% of the mean yield variation with good agreement between predicted
and observed values in the test data (Table 3; Figure 3).

Table 3. Random forest model performance evaluation statistics.

K-Folds

Training Data Testing Data

RMSE
(nº Bunches)

Variance
Explained (%)

R2 RMSE
(nº Bunches)

Variance
Explained (%)

R2

1 1112.93 69.1 0.69 1132.31 72.0 0.72
2 1112.33 71.0 0.71 1101.23 71.0 0.71
3 1145.67 70.0 0.70 1090.26 69.0 0.69

k-folds CI 95% * 1076–1171 68.0–72.0 0.68–0.72 1054–1162 67.0–74.0 0.67–0.74

* 95% confidence interval (CI).

Figure 3. Random Forest model performance for test data sets. The dashed lines indicate a 1:1
relationship and the solid line represents the linear regression between the observations and the
predictions made for the test data sets.

RMSE values were within the 95% confidence interval of 1054–1162 banana bunches,
which is 11.51% of the observed average yield. The comparison between the number of
banana bunches observed and predicted (Figure 3) indicates that the predictions of the RF
model are in good agreement with the observations with a slope of 0.65 and the R2 of 0.71.

The RF method was performed with Mtry = 9, ntree = 500; the OOB (out-of-bag) error
was found to be minimal, as shown in Figure 4a. About two-thirds of the sample, called the
in-bag sample, was used to train the model, and the remaining third of the sample, called
the out-of-bag sample, was used for internal cross-validation on the RF model.
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Figure 4. RF estimation for the number of banana bunches: (A) OOB error, (B) predictor variable im-
portance graph, and (C) selection of a few variables using 3-fold cross-validation based on least RMSE.

The prediction of the number of banana bunches was based on the 13 independent
variables on a global scale over four years. The main predictor variables in the graph of the
importance of the variable obtained from the RF are shown in Figure 4b. The influence of a
set of six variables for the prediction of the number of banana bunches is observed through
the recursive elimination of characteristics with the cross-validation technique, as shown in
Figure 4c.

Additionally, RF can also provide useful information about the importance and de-
pendence of the variable on its predictive capacity. The range of importance of the epidemi-
ological variables and the partial impact of the variable on the response represented by
the number of banana bunches can be evaluated for systems analysis purposes. The use
of the measure of variable importance, represented by mean decrease accuracy and mean
decrease Gini, allowed us to identify the most influential variables that determine banana
production in the evaluated sites that we tested (Figure 4b).

Partial dependence plots were useful to assess the relationship between each predictor
and the response variable (Figure 5), measure the effect of explanatory variables, such as site
(Figure 5a), week (Figure 5b), SIN (Figure 5c), YLS_10 (Figure 5d) and YLWS_10 (Figure 5e),
on the variable number of banana bunches. Variable importance measures and partial
dependence plots revealed unique responses concerning the evaluated variables. The RF
model identified the trend of the YLS parameter in plants with 10 weeks of physiological
age, being one of the most influential variables responsible for the increase in the number
of bunches (>1000) during the four years; the ideal values of this parameter are between
blade position 10 and 12 (Figure 5d). The site was ranked as the first and most important
variable for estimating banana yield (Figure 5a). Likewise, the week was classified as the
second most important variable for the number of banana bunches, since the yield or the
banana bunches fell in weeks 18 to 22, which indicates that the week of the year can be
a key factor to achieve a high yield of bananas in this site, based on the evaluation of
the BS parameters (Figure 5b). For example, the partial dependence plot shows that the
epidemiological parameters such as SIN were one of the main predictors of the number
of banana bunches, with a saturation response at SIN values less than 40 (Figure 5c). The

140



Sustainability 2022, 14, 14123

partial dependence graphs for other variables studied presented minor effects with very
complex patterns that are difficult to explain through certain physiological or agronomic
responses of bananas.

Figure 5. Partial dependence plots for the top-ranked predictor variable from variable importance
measures of random forest models: (A) site, (B) week, (C) SIN, (D) YLS_10, and (E) YLWS_10. The
Y-axis of each plot indicates the average of all the possible model predictions for the X predictor
value. The X-axis hash marks indicate deciles.

3.3. Identification of the Main Variables

The behavior of the disease was subject to a dynamic that depended on environmental
conditions during the 2015–2018 period, which showed different phases of development,
indicating that the disease is cyclical, showing variable fluctuations during the year and
between years. In terms of evaluation, sharp exponential growth was seen in the month
of August weeks 32–35 according to the SIN, with 2015 being the year with the highest
reported values of SIN (99.25–106.0) for all sites (Appendix A Figure A1(1–3)). Then, a
phase of growth slowdown manifested itself in August 2016.

For the evaluated sites, a generalized trend of the maximum number of bunches
harvested globally was observed, located in weeks 32 to 36 with values higher than
11,700 bunches for the period 2017–2018 in site 1; for site 2, it was evidenced that higher
values of the number of clusters were obtained in weeks 32 to 35, being higher than 15,000;
and finally in site 3, the maximum number of clusters harvested was during weeks 30–33,
with values greater than 12,000 bunches. This establishes a clear pattern that the num-
ber of the week, together with the evaluation of epidemiological parameters, have an
important weight for the management of BS and production. The YLWS_10 presented a
curve with maximums in three seasons during the years 2017 and 2018, with week 4/2018
corresponding to 22–28 January, being the highest value (9.32) for site 1, followed by week
26/2018, corresponding to the 25 June to 1 July, with 9.16 for site 1 and 7.75 for site 3,
which indicates that the higher the value of YLWS_10, the slower the development of the
disease. On the contrary, low values of YLWS_10, such as those recorded during weeks
31–36/2015 correspond to the end of July and the month of August, which indicate that the
development of the disease is faster during that time.
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Regarding the YLS_10 in general, it was evidenced that the maximum values of
this parameter were in weeks 5/2018 and 7/2018, corresponding to the first fortnight
of February with values of 11.68 and 12.30, respectively (Appendix A Figure A1(1–3));
likewise, all the sites presented maximum values of YLS_10 during the weeks 30/2018
(10.64) and 33/2018 (11.8), corresponding to the days of 23 to 27 July and August 13 to 19.
The lowest values of this parameter were in weeks 32, 33, and 35 of 2015, corresponding to
the month of August, whose values fluctuated between 1.0–2.95.

In the case of the variable LEAF_10, all the sites showed a tendency to a considerable
reduction in the number of functional leaves during weeks 34–38/2015, corresponding
to the month of August and mid-September, with values that ranged between 5 and
6 functional leaves. Site 2 presented the highest concentration of functional leaves below
8 leaves in 2018, with values of 5 functional leaves (Appendix A Figure A1(1–3)).

The SIN variable presented its maximum points mostly during week 32/2015, corre-
sponding to 3–9 August, for all sites evaluated with values of 103.0–106.0. On the other
hand, the lowest values were located mostly in week 17/2017, corresponding to 24–30 April,
whose values were 40.0. However, the trend of the curve is more important than the abso-
lute value of the SIN. In all cases, the SIN continued to rise three weeks in a row, entering
critical levels (>50) (Appendix A Figure A1(1–3)); therefore, a careful review of the fungicide
application program is necessary for the weeks before and after these levels, since it is an
indicator that there is a high potential for a strong infection in the plantation.

The time when the symptoms of the disease manifested with greater severity was in
the months of July, August, and part of September in most years; after this time, it can be
said that a self-destruction phase of the disease was defined. Fungus, in the months of
December–January, and May–July; since a recovery period of the plant could be observed,
corroborated by the increase in the values of the YLWS, YLS, and LEAF (Appendix A
Figure A1(1–3)).

Once the dynamics of the disease are known, an integrated management program for
BS can be established, according to the results obtained, the phytosanitary control practices
in the evaluated area and areas with similar climatic conditions, in the months of growth
or exponential phase of the disease. In this area, it is appropriate to carry out preventive
control in April, June–July, and November.

4. Discussion

In the process of filling the fruits of banana cultivation, the progressive development
of the leaf area and its physiological activity are determining factors in the productive per-
formance, for which it is essential that, during its growth, the plant has enough functional
leaves, which guarantee that photosynthesis is carried out optimally [39]. In this sense,
to obtain a good production of banana bunches, a minimum of eight functional leaves
must be maintained at the time of flowering [40]. The foregoing indicates the importance
of agronomic management to reach flowering, at least, with eight healthy leaves free of
BS [41,42].

The mean lowest number of functional leaves was found in site 2 with 4.73, indicating
that the management conditions and even the environmental conditions in the plantation of
this site could provide the crop with a negative effect on the number of healthy functional
leaves. In this regard, a study showed that greater health in the plantation is determined
by a greater number of functional leaves when the crop is grown in an environment of 20%
shade [42]. These results coincide with the investigations of Belalcázar et al. [43] which
indicate that it is necessary to establish a simultaneous agroforestry system with banana
cultivation at distances that do not interfere directly with the plants, such as, for example,
4 m between rows of plants and 2 m between plants in the row, since it helps to reduce the
severity of BS disease.

The research reported by Barrera et al. [41] established that banana plants that kept
between eight and twelve leaves during flowering had larger bunches, so to guarantee a
good filling the plant at harvest must end with at least six functional leaves. Additionally,
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the results of studies, such as those by Cayón [44] and Siles et al. [45], describe that the
highest rates of photosynthesis occur in the youngest leaves of the plant (two, three, four,
and five), drastically reducing in leaves six, seven, eight and nine; these are older leaves,
which shows the possibility that certain microclimatic conditions of shade in early stages
of plant development may favor the crop, for its general vigor and better response to the
appearance of BS.

Bananas shed between 0.8 and 1.2 leaves each week. From this, it is inferred that an
important part of the symptoms that are observed weekly in the fourth leaf come from
inoculations that occurred during the different stages of opening of the leaves or when
they are just opened [46]. Likewise, in Costa Rica with a climate like that of our study,
the symptoms took 9.6 days more to develop after flowering of the False Horn banana
cv. ‘Currare’ than before flowering [47]. These results suggest that the host’s response to
BS depends on the host’s metabolism. The difference in host response observed between
the vegetative and generative stages of plantain could be due to changes in the hormonal
system of the central meristem that starts to flower and simultaneously stops the formation
of new leaves [48].

In leaves affected by BS, photosynthesis and respiration processes are affected, causing
irreparable morphological and physiological damage, which prevents the proper function-
ing of the crop, directly damaging its development and production [7,49], which generates,
therefore, low productivity, premature ripening of fruits and a decrease in quality [50].

Banana plants were more sensitive to BS, presenting the YLWS between leaves 1 and
4 (Table 2), which are below the number of leaves necessary to develop a good bunch,
affecting yield and the quality of the fruit. The YLWS provides information on the quality
of control in young leaves and the BS progress in the plantation [49].

YLWS is a widely used variable, captured weekly by inspectors from the plant health
departments of aerial spraying companies. This parameter presented an important influ-
ence in the RF model and in a certain way it has a good relationship with the production of
bunches. That is, it is possible to predict the future level of the number of banana bunches
knowing the status of this epidemiological parameter, requiring in general terms a greater
number of variables and especially the evaluation of their interaction.

The study by Cedeño et al. [51] established that, with defoliation and surgery at weekly
intervals, the severity of the disease was reduced. Other practices in addition to sanitary
defoliation could also help in its management, such as piling or cordoning off diseased
tissue on the ground and the application of 10% urea as a sporulation inhibitor [52].

The rank of the youngest spotted leaf (counted from the last emerging leaf), called YLS,
is an especially important index that provides information on the growth rate of necrotic
lesions responsible for the destruction of large portions of leaf tissue. The lower the YLS,
the faster the development of the disease. The YLS_10 was on average between leaf number
seven and eight; ideally, it would be between leaf number ten and eleven, indicating that
the banana plant can reach the end of its production cycle, which would allow a good
filling of the fruits and, therefore, high production of bunches.

When a younger diseased leaf is detected in the field among the first leaves of the plant,
obtaining good yields and bunch production is aggravated, since within the agronomic
management of BS, if it is decided to carry out defoliation operations and pruning to reduce
the more rapid ascent of the disease towards the upper leaves, all old and infected leaves
should be carefully cut before flowering, which would result in several leaves below six,
the minimum quantity necessary to avoid a decrease bunch production [53].

In the reproductive cycle of the banana plant (Musa AAB cv Harton) from the exit
of the bunch to its harvest, 70 to 98 days (12 ± 2 weeks) pass under the conditions of the
banana zone of the South of Lake Maracaibo, Venezuela [49]. The reports of this last study
indicate that the minimum number of leaves present at the beginning of the cycle should
be 12 to 13 in bananas. It is understood that the three upper leaves (the youngest) supply
the needs of the plant, and older leaves help bunch growth.
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In this regard, in the climate of the South Pacific of Mexico, Black Sigatoka showed that
the greatest damage (12 to 25% severity) occurs during the months of June to December,
which coincides with the season of greatest rainfall [54]. In this period, symptoms appear
in a state of spot between leaf nos. 4 to 6 and 25 to 58% of diseased leaves. The lower
severity of the disease (January to May) in the South Pacific is related to the period of
lower rainfall [55], where spots appear between leaves No. 7 to 9 and 7 to 25% diseased
leaves [56].

Unfortunately, this disease reduces leaf longevity and threatens the plant’s ability to
achieve full fruit fill. In practical terms, it is recommended to use the variables YLWS, YLS,
and LEAF to evaluate the seasonal behavior of the disease at the farm level. Although
the analysis methods may be complex for technicians in the region, at a later stage, it
is recommended to implement, through an algorithm such as the one developed in this
study, all the analysis procedures required for modeling the disease, in such a way that a
technician only has to enter the data from the monitoring of BS to make adjustments to the
models and, through a platform, predict the future evolution of bunch production.

The results generated in this study emphasize the obtaining of scientific information
from commercial plantations, which can be complemented by the addition of data and
information on cultural practices and chemical control carried out, applications of biological
inputs, such as promoters of growth and resistance to disease, or biological regulators of
pathogen populations, among other practices, which could increase the prediction accuracy
of the RF model by reducing the mean square error of prediction, which would finally
translate in timely applications of fungicides (protectants) and not calendar applications as
is currently done, thus generating a reduction in the number of cycles of systemic fungicides
by being used only when there is an increase in the evolution of the disease that justifies it.

The models developed, such as the RF model, can become a planning tool for produc-
tion and disease management in terms of cycles, product rotation, and times to use the
different types of products. On the other hand, as more farms adopt the methodology, the
spraying frequencies will probably not be the same for all sites or farms.

The decision to use RF for this type of problem was associated with the main advantage
of RF regression when the explanatory variables are highly correlated (e.g., the number
of functional sheets, YLS, and YLWS at different stages, and physiological characteristics
of the plant) [57]. Many predictors of crop production, such as these types of variables
that are repeated in the evaluation, are often highly correlated with each other and can
have multicollinearity. RF uses the best single variable when splitting the responses at
each node of the decision trees and averaging the predictions from the trees in the forest to
make a multidimensional step function [36]. This means that even if several variables are
correlated and drive the response similarly, only one of them can affect the RF regression
model at a time [38].

The results demonstrate that RF regression is highly effective for farm-scale crop
yield predictions. Although RF has been widely used as a classification algorithm for
various applications recently [11,21], nowadays, few studies have analyzed its regression
capabilities for banana production in Latin American territories. Our results are shown
here to establish that the RF regression has significant merits that are highly suitable for
predicting the production of crops, such as bananas with SB epidemiological parameters.

Finally, a wide range of factors that affect Sigatoka has been reported in the literature;
for example, shade, soil type, drainage, use of fertilizers, plant density, and irrigation [8,14],
as well as the mineral nutrition of plants, considered as an exogenous factor, which can be
modified, and constitutes an additional fundamental point to combat diseases [11,13]. Any
reduction in the number of bunches harvested or in the weight of the bunch in Musaceae
could be the effect of the low initial number of leaves and/or their deterioration due to
the action of pathogens or other biotic agents. In the case of BS attacks, the economic
critical point must be established to proceed with the control of the disease, and this value
is related to the effective leaf area over time.
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5. Conclusions

This study evaluated the effectiveness of banana bunch prediction of the RF algorithm,
which has certain advantages for the regression of crop systems such as bananas but
is not yet widely used in this field. We show that RF provides a production based on
epidemiological parameters of black sigatoka. The result of this study shows great potential
for the use of the RF algorithm with the accuracy of the model’s predictions of 0.71, so RF
is an alternative statistical modeling method for production predictions in bananas.

The information on the prediction of the production of banana bunches can help the
producer to estimate the profitability of the harvest and encourage the generation and
monitoring of studies to verify which epidemiological parameters of black sigatoka most
influence the final production. In addition, one of the biggest problems in the management
of this disease is the time or incubation period and the latency period of black sigatoka,
represented by the youngest leaf with symptoms and youngest leaf spotted parameters,
being important elements of judgment in decisions related to the selection of the fungicide
and the days between applications. Therefore, any tool that reduces this period will be of
great help.

In summary, the results support that RF regression may be a suitable algorithm to
predict the number of banana bunches at such sites with careful selection of a training
dataset that includes a diverse range of predictors, with the site, week, youngest leaf
spotted, and youngest leaf with symptoms in plants with 10 weeks of physiological age as
the best predictor groups.
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Appendix A

 
(1) (2) 

 
(3) 

Figure A1. Weekly distribution of epidemiological parameters (2015–2018) at site 1 (1), site 2 (2), and
site 3 (3). (A) Youngest leaf with symptoms on plants at the acorn stage (YLWS) (nº), youngest leaf
with symptoms on plants at 7 weeks of age (YLWS_7) and on plants at 10 weeks of age (YLWS_10);
youngest leaf spotted in plants in the acorn stage (YLS) (nº) at 7 weeks of age (YLS_7) and 10 weeks
of age (YLS_10); the number of functional leaves in plants in the acorn stage (LEAF) (nº) at 7 weeks of
age (LEAF_7) and 10 weeks of age (LEAF_10). (B) Infection index (INC) in plants in the acorn stage,
infection index in plants at 7 weeks of age (INC_7) and 10 weeks of age (INC_10). (C) State of the
symptom (gross sum) in the acorn stage plants (SIN).
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Abstract: The concept of a plant health system (PHS) is mainly anchored on experiences from human
health where varied sources of knowledge, expertise, and technology are combined to provide
healthcare. While diverse human health systems have been proven, little is known about PHS and
what is needed to base effective plant healthcare services. A stakeholder analysis was carried out
in Burundi. The aim is to understand the system as it is presently and to identify constraints and
opportunities. This paper reports on the process and results of this assessment. The initial step in this
process was to define PHS and its functions and to evaluate stakeholders’ interests and influence.
The first step was followed by examining stakeholders’ perceptions concerning the sustainability of
interventions geared at strengthening PHS functions. The process included a document review and
stakeholder workshops. After the stakeholders defined the PHS functions, they proceeded to identify
valuable actors. The assessment process highlighted several key challenges, including inadequate
skills to serve farmers and insufficient capacity to diagnose pests, as significant impediments to
effective PHS performance. Based on the information marshalled here, seven broad interventions are
proposed for practitioners to strengthen Burundi’s PHS rapidly.

Keywords: plant health system; stakeholder analysis; plant health problems

1. Introduction

Burundi, a landlocked country in the Great Lakes Region of central-eastern Africa,
occupies an area of approximately 27,834 km2 [1]. The total population was estimated at
11.89 million in 2020 (463 inhabitants/km2), making it the fourth most densely populated
country in Africa [2]. The economy of Burundi is driven mainly by agriculture, with the
sector contributing close to 40% of the gross domestic product (GDP), employing 84% of
the working population, and providing 95% of the food supply [3–5]. Furthermore, the
sector accounts for more than 90% of foreign exchange earnings and is the leading supplier
of raw materials for the agro industry. The portion of the country’s land area appropriated
for agriculture is 73.3%, of which 38.9% is arable land (though prone to erosion and low
soil fertility). Average land ownership is 0.27 ha per household, which is well below the
0.90 ha thought as the minimum for economic viability [6].

Agricultural productivity in Burundi is impeded by several constraints, including
outbreaks of crop pests and diseases [7], occasional droughts and floods [8,9], limited cash
for inputs (fertilizers, plant protection products, productive seeds, and planting materials),
land fragmentation [10], inefficient use of the existing water resources [11], lack of cash
and credit facilities among smallholder farmers [12], and limited access to research and
extension services [8,13].
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Despite the challenges mentioned above, there are considerable opportunities to
increase farm production and food security. The climatic conditions in most parts of the
country favor agriculture [14]. There is usually enough rain, and the countryside is diverse
to sustain different crops. The country is endowed with abundant water resources [15]
and potential irrigable lands, which are yet underdeveloped. The emergence of farmers’
organizations (e.g., the National Confederation of Coffee Growers’ association, cooperatives
at the colline level, etc.), although still developing, is demonstrating the potential role of
farmers’ organizations [16]. The government of Burundi has also developed policies in
support of agriculture [17,18].

To respond to the challenges impeding agricultural productivity in Burundi, CABI,
with funding support from the Embassy of the Netherlands in Bujumbura and Nuffic, is
introducing its award-winning Plantwise program in Burundi [19]. Plantwise is a global
program led by CABI, which supports farmers to lose less of what they grow to plant
health problems. The program has helped millions of farmers in various countries to
identify and manage threats posed by pests at the farm level and to minimize crop losses
by strengthening in-country plant health systems (PHS) [20].

Plantwise in Burundi will address some of the main challenges in the country’s
agricultural sector (mainly pests and diseases). The strategies proposed for managing
plant health problems include setting up an early-warning system for communicating pest
threats and strengthening the capacity of farmers’ organizations in pest management [19].

A stakeholder analysis was carried out in 2021 to investigate whether the proposed
Plantwise project can achieve its aims of strengthening the PHS of Burundi. The objective is
to understand the system as it is presently and to identify challenges and opportunities from
the perspective of various actors. Stakeholder analyses are crucial for identifying significant
stakeholders and their particular sets of interests, power/policy influence, and roles [21].
In addition, stakeholder analyses allow the exploration of the individual, group, and
institutional landscape amongst pertinent stakeholders, their associations, what concerns
them the most, and how these could affect the project [22].

The specific objectives of the Plantwise Burundi stakeholder analysis included: (1) to
examine the PHS of Burundi; (2) to evaluate and map stakeholders’ interests and influence
concerning the functions of the PHS; (3) to assess stakeholders’ perceptions concerning the
success and sustainability of the proposed project’s broad work areas. This paper reports
on the process and results of this stakeholder analysis.

2. Methods

The analysis of the PHS of Burundi and its key stakeholders, undertaken from March
to December 2021, was structured in four major phases: (i) a document review, (ii) a stake-
holder workshop, (iii) a needs assessment workshop, and (iv) a stakeholder forum meeting.

2.1. Document Review

The assessment partially understood Burundi’s plant health system and functioning
through a literature review. Information on contextual influences is often available in
grey literature [23,24]. Where the assessors could not obtain information from the CAB
Abstracts database, a search of the grey literature was carried out in March 2021 within
the open-access collections on Google™ (Menlo Park, CA, USA). The target of the search
was contemporary reports on Burundi focusing on institutional structures, politics and
organizational culture, development partners’ influences, and local and international
strategies. Additionally, the investigators obtained key statistics relating to Burundi within
the databases FAOSTAT, a widely used database in peer-reviewed literature as the base
for many global agriculture perspectives analyses [25], and the World Bank Open Data,
an open-access collection on global development data. The investigators used universal
terms associated with agriculture to search for country-specific reports. These terms were:
food security, plant health, crop protection, crop production, agricultural extension, farmer
advisory services, and agricultural policy. From the documents retrieved, the investigators
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searched reference lists for other sources. A total of 15 documents were included: (1) original
research and research reviews (n = 10); (2) government policy (n = 3); and (3) international
organizations strategic plans (n = 2). The assessors present these documents in Table 1.

Table 1. Key documents reviewed on the contextual influences of the plant health system of Burundi.

Documents Reviewed

Government policy

Republique du Burundi Portant Organisation Du Ministere De L’environment, De L’agrculture et de L’elevage; Burundi, 2020
Republique du Burundi Plan National de Developpement Du Burundi—PND Burundi 2018–2027; 2018
Republique du Burundi Vision Burundi 2025; 2011
Original research and reviews

Bamber, P.; Gereffi, G. Burundi in the Agribusiness Global Value Chain: Skills for Private Sector Development; 2014
IFPRI Burundi: Recent Developments in Public Agricultural Research; 2011
Niragira, S. Feasibility Study for the Development of Public-Private Seed Delivery Systems in Burundi; 2020;
Chauvin, N.D.; Mulangu, F.; Porto, G. Food Production and Consumption Trends in Sub-Saharan Africa: Prospects for the
Transformation of the Agricultural Sector; 2012
Curtis, M. Improving African Agriculture Spending: Budget Analysis of Burundi, Ghana, Zambia, Kenya and Sierra Leone; 2013
Ludgate, N.S.; Tata, J.S. Integrating Gender and Nutrition within Agricultural Extension Services: Burundi Landscape
Analysis; 2015
Niragira, S.; Ndikumana, D.; Muvunyi, R.; Nzigamasabo, D.; Nduwimana, A. Situational Analysis of Food Safety Control Systems
in Burundi; 2020
Kinuthia, R.; Kiptot, E.; Nkurunzinza, C. The Extension System in Burundi: Kayanza Province, Muruta Commune; 2016
FAO FAOSTAT Database on Agriculture. Available online: https://www.fao.org/faostat/en/#data
The World Bank Burundi Available online: https://data.worldbank.org/country/BI
International organizations strategic plans

IFAD Republic of Burundi: Country Strategic Opportunities Programme (2022–2027); 2022
WFP Burundi Interim Country Strategic Plan (2018–2020); 2018

However, policy documents and institutional frameworks do not always mirror the
reality on the ground. Consequently, the document review only served as a basis for
understanding the system. At the same time, the workshops were essential for gaining a
deeper understanding of Burundi’s overall plant health system.

2.2. Stakeholder Workshop

The investigators convened stakeholders in March for a 2-day stakeholder work-
shop. The participants numbering 25 were identified based on document review, snowball
technique where stakeholders identified additional stakeholders, and the result of brain-
storming amongst the project team members to determine: (i) groups of stakeholders and
how they could be affected by the project’s interventions, (ii) who are the individuals ex-
pected to be the direct beneficiaries of the project interventions, and (iii) the potential impact
of the project interventions on stakeholders, including their numbers. The investigators
then prioritized the following groups of stakeholders: The Ministry of Environment, Agri-
culture, and Livestock (MINEAGRIE), institutions of higher learning, provincial leadership,
development partners, non-governmental organization (NGOs), international organiza-
tions, farmer associations and cooperatives, agricultural input supply, and other private
sector players.

The workshop focused on: defining the PHS of Burundi; stakeholder roles, responsibili-
ties, and mandates in delivering PHS functions; nature of interactions between stakeholders;
and policies, politics, and institutions that influence those interactions.

Based on the functions described in the literature [26], the PHS functions of Burundi
were examined and defined through quick brainstorming and group discussions. After
the investigators delimited the functions, they identified the activities/roles involved per
each function and the stakeholders carrying out those activities/roles. After identifying
stakeholders and their actions, the investigators assessed how much interest and influence
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each stakeholder has regarding PHS functions. The investigators requested the participants
to draw a box/circle in flipcharts in the middle with the name of the PHS function [26].
Investigators asked participants around the PHS function to draw a circle for each stake-
holder involved, with the explanation that the length from the central function ought to
show the interest that the stakeholder has in the process, and the size of the circle ought to
show the influence that a stakeholder has on the PHS function. The closer the stakeholder
circle is to the central function, the higher their interest level in the process. The larger the
stakeholder circle, the more influence the stakeholder wields.

The assessors discussed the findings in plenary to highlight points of departure, the
things that stand out, associations, and stakeholders who appeared isolated. Afterward,
critical stakeholders—stakeholders with high interest and a significant influence (larger
circles close to the center)—were identified for each PHS function. Identification of essential
stakeholders was made by reviewing the diagrams drawn by participants for each function
and deciding where the stakeholders fall within the following categories [26]:

• High interest, significant influence—critical
• High interest, low influence—important
• Low interest, significant influence—optional
• Low interest, low influence—irrelevant

Finally, the participants focused on how the different stakeholders identified above in-
teract with each other within the PHS as a whole and explored the strengths and weaknesses
of the critical stakeholder interactions.

2.3. Needs Assessment Workshop

The investigators undertook in June a 1-day needs assessment workshop. The aim of
the workshop, which was an extension of the stakeholder workshop conducted in March,
was to examine the strengths, weaknesses, and needs of the diverse functions of the PHS
of Burundi and identify opportunities for interventions. The needs assessment workshop
involved 15 in-country experts drawn from the same organizations, earlier engaged in the
stakeholder workshop. As a kick-off to the meeting, the investigators presented an overview
of the PHS functions. Subsequently, for each PHS function, the participants discussed
the country’s strengths and weaknesses regarding the same. Afterward, the researchers
engaged the participants to discuss and agree by consensus on fundamental needs (gaps)
that the project can realistically address within the available time and resources.

2.4. Stakeholder Forum Meeting

The researchers assembled influential stakeholders of the PHS of Burundi in a national
forum conducted in November and attended by 28 representatives from the same organiza-
tions involved in the stakeholder and needs assessment workshops. In the course of the
meeting, findings from the stakeholder and needs assessment workshops were presented
by researchers and validated by participants—meaning the participants compared results,
identified areas of commonality and divergence, and determined how best to move forward.
The workshop included presentations, work within small groups, a section on questions
and answers, and a plenary discussion.

3. Results

3.1. Policy and Institutional Framework of the Plant Health System of Burundi

In tandem with the country’s Vision 2025, the ambition of the government of Burundi
is to transform the country into an emerging country by 2040 through, among others,
reduction in poverty, reduction of population pressure and improvement of agricultural
development, and increase in the country’s GDP. Coupled with Vision 2025, the country’s
National Development Plan (NDP) (2018–2027) aims to fundamentally change the country’s
economy, with the modernization of agriculture and attainment of food self-sufficiency at
the heart of this objective. Within the framework of NDP, the government of Burundi in
April 2021 adopted the National Program for the Capitalization of Peace, Social Stability,
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and the Promotion of Economic Growth (NPCP-SS-PEG) [6]. In addition, the MINEAGRIE
produced an environmental, agricultural, and livestock policy (DOPEAE) (2020–2027).
Other relevant national policies/strategies include: (i) multisectoral strategic plan for food
security and nutrition (2019–2023); (ii) national action plan (2017–2021) for implementa-
tion of United Nations Security Council resolution 1325 for women, peace, and security;
(iii) national gender policy (2012–2025); (iv) action plan for youth employment (2021–2024);
(v) national health development plan (2021–2025); (vi) investment code (2008); (vii) national
road map for strengthening food systems; (viii) national employment policy (2016–2025);
and (ix) national strategy for financial inclusion [6].

In terms of institutional arrangement, the Ministry of Environment, Agriculture, and
Livestock (MINEAGRIE) essentially coordinates agriculture in Burundi by overseeing agri-
cultural development programs in the country and developing agricultural policies [6,18].
The ministry comprises seven general directorates (Figure 1): (i) the General Directorate of
Agricultural and Livestock Planning—which supports the development of projects and pro-
grams within the sector; (ii) the General Directorate of Mobilization for Self-Development
and Agricultural Extension (DGMAVAE)—develops methods and approaches to extension
and designs and organizes training for various officials; (iii) the General Directorate of
Agriculture—promotes the development of the agricultural sector, including seed, and
policy formulation; (iv) the General Directorate of Livestock—promotes the development
of the livestock sector; (v) the General Directorate of Land use planning, irrigation, and
protection of land assets; (vi) the General Directorate of Environment, Water Resources and
Sanitation; and (vii) the General Directorate of Human Resources. Additionally, MINEA-
GRIE oversees various national institutions, including Institut des Sciences Agronomiques
du Burundi (ISABU)—responsible for agricultural research; Centre National de Technologie
Alimentaire (CNTA)—supports food processing technical innovations; and Autorité de
Régulation de la Filière Café au Burundi (ARFIC)—regulatory authority for coffee [18].

 

Figure 1. Structure of the Ministry of Environment, Agriculture, and Livestock of Burundi (MINEAGRIE).

3.2. Functions of the Plant Health System of Burundi

The concept of PHS is based on lessons and experiences from human health, where
varied sources of knowledge, expertise, and technology are combined to provide health-
care [27]. In human health, in an attempt to advance a universal understanding of what a
health system is and the basis for health system strengthening, the World Health Organiza-
tion (WHO) defined, based on functions, a discrete number of “building blocks” making
up the system [28].

While diverse human health systems have been advanced, proven, and studied over
time, little is known regarding PHS and what is needed to base effective plant healthcare
services. A step towards addressing this gap is a need to identify and define the structure
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and functioning of a PHS. However, such functions would not represent a ‘universal truth’
as a country’s perspective on things sways them.

During the discussions at the stakeholder workshop, the participants confirmed that
the PHS functions pre-defined in [26] (namely advisory services, information management,
diagnostic services, policy and regulation, input supply, and research and technology
development) were accurate and appropriate for Burundi. In addition, the participants
highlighted two more PHS functions (crop production and agricultural training), bringing
the total number of identified PHS functions for Burundi to eight (8):

1. Farmer advisory (extension) services. A complete set of institutions facilitating and
supporting individuals engaged in agricultural production to solve problems and
access skills, information, and technologies to enhance their livelihoods.

2. Plant health information management. Structures and approaches for availing plant
health information to diverse actors at various levels.

3. Diagnostic services. Expertise and facilities required for identifying plant health
problems, including pests, diseases, nutrient deficiencies, and soil health problems

4. Research and technology development. Process of invention and innovation to estab-
lish better practices and to implement technology as an added value

5. Agricultural input supply. Provision of agricultural inputs (seeds, fertilizer, pest
control products, etc.)

6. Policy, regulation, and control. The mechanism through which government can
manage the sector to achieve sustainable outcomes

7. Crop production. The process of growing crops for subsistence and commercial purposes
8. Agricultural training. Developing skills and knowledge relating to agriculture.

While looking at the PHS, one should consider the system in terms of its functions
(e.g., service delivery, training, research, etc.) and, more crucially, its interrelations.

3.3. Stakeholders Involved in the Functions of the Plant Health System of Burundi

Stakeholders can be defined as individuals and organizations concerned with a partic-
ular activity owing to their participation in generating, consuming, regulating, managing,
or evaluating the same [29]. While looking at the PHS of Burundi, one should include
the institutional or supply side of the PHS and the individuals making up the system
(population). In a progressive view, the population is not an extraneous recipient of the
system; it is an integral part of it. This understanding of the population is because, when
it comes to plant health, persons play at least two roles: (i) as farmers with specific needs
requiring care; and (ii) as consumers with expectations.

After the investigators defined the PHS functions, they identified twenty (20) stake-
holders to be helpful to engage when it comes to various PHS functions (Table 2). Most of
the stakeholders were from the government sector (65%), followed by NGOs/International
agencies/development partners/civil society (15%), farmers/farmers associations/farmers
cooperatives, academia, consumers, and the private sector—all at 5% each. The researchers
provide the interactions between the stakeholders in Figure 2.

The government of Burundi plays a significant role in the PHS of the country (Table 3).
It sets policies and standards, supports plant health services research, passes laws and
regulations, and provides technical assistance and resources to local PHS. In addition, the
government helps to finance plant health services, provides protection against international
plant health threats, undertakes surveillance to establish status and plant health needs, and
supports international efforts towards better plant health (Table 3).
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Table 2. Importance of stakeholders in each function of the plant health system of Burundi according
to 68 participants involved in three workshops.

Critical to Engage Important to Engage Optional to Engage

Farmer advisory (extension) services

- General Directorate of Mobilization for
Self-Development and Agricultural
Extension (DGMAVAE)

- Bureau Provinciale de
L’Environnement, de l’Agriculture et de
l’Elevage (BPEAE)

- Directorate of Plant Protection (DPV)
- Institut des Sciences Agronomiques du

Burundi (ISABU)

- Agricultural input suppliers
- Farmers, farmer associations &

cooperatives
- NGOs
- Institutions of higher learning
- Ministry of Finance
- Office National de Contrôle et de

Certification des Semences (ONCCS)

- Consumers

Plant health information management

- Communication unit of Ministry of
Environment, Agriculture and
Livestock (MINEAGRIE)

- Department of Statistical and
Agricultural Information (DSIA)

- Institut de Statistiques et d’etudes
Economiques du Burundi (ISTEEBU)

- NGOs, international organizations,
development partners (e.g., FAO)

- ISABU
- Institutions of higher learning
- BPEAE
- Agricultural input suppliers
- Ministry of Finance

- Farmers, farmer
associations, and
cooperatives

Diagnostic services

- ISABU
- DPV
- Farmers, farmer associations, and

cooperatives
- BPEAE
- DGMAVAE

- Institutions of higher learning
- Agricultural input suppliers
- ONCCS
- Ministry of Finance

- NGOs, international
organizations,
development partners

Research and technology development

- ISABU
- DPV

- NGOs, International Organization,
Development Partners

- Farmers, farmer associations &
cooperatives

- Institutions of higher learning
- BPEAE
- Ministry of Finance

- Agricultural input suppliers
- Consumers

Agricultural input supply

- Agricultural input suppliers
- Collectif des Compagnies et

Coopératives de Production des
Semences du Burundi (COPROSEBU)

- DPV

- Farmers, farmer associations, and
cooperatives

- BPEAE
- ONCCS
- Ministry of Finance

- ISABU
- NGOs, international

organizations, development
partners (e.g., FAO)

- Institutions of higher
learning

Policy, regulation and control

- Cabinet of MINEAGRIE
- DPV

- National assembly
- NGOs, international organizations,

development partners (e.g., FAO, IPPC)
- BPEAE
- Agricultural input suppliers
- Farmers, farmer associations, and

cooperatives
- ISABU

- Ministry of Finance
- Institutions of higher

learning
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Table 2. Cont.

Critical to Engage Important to Engage Optional to Engage

Crop production

- Farmers, farmer associations, and
cooperatives

- General Directorate of Agriculture

- Agricultural input suppliers
- Institutions of higher learning
- Consumers
- NGOs, international organizations,

development partners
- ISABU

Agricultural training

- Institutions of higher learning
- Ministry of Education

- BPEAE
- Farmers, farmers association, and

cooperatives
- DPV
- Agricultural input suppliers

- NGOs, International
organization, development
partners (e.g., IFDC,
INADES, IFAD)

- Ministry of Finance
- ISABU

Figure 2. Interactions among stakeholders in the plant health system of Burundi identified by
68 participants involved in three workshops.
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Table 3. Role of plant health system stakeholders in each function of the plant health system of
Burundi according to 68 participants involved in three workshops.

Key Actors Role

Farmer advisory (extension) services
(a) General Directorate of Mobilization for Self-Development

and Agricultural Extension (DGMAVAE)
- Promotion of extension service delivery
- Coordination of extension services nationally

(b) Bureau Provinciale de L’Environnement, de l’Agriculture
et de l’Elevage (BPEAE) - Coordination of extension activities in the provinces

(c) Institut des Sciences Agronomiques du Burundi (ISABU) - Provision of agricultural extension services
(d) Farmers, farmers association and cooperatives - Direct beneficiary of agricultural advisory services

Plant health information management
(a) Department of Statistical and Agricultural Information

(DSIA)
- Collection, analysis, and dissemination of agricultural

statistical information
(b) Communication unit of Ministry of Environment,

Agriculture and Livestock (MINEAGRIE)
- Posting media updates and engaging the public on

agricultural matters

Diagnostic services
(a) ISABU - Soil analyses and plant health problems diagnostics

(b) DPV
- Diagnosis of plant health problems on samples brought by

farmers
(c) Farmers, farmers association, and cooperatives - Monitoring and reporting of plant health problems

Research and technology development

(a) ISABU
- Main agricultural research agency in Burundi
- Application of the research findings, technologies, and

innovations
(b) Office National de Contrôle et de Certification des

Semences (ONCCS) - Research

(c) Institutions of higher learning (e.g., universities) - Research

Agricultural input supply
(a) DPV - Quality assurance of agricultural inputs
(b) ISABU - Seed variety development
(c) ONCCS - Seed certification

(d) Collectif des Compagnies et Coopératives de Production
des Semences du Burundi (COPROSEBU)

- National seed trade association
- Seed production and processing
- Seed production

(e) Agri-input supply and other private sector players

- Linking farmers with other actors in the agricultural input
supply chain

- Providing farmers with farm inputs (pesticides, seeds,
fertilizer, and tools)

Policy, regulation, and control
(a) Cabinet of MINEAGRIE - Policy formulation

(b) DPV

- Plant protection regulation
- Enforcement of sanitary and phytosanitary measures
- Liaison office for International Plant Protection

Convention (IPPC)
(c) Confédération des Associations des Producteurs Agricoles

pour le Développement (CAPAD) - Lobbying and advocacy for pro-farmer policies.

Crop production

(a) MINEAGRIE
- Policy formulation, coordination, and mobilization of

funds

(b) General Directorate of Agriculture
- Provision of the basics for the population’s food needs
- Adoption of new farming technologies,

(c) Farmers associations and cooperatives
- Suppliers of agricultural credit and inputs to their

members
- Seed production and processing

Agricultural training
(a) Institutions of higher learning - Education, training
(b) Ministry of Education - Education, training
(c) CAPAD - Training and provision of extension services to farmers
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Currently, the primary government body responsible for Burundi plant health is
MINEAGRIE. Other ministries also have agencies with responsibilities related to plant
health, such as the Institute of Statistics and Economic Studies of Burundi (ISTEEBU) in the
Ministry of Finance, Budget, and Economic Planification (MFBPE); technical colleges and
universities in the Ministry of Education and Vocational and Professional Training; and the
Ministry of National Solidarity, Human Rights, and Gender. Besides state actors, non-state
actors are involved in the PHS of Burundi, including development partners, international
agencies, NGOs, civil society, academia, and the private sector (Table 3).

Of the 20 stakeholders identified to be helpful to engage when it comes to various PHS
functions, 13 were categorized as being critical (Table 4)—stakeholders with high interest
and a significant influence: agricultural input suppliers; BPEAE; Cabinet of MINEAGRIE;
Communication unit of MINEAGRIE; COPROSEBU; General Directorate of Agriculture;
DGMAVAE; DPV; DSIA; farmers, farmers associations, and cooperatives; institutions of
higher learning; ISABU; and Ministry of Education.

Table 4. Critical to engage stakeholders in the plant health system (PHS) of Burundi.

Stakeholder
PHS Function

AIS AT CP DS FAS PHIM PRC RTD

(1) Agricultural input suppliers x
(2) Bureau Provinciale de L’Environnement, de l’Agriculture et
de l’Elevage (BPEAE) x x

(3) Cabinet of Ministry of Environment, Agriculture and
Livestock (MINEAGRIE) x

(4) Communication unit of MINEAGRIE x
(5) Le Collectif des Compagnies et Coopératives de Production
des Semences du Burundi (COPROSEBU) x

(6) General Directorate of Mobilization for Self-Development
and Agricultural Extension x x

(7) Directorate of Plant Protection x x x x x
(8) Department of Statistical and Agricultural
Information (DSIA) x

(9) Farmers, Farmers associations, and cooperatives x x
(10) Institutions of higher learning x
(11) Institut des Sciences Agronomiques du Burundi (ISABU) x x x
(12) Ministry of Education and Vocational and
Professional Training x

(13) General Directorate of Agriculture x

AIS = Agricultural input supply; AT = Agricultural training; CP = Crop production; DS = Diagnostic services;
FAS = Farmer advisory (extension) services; PHIM = Plant health information management; PRC = Policy,
regulation, and control; and RTD = Research and technology development; and Key: x = involvement in a
PHS function.

3.3.1. Agricultural Input Supply

Agricultural input suppliers play a significant role in the distribution system, linking
farmers to products, particularly in areas not easily accessible. The input segment is
concentrated by stakeholders in the private sector (agricultural input suppliers), public
sector (DPV), and civil society (COPROSEBU and CAPAD) (Figure 3a). ISABU mainly
controls the country’s formal market for seed production. In terms of quantity and quality,
the seed supply is considered inadequate for the requirements to increase yields and
improve nutritional content and drought and pest resistance in the agricultural sector [30].
ONCCS is responsible for regulating the industry, improving the quality of seeds sold
within the country, and facilitating the importation of foreign seeds to satisfy the local
requirements for improved seed varieties [31].
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Figure 3. Schematic arrangement of interest (proximate to function) and influence (size of circle) of
stakeholders in a plant health system’s (PHS) functions. A ruler is included for scale.
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Though available, mineral fertilizers and pest control products tend to be expensive
due to inadequate competition and high costs associated with transportation. In addition,
the available large pack sizes tend to be inappropriate for smallholders with limited needs
due to their relatively low land areas and who are compelled to carry the products back to
their farm by bicycle or on foot [8,30].

3.3.2. Crop Production

Agricultural production is mainly handled by smallholder farmers in Burundi (Figure 3b).
Many are subsistence farmers, and many others are smallholder commercial farmers [6].
Smallholder farmers typically produce a varied range of commodities in limited quantities
to manage risks for household food supplies and complement this with production for
cash. These crops grown by smallholder farmers include roots and tubers, fresh fruit and
vegetables, pulses, and cereals. Other smallholders may produce palm fruit. Production is
generally anchored on traditional farming—manual, hand-hoe powered, minimal use of
inputs, and limited irrigation and water management techniques.

There are only a few medium size producers (primarily producing fresh fruit and
vegetables and cereals) and large commercial farms, mainly for export commodities like
coffee, palm fruit, and vegetables [30]. Cooperatives are relatively less developed, but
the government highly encourages their establishment, and their numbers have increased
over time. State farms hardly exist. Nevertheless, Burundi can produce most of its food
needs internally.

In 2020, roots and tubers, fresh fruit and vegetables, pulses, and cereals accounted
for approximately 92% of the total crop production in Burundi [32]. Roots and tubers
accounted for the largest share at 51% of production value, followed by fresh fruit and
vegetables (22%), pulses (6%), and cereal production (6%) [32].

3.3.3. Farmer Advisory Services

Agricultural technical assistance is provided principally by BPEAE’s extension work-
ers, as well as through an assortment of programs by donor agencies and development
partners and a small number of private sector contract farming schemes (Figure 3c). By
2020, Burundi had 1030 extension officers, of which BPEAE employed 996, while the re-
maining 34 were used by seed producers [31]. The ratio of extension officers to agricultural
households stood at 1:3929 in 2017.

As noted above, the deployment of private extension service providers has primarily
been low. Notwithstanding, a previous report observed that their performance might have
been better compared to that of their counterparts in the public sector [30].

3.3.4. Research and Technology Development

Various public, international, and private organizations and institutions of higher
learning undertake research in the agricultural sector (Figure 3d). Research and develop-
ment are mainly focused on crop production and food technologies. In terms of crops,
among the most researched crops include vegetables, rice, potatoes, and fruits.

Actors in the public sector include ISABU, the Agronomic and Zootechnique Research
Institute (IRAZ), and the National Centre on Food Technologies (CNTA). The country’s
leading research center is ISABU accounting for most of Burundi’s research capacity and
investments. IRAZ supports food security through animal science and agriculture research,
while CNTA focuses on developing and adapting processing and storage technologies [27].
Institutions of higher learning, such as the University of Burundi and the University of
Ngozi, have departments specifically dedicated to research. Private sector investment in
research and development is minimal. Besides local institutions, various international
organizations, including IITA and IRRI, undertake applied research in Burundi.
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3.3.5. Diagnostic Services

Diagnostics is mainly implemented by ISABU and the universities and certification
bodies such as ONCCS (Figure 3e). Moreover, laboratories and institutions outside Burundi
play a role. As for field diagnostics, the extension workers under BPEAE and farmers are
key players and, to a small extent, the agricultural input supplier.

3.3.6. Policy, Regulation, and Control

The MINEAGRIE is responsible for developing rules relating to agriculture, as well
as preparing agricultural policies. When it comes to the formulation of regulations, the
cabinet of MINEAGRIE is critical in the decision-making process (Figure 3f). On the
other hand, when it comes to agricultural policies, the national assembly plays an integral
role. Some regulations are also adopted from international protocols, guidance, and
agreements. Therefore, for example, FAO and IPPC influence regulations. DPV usually
handles forecasting and warning systems under MINEAGRIE.

3.3.7. Plant Health Information Management

Agricultural data management seems less emphasized in Burundi, and linkages may
need improvements. This low emphasis is, despite the existence of a department within
MINEAGRIE (DSIA), meant to spearhead initiatives relating to agricultural data, and cou-
pled with this is the existence of ISTEEBU (Institut de Statistiques et d’études économiques
du Burundi) (Figure 3g). Some NGOs, such as AUXFIN, are capturing agricultural and
farmer data and may be able to implement monitoring and quality assurance activities.

3.3.8. Agricultural Training

Agricultural training in Burundi has been chiefly driven by development partners
through collaboration with MINEAGRIE’s programs and involving a few private sector
players who provide technical support. The partners who have supported agricultural
training in the past include the World Bank and the French and Belgian cooperation agen-
cies, the EU, IFAD, and FAO, as well as a raft of international and local NGOs (Figure 3h).
Agricultural training programs have concentrated mainly on technical, administrative, and
literacy issues to support the sector’s development.

Formal training in agriculture is provided at high school and undergraduate levels.
The agricultural training and educational institutions include the Faculty of Agronomy at
the University of Ngozi and the Faculty of Agronomy and Bio-Engineering (FABI) at the
University of Burundi; and the Institut Technique Agricole du Burundi (ITAB).

3.4. Strengths, Weaknesses, and Opportunities of the Functions of the Plant Health System
of Burundi

Through discussions with stakeholders, the researchers identified the strengths and
weaknesses of the PHS of Burundi. Additionally, the investigators undertook a comprehen-
sive analysis of relevant secondary literature.

Across the PHS functions of Burundi, some significant weaknesses identified include
low productivity, lack of adequate skills to serve farmers effectively, and inadequate
capacity to diagnose pests.

Researchers have identified low agricultural productivity as a critical impediment to
food security and fiscal development in post-conflict Burundi [7,8,33]. With the increasing
population [34], poor yields have meant that the amount of food produced does not match
the population, resulting in a constant food shortfall in the country.

The twin challenges of unpredictable smallholder agricultural production and the
reality that most agricultural land is presently under production require that further growth
emanates from product and process upgrades that aim for sustainable intensification [30].
These upgrades can include bench terraces on sloping land for enhanced hillside agricul-
ture [35], adoption of minimum tillage and other improved land preparation methods [36],
low-cost technologies on micro-fertilization [37,38], and small-scale irrigation schemes [39].

161



Sustainability 2022, 14, 14293

Additional upgrades include the safe use and handling of pesticides and the prioritization
and promotion of integrated pest management techniques [40,41].

Adopting the above upgrades at the farm level requires strategic support and investment
by government and development partners to stimulate demand and uptake by smallhold-
ers. Technical and financial support by government and development partners is necessary,
particularly for upgrades whose returns on investment in the short term are negative.

Lack of adequate skills. As the agricultural sector of Burundi adapts to the upgrades
above, development skills capacities for farmers and farmers’ advisors on, among others,
effective and practical methods of managing plant health problems is required.

In the short term, to complement formal education programs, the country can consult
international experts from organizations such as CABI, IITA, FAO, and IFAD about devel-
oping suitable training programs. Besides developing the training programs and curricula,
the country should seek opportunities for institutionalizing this training at the ITAB and
university levels and in other institutions of higher learning [42–44].

Inadequate capacity to diagnose pests. Crop pests diminish the quality and yield
of agricultural production [45]. They reduce food security at various levels (household,
national and global) and are attributed to considerable economic losses, particularly in
food-deficit regions with rapid population growth and often with emerging or re-emerging
pests [46].

A scarcity of diagnostic service for plant health problems remains a critical contributing
factor to plant health burden in resource-poor settings. Opportunities exist in Burundi for:

• Enhancing the capacity of agricultural extension workers to increase field-level detec-
tion of plant health problems.

• Supplementing the existing laboratory infrastructure with additional equipment and
skilled personnel to enable the diagnosis of a broad spectrum of plant health problems

• Sharing and integrating plant health information sources in support of early warn-
ing systems

• Promoting innovations in surveillance and control that do not require and/or can
lessen the physical presence of plant health practitioners

Notwithstanding the constraints above, the country has numerous crucial factors
favoring the development of an enhanced PHS. For instance, the country is endowed
with a good climate and geographical conditions that favor agricultural production, with
several cropping seasons. In addition, the country enjoys competitive labor costs and is
strategically placed to export in the region through Lake Tanganyika. However, the country
must confront its fundamental weaknesses to take advantage of these opportunities. An
analysis of the country’s strengths and weaknesses is presented in Table 5.

Table 5. Strengths and weaknesses of each plant health system function of Burundi (n = 68 participants
involved in three workshops).

Strengths Weaknesses

Agricultural input supply

- Availability of raw materials
- Minimal or no cost in seed production in the

informal sector
- Availability of seed in the informal sector

is assured

- Weak demand from producers
- Lack of technical knowledge
- Lack of financial resources
- Market distortions from subsidy program
- Scarcity of locally available organic fertilizer and mulch
- Inadequate competition
- High transportation cost
- Minimal use of external inputs
- Poor quality seed
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Table 5. Cont.

Strengths Weaknesses

Crop production

- Good climate for crop production
- Available arable land
- Comparatively low labour costs
- Significant involvement of women in production
- Improved crop varieties/breeds

- Production based on traditional farming methods
- Pests and diseases
- Cooperatives and contract farming schemes are not

well organized
- Limited access to finance
- Unclear land tenure system coupled with scarcity of land and an

increasing population
- Poor rural transportation infrastructure
- Soil degradation
- Majority of land that is cultivatable is already under production

Research and technology development

- Existence of a national agricultural research system
- Experience in collaborative research - Shortage of human resource

- Limited budget

Farmer advisory services

- Decentralized and well-defined extension system
- Available workforce of extension agents
- Presence of farmers organizations, NGOs, and

projects providing alternative extension
service providers

- Many extension agents lack the requisite skills to effectively serve
farmers either due to lack of practical skills or limited experience
in the sector

- Government extension staff are often poorly motivated due to
low wages

- Budgetary constraints limiting the hiring of more extension workers
- Low literacy rates among farmers
- Reluctance by trained agronomists to live or work in the

rural areas

Plant health information management

- Existence of institutions mandated to manage
plant health information

- Lack of data science approach

Diagnostic services

- Knowledge sharing platforms
- Strong collaboration with experts outside

the country

- Limited capacity to identify and isolate pests
- Lack of equipment and infrastructure
- inadequate capacity to prevent, detect and respond to new and

emerging plant health problems

Policy, regulation and control

- Extensive agricultural strategies detailing the
vision and priority interventions

- Bureaucracy (e.g., overly centralized systems for planning
and management)

- Poor interdependencies between PHS and program investments
- Inadequate regulation of agricultural inputs sector, improper

industry practices
- Underdeveloped sanitary and phytosanitary system

Agricultural training

- Existence of agricultural vocational training
institutes for training and producing middle-level
skilled extension personnel

- Fast growing enrolment and inadequate facilities, equipment, and
teaching staff

- Training programs for universities are broad and focus on theoretical
knowledge and lack training in applied and practical skills

- Lack of resources
- Discrepancy between the needs of the private sector and the skills

provided by formal education schools
- Lack of a clear mechanism for institutionalizing knowledge

transfer and provision of adequate scale for reaching the
fragmented production base.

- Women not targeted in agricultural trainings
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In terms of crucial needs (gaps) that the proposed project can realistically address,
within the available time and resources, the participants, through consensus, identified
the following:

• Management of linkages among stakeholders in plant health
• Training qualified staff in field diagnosis principles and giving farmers practical and

effective plant health management recommendations. Also relevant are other training,
including IPM/biocontrol, and the development of extension materials, e.g., pest
management decision guides (PMDGs) and fact sheets for farmers.

• Operation of plant clinics and associated activities such as delivery of advice to farmers
through complementary extension campaigns (such as plant health rallies and mass
extension campaigns).

• Training of plant health practitioners in data management—processes involved in the
collection and processing of plant clinic data.

• Setting up of ICT-based systems to support information sharing.
• Monitoring, evaluation, and learning to assess and document outcomes and im-pact

of project interventions.
• Prioritization and addressing some of the vital gender-based constraints in agri-culture

In light of the identified needs (gaps), seven broad interventions are proposed to help
rapidly strengthen the PHS of Burundi:

1. Promotion of a comprehensive approach to plant health governance. Plant health
policies, operational processes, planning, and budgeting ought to be linked to the
attainment of the relevant Sustainable Development Goals (SDGs), specifically SDG 2
(End hunger, achieve food security and improved nutrition, and promote sustainable
agriculture). Means of firming accountability and mechanisms for engaging stake-
holders, including alternative sectors, communities, external partners, civil society,
private sector players, and academia, should be explored.

2. Provision of adequate, skilled, and well-distributed plant health practitioners. Staff
cadres need to be streamlined following the requirements for essential services, and
this needs to be mirrored in staffing standards, norms, conditions, and certification.
Training curricula and programs need to be responsive to new and emerging priorities.
The government and development partners should channel investments towards
training programs (both pre-service and in-service) to ensure the personnel mirror
both present and future plant health needs.

3. Building of an efficient agricultural advisory service delivery mechanism. The agri-
cultural advisory service delivery mechanism needs to be rationalized at all levels
(national and local) to reflect the country’s priorities.

4. Provision of sufficient plant health equipment and infrastructure. The concerned
entities should establish operational procedures and standards for critical plant health
infrastructure. They should also develop medium-term and long-term plans for
investment (including their maintenance and disposal) of plant health equipment and
expansion of fixed infrastructure.

5. Provision of good-quality, affordable critical pest control products, diagnostics, and
other agricultural inputs. To be implemented through a well-regulated procurement
and supply system. The government must revise regulations and policies to enhance
the capacity for judicious use of pest control products and other agricultural inputs,
including during emergencies. The national plant protection organization should im-
prove surveillance systems for monitoring new and emerging plant health problems,
adverse effects, pesticide quality, and resistance.

6. Strengthening of plant health information systems and surveillance. The stakeholders
should establish data coordination apparatuses to interlace information systems for
research, surveys, surveillance, and critical statistics to support integration and lessen
fragmentation. The capacity for data analysis and sharing should be prioritized,
especially at the local level. Additionally, the stakeholders should scale up innovative
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approaches for data collection and use. Finally, the stakeholders should prioritize
the engagement of the research community for the generation and usage of evidence
emanating from research for decision-making.

7. Provision of sustainable financing for plant health. The government should do this
by establishing mechanisms for mobilizing additional sustainable domestic resources
while sourcing more external resources for plant health. The country should strengthen
accountability systems, public financial management, and institutional arrangement.

4. Conclusions

Functional plant health systems have been integral in mitigating the movement of
non-native organisms, pests, and diseases within and between countries through trade. In
some countries, such as Cuba [47], Venezuela [48], and Burundi, practitioners know little
about the plant health system and other support systems. Efforts are underway in many
regions to strengthen plant health systems through collaboration, including regulatory
frameworks [49].

The accumulated experience of agroecological initiatives in thousands of small- and
medium-scale farms in developing countries [47,48] is essential in defining national policies
to support sustainable agriculture. In this regard, a vital aspect of the plant health systems
is their pest and disease monitoring system that covers the most economically important
crops in the country [49], providing pest thresholds to farmers and the importance of
identifying possible interrelationships with biophysical components such as climate, soil,
or agronomic management [48].

To facilitate the development of future trade partnerships between countries, agencies
need to understand the organizational structure and diagnostic capacity of the plant
health system of these countries, identify potential synergies between country systems,
and identify steps toward cooperation. The results of this study fill this critical gap by
presenting a descriptive analysis of the plant health system in Burundi. An understanding
of plant health systems will be crucial for the regional economic and environmental stability
of a relationship between countries.
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Abstract: Potato soft rot, caused by the pathogenic bacterium Lelliottia amnigena (Enterobacter amni-
genus), is a serious and widespread disease affecting global potato production. Both salicylic acid (SA)
and proline (Pro) play important roles in enhancing potato tuber resistance to soft rot. However, the
combined effects of SA and Pro on defense responses of potato tubers to L. amnigena infection remain
unknown. Hence, the combined effects of SA and Pro in controlling newly emerging potato soft rot
bacteria were investigated. Sterilized healthy potato tubers were pretreated with 1.5 mM SA and
2.0 mM Pro 24 h before an inoculation of 0.3 mL of L. amnigena suspension (3.69 × 107 CFU mL−1).
Rotting was noticed on the surfaces of the hole where the L. amnigena suspension was inoculated.
Application of SA and Pro with L. amnigena lowered the activity of pectinase, protease, pectin lyase,
and cellulase by 64.3, 77.8, 66.4 and 84.1%, and decreased malondialdehyde and hydrogen peroxide
contents by 77.2% and 83.8%, respectively, compared to the control. The activities of NADPH oxidase,
superoxide dismutase, peroxide, catalase, polyphenol oxidase, phenylalanine ammonia-lyase, cin-
namyl alcohol dehydrogenase, 4-coumaryl-CoA ligase and cinnamate-4-hydroxylase were increased
in the potato tubers with combined treatments by 91.4, 92.4, 91.8, 93.5, 94.9, 91.3, 96.2, 94.7 and 97.7%,
respectively, compared to untreated stressed tubers. Six defense-related genes, pathogenesis-related
protein, tyrosine-protein kinase, Chitinase-like protein, phenylalanine ammonia-lyase, pathogenesis-
related homeodomain protein, and serine protease inhibitor, were induced in SA + Pro treatment
when compared with individual application of SA or Pro. This study indicates that the combined
treatment of 1.5 mM SA and 2.0 mM Pro had a synergistic effect in controlling potato soft rot caused
by a newly emerging bacterium.

Keywords: antioxidant enzymes; extracellular enzymes; pathogen; reactive oxygen species; systemic
acquired resistance

1. Introduction

According to Lim et al. [1], potato is the fourth most important food crop and staple food
in the world. Potato tubers are in most cases stored for 3–6 months before being processed
and/or consumed by humans. The average annual loss due to potato soft rot is estimated
to be between 6 and 25%, with up to 60% of tubers in some cases being damaged [2,3].
One of the most common potato diseases that reduce tuber quality during storage is soft
rot caused by Pectobacterium carotovorum subsp. Carotovorum [4]. Postharvest diseases in
fruits and vegetables are caused by bacteria during storage. Throughout the growing season
and during storage, members of the families Enterobacteriaceae and Pectobacteriaceae are the
primary cause of potato soft rot [4]. These pathogens cause infection either during the
preharvest stage in the field or after harvesting during storage and transportation. Soft rot
bacteria degrade pectate molecules, which bind plant cells together, eventually causing the
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plant structure to fall apart. Potato wounds or damage are the primary sources of soft rot
bacteria invasion. This usually happens during harvesting and grading, allowing bacteria to
invade the tuber [5]. When this is combined with water on the tuber’s surface, the bacteria
can overcome the tuber’s natural defenses and initiate tuber rot. Soft rot pathogens produce
many enzymes capable of degrading the plant cell wall other than saprophytic pectolytic
bacteria. These enzymes include pectinases, cellulases, proteases, pectin lyase, and xylanases,
each with its own set of properties [6]. Due to its ability to synthesize a broader variety of
isoenzymes faster and in greater amounts than pectolytic saprophytic bacteria, L. amnigena
enters tissues more easily and causes infection [7,8].

Chemical control is an important method of controlling plant diseases. However,
because of their negative effects on humans and the environment, synthetic bactericides are
not the preferred method for controlling plant pathogens [9]. As a result, an eco-friendly
alternative strategy for bacterial soft rot management must be developed. Increased natural
defense system of plants is one of the promising environmentally friendly methods for
postharvest disease control [10,11]. The activation of plant defense systems that help
to delay the spread of various pathogens can help to protect the plant from bacterial
pathogens [11]. Induced disease resistance in plants is a viable option for preventing the
invasion of bacterial pathogens and an appealing disease control strategy [12].

Salicylic acid (SA) and proline (Pro), which induce natural resistance in plants to
bacterial infections and can provide year-round protection, can be considered a promising
alternative to the use of synthetic bactericides [13]. SA is essential for plant growth, devel-
opment, and defense responses, and can also be used to inhibit microbial growth [14]. Plant
resistance to pathogens is induced by SA application via mechanisms such as oxidative
burst, cell wall reinforcement, and gene expression regulation [13]. SA is important in
adaptable interactions, in which a small amount of SA controls the expression of a collection
of defense-related genes, resulting in a defense-like response [15]. Several studies [16,17]
show that applying SA to tomatoes can improve their resistance to Ralstonia solanacearum
in the greenhouse or the field. According to previous studies, SA is an essential elicitor
that triggers plant resistance to pathogens such as bacteria and fungi [18,19]. SA has been
identified to mediate resistance in a variety of plant–pathogen interactions. Depending
on the pathogen, SA can prevent pathogen proliferation and cell-to-cell or long-distance
pathogen migration [20]. As a result, SA has been demonstrated to be a potential com-
pound for inhibiting postharvest fungal pathogens and thus improving fruit postharvest
quality. For example, SA treatments effectively controlled postharvest damage in the cases
of Colletotrichum gloeosporioides on mango [21], Penicillium expansum on sweet cherry [22]
and peach [23], Botrytis cinerea on peach [24], and Monilinia spp. on sweet cherry [22],
apricot [25], and nectarine [26].

Pro is a water-soluble amino acid that is essential and multifunctional in plants, and
accumulates in high contents under stress [27,28]. Pro as a proteinogenic amino acid
naturally increases in response to biotic and abiotic stress by increasing Pro synthesis or
decreasing Pro degradation [27]. Pro is essential for maintaining osmotic balance, preserv-
ing the structure of enzymes and membranes in key proteins, protecting photosynthetic
products, and scavenging free radicals [29,30]. Pro application improves plant resistance to
both biotic and abiotic stresses according to many studies [31,32]. Pro is a widely studied
and used osmoprotectant under stress conditions, and it has been found to mitigate the
effect of stress in plants [31,33–35]. Many studies on the effects of Pro on various crops
under oxidative stress have been carried out. For example, Pro application in rose, rice
seedlings, chickpeas, and citrus improved stress tolerance by increasing the activity of
antioxidant enzymes, decreasing membrane lipid peroxidation, and retaining ascorbic acid
content as non-enzymatic components of the antioxidant system [36]. As far as we know,
many reports have been published evaluating the impact of SA and Pro applied as single
treatments on crops growing under biotic and abiotic stress environments. However, there
is no study on SA and Pro treatment combinations to ameliorate the effects of L. amnigena
on potato tubers. We hypothesized that SA and Pro can control potato soft rot bacteria, L.
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amnigena due to their antibacterial properties. As a result, this study aimed to evaluate the
combined effects of SA and Pro in controlling potato soft rot caused by a newly emerging
bacterium (L. amnigena).

2. Materials and Methods

2.1. Source of Materials

Potato tubers, var. Atlantic, were obtained from the production field in Lanzhou,
Gansu Province, China. Lelliottia amnigena (PC3) was obtained from the Plant Pathology
Laboratory, Gansu Agricultural University, Lanzhou, China [37]. Lelliottia amnigena was
cultured on a nutrient agar (NA) medium (3.0 g peptone, 4.0 g glucose, 9.0 g agar, 1.5 g
beef extract, and 500 mL water) in Petri dishes for 2 d at 28 ◦C. The bacterial inoculum was
prepared from the 2-d-old cultured bacteria according to the method of Ben-David and
Davidson [38]. The bacterial inoculum (3.69 × 107 CFU mL−1) was quantified and stored
at 4 ◦C. SA and Pro were purchased from Sangon Biotech Company Limited, Shanghai
in China. 1.5 mM SA was chosen based on our previous study [39], and 2.0 mM Pro
concentration was prepared following the method described by Perveen and Nazir [40],
with a few modifications.

2.2. Experimental Design

The two independent experiments were arranged in a randomized complete block
design using a factorial experiment with three replications of each treatment. The treatments
were: (i) sterilized distilled water (negative control potato tubers treated with water without
L. amnigena and SA and Pro treatments); (ii) L. amnigena (PC3) (positive control potato
tubers treated with L. amnigena without SA and Pro treatments); (iii) L. amnigena + 1.5 mM
SA; (iv) L. amnigena + 2.0 mM Pro; and (v) L. amnigena + 1.5 mM SA + 2.0 mM Pro. SA and
Pro were purchased from Sangon Biotech Co., Ltd., Shanghai and Sigma (C5H9NO2, CAS
No. 147-85-3) Shanghai, China, respectively.

2.3. Effect of SA and Pro on Extracellular Enzyme Production by L. amnigena

The L. amnigena culture was inoculated into 250 mL of bacterial liquid (1.5 g peptone,
2.0 g glucose, 0.75 g beef extract, and 250 mL water) with and without SA and Pro, and kept
for 2 d at 37 ◦C in an Honour Instrument Shaker Machine (HNYC-202T, Guangdong, China).
One mL for each test of cultured bacterial liquid was taken and centrifuged at 10,000× g for
10 min at 4 ◦C. Supernatants were collected to perform the production levels of protease,
pectinase, pectin lyase, and cellulase, following protocol assay kits (Solarbio Science and
Technology Co., Ltd., Beijing, China). Pectinase, protease, pectin lyase, and cellulose were
measured at 540, 450, 235 and 540 nm, respectively, using a spectrophotometer (EPOCH2
Plate Reader, BioTek, Santa Clara, CA, USA). The activities were expressed as U mL−1.
Each activity was carried out three times.

2.4. Effect of SA and Pro on Potato Soft Rot

The combined effect of SA and Pro on the severity of potato soft rot was investigated
in this experiment. The experiment was carried out in a laboratory. Uniform healthy potato
tubers were sterilized for 1 min with 75% ethanol before being washed three times in
distilled water. The tubers were dried at room temperature. Using a sterile cork borer
(BML505-15 mm, Wuhan Servicebio Technology Co., Ltd., Wuhan, China), a hole (about
5 mm in diameter and 10 mm in depth) was made in the center of each sterilized tuber. The
tubers were pretreated with 1.5 mM SA and 2.0 mM Pro by pipetting them into the holes of
the tubers using a 1000 μL Filtered Pipette Tip (ISO9001:2015, Wuhan Servicebio Technology
Co., Ltd., Wuhan, China) 1 d before inoculation with the L. amnigena inoculum. A total of
0.3 mL of the L. amnigena inoculum was pipetted into the holes of the pretreated and
untreated tubers with a 1000 μL Filtered Pipette Tip, and water as a control (CK). The
inoculated tubers were placed in sterilized sealed plastic containers packed with ster-
ilized moist cotton (moderate) and kept for 7 d at room temperature. The experiment
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was repeated with three replicates and for each experiment; 15 tubers were used for
all the treatments.

2.5. Disease Assessment

The disease index (DI) of the tubers was measured up to 7 d after inoculation with PC3
inoculum. The disease index was determined using a method described by Scherf et al. [41],
with a 5 degrees scale (0–4), where 0 = no disease, 1 = trace to 25% of the tubers were
rotted, 2 = 26%–50% of the tubers were rotted, 3 = 51%–75% of the tubers were rotted,
and 4 = 76%–100% of the tubers were rotted. The DI was determined using the formula
DI (%) = [∑ (number of diseased tubers × disease index)/(total number of tubers investi-
gated × highest disease index)] × 100.

2.6. Sampling

Tissues were collected from inoculated tubers according to Zhang et al. [42] after 7 d
of treatment with SA and Pro using a sterilized sharp blade. Tissues of untreated tubers
were collected. Liquid nitrogen (Henan Boss Liquid Nitrogen Container Co., Ltd., Dongtai,
China, 78.0% by volume, 75.5% by weight) was used to freeze the collected tissues, ground
with a pestle and mortar into a powdery form, and then stored at −80 ◦C until use.

2.7. Malondialdehyde and Hydrogen Peroxide Content in Potato Tuber

The malondialdehyde (MDA) content was determined following the assay kit pro-
vided (BC0025, Solarbio Science and Technology Co., Ltd., Beijing, China). In brief, 0.1 g of
frozen potato tuber was ground in liquid nitrogen (Henan Boss Liquid Nitrogen Container
Co., Ltd., Dongtai, China, 78.03% by volume, 75.5% by weight). One mL of extract solution
was added and centrifuged at 8000× g for 10 min at 4 ◦C, and the supernatant was collected.
Regents were added according to the manufacturer’s instructions. MDA was measured
at 600, 532 and 450 nm, and expressed as μmol kg−1 FW. This was repeated three times.
The hydrogen peroxide (H2O2) content was estimated following the protocol of the assay
kit provided (BC3595, Solarbio Science and Technology Co., Ltd., Beijing, China). In brief,
0.1 g of frozen potato tuber was crushed in liquid nitrogen and placed on an ice bath in
1 mL of acetone. One mL of the extract solution was added and centrifuged at 8000× g for
10 min at 4 ◦C, and the supernatant was collected. Other regents were added according to
the manufacturer’s instructions. The H2O2 content was measured at 415 nm and expressed
as μmol kg−1 FW. All the results are expressed on a fresh weight (FW).

2.8. Assay of Some Enzymatic Activities

NADPH oxidase (NOX; EC 1.6.3.1) activity was measured following the protocol of
the assay kit provided (BC0630, Solarbio Science and Technology Co., Ltd., Beijing, China).
0.1 g of the frozen potato tuber was ground in liquid nitrogen. 1 mL of extract solution was
added to 0.1 g of frozen powder of potato tuber and centrifuged at 600× g for 5 min at 4 ◦C.
The supernatant was transferred to another centrifuge tube and centrifuged at 11,000× g
for 10 min at 4 ◦C. The various reagents were added as instructed by the manufacturer. The
absorbance (OD) value was determined at 600 nm, then NOX activity was expressed as
U g kg−1 FW. Peroxidase (POD; EC 1.11.1.7) activity was measured using the instructions of
the assay kit provided (BC0090, Solarbio Science and Technology Co., Ltd., Beijing, China).
0.1 g of the frozen potato tuber was ground in liquid nitrogen. One mL of the extract
solution was added to 0.1 g of frozen powder of potato tuber and centrifuged at 8000× g
for 10 min at 4 ◦C, and the supernatant was collected. Reagents were added as instructed.
The OD value was measured at 470 nm using a spectrophotometer and POD activity was
expressed as U g kg−1 FW.

Catalase (CAT; EC 1.11.1.6) activity was analyzed following the instructions of the
assay kit provided (BC0200, Solarbio Science and Technology Co., Ltd., Beijing, China).
0.1 g of the frozen potato tuber was ground in liquid nitrogen. One mL of the extract
solution was added to 0.1 g of frozen powder of potato tuber and centrifuged at 8000× g
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for 10 min at 4 ◦C, and the supernatant was collected. Reagents were added as instructed.
The OD value was performed spectrophotometrically at 240 nm and CAT activity was
expressed as U g kg−1 FW. Superoxide dismutase (SOD; EC 1.15.1.1) activity was analyzed
using the instructions of the assay kit provided (BC0170, Solarbio Science and Technology
Co., Ltd., Beijing, China). 0.1 g of the frozen potato tuber was ground in liquid nitrogen
and 1 mL of the extract solution was added, then centrifuged at 8000× g for 10 min at 4 ◦C,
and the supernatant was collected. Reagents were added as instructed by the manufacturer.
The OD value of SOD was measured at 560 nm and SOD activity was expressed as U g kg−1

FW. Polyphenol oxide (PPO; EC 1.14.81.1) activity was analyzed according to the protocol of
the assay kit provided (BC0195, Solarbio Science and Technology Co., Ltd., Beijing, China).
0.1 g of the frozen potato tuber was ground in liquid nitrogen. One mL of the extract solution
was added and centrifuged at 8000× g for 10 min at 4 ◦C, and the supernatant was collected.
Reagents were added as instructed by the manufacturer. The OD value of PPO was measured
at 420 nm and PPO activity was expressed as U g kg−1 FW.

Phenylalanine ammonia-lyase (PAL; EC 4.3.1.5) activity was determined using the
protocol of the assay kit provided (BC0210, Solarbio Science and Technology Co., Ltd.,
Beijing, China). 0.1 g of the frozen potato tuber was ground in liquid nitrogen, 1 mL of
the extract solution was added and centrifuged at 8000× g for 10 min at 4 ◦C, and the
supernatant was collected. The OD of PAL was measured spectrophotometrically at 290 nm,
then expressed as U g kg−1 FW. Cinnamyl alcohol dehydrogenase (CAD; EC 1.1.1.195)
activity was determined according to the instructions of the assay kit provided (BC4170,
Solarbio Science and Technology Co., Ltd., Beijing, China). One mL of extract solution was
added to 0.1 g of frozen powder of potato tuber, then centrifuged at 10,000× g for 10 min
at 4 ◦C, and the supernatant was collected. Other reagents were added as instructed by
the manufacturer. The OD was determined at 340 nm and CAD activity was expressed as
U g kg−1 FW. 4-coumaryl-CoA ligase (4CL; EC 6.2.1.12) activity was assayed following
the instructions of the assay kit provided (BC4220, Solarbio Science and Technology Co.,
Ltd., Beijing, China). One mL of the extract solution was added to 0.1 g of frozen powder
of potato tuber, then centrifuged at 8000× g for 10 min at 4 ◦C, and the supernatant
was collected. Other reagents were added as instructed by the manufacturer. The OD
was measured at 333 nm and 4CL activity was expressed as U g kg−1 FW. Cinnamate-4-
hydroxylase (C4H; EC 1.14.13.11) activity was determined using a kit provided (BC4080,
Solarbio Science and Technology Co., Ltd., Beijing, China). One mL of the extract solution
was added to 0.1 g of frozen powder of potato tuber, then centrifuged at 12,000× g for
15 min at 4 ◦C, and the supernatant was collected. Regents were added as instructed The
OD was measured at 340 nm and expressed as U g kg−1 FW.

2.9. Quantitative Real-Time (qRT) PCR Analysis

Quantitative RT–PCR (ABI 7500, Applied Biosystems, Foster City, CA, USA) was
conducted to evaluate gene expression (NOXB, PAL, CAD, 4CL, and C4H) and plant
defense-related genes [pathogenesis-related protein (PR1), tyrosine-protein kinase (PR2),
phenylalanine ammonia-lyase (PAL), Chitinase-like protein (CTL1), pathogenesis-related
homeodomain protein (PRH3), and serine protease inhibitor (SPI1)] in the potato tubers
subjected to SA and Pro treatments under L. amnigena stress. A PureLink® RNA Mini
Kit (Tiangen Biotechnology, Beijing, China) was used to extract total RNA. A Nano-Drop
spectrophotometer was used to measure the quantity and quality of isolated RNA at
absorbances of 230 and 260 nm. The A260/A280 ratio showed that the RNA was not con-
taminated with proteins. The Revert AidTM First Strand cDNA Synthesis Kit was used for
first-strand cDNA synthesis (Tiangen Biotechnology, Beijing, China). The 23 μL reaction
of cDNA contained 0.5 μL of RNA, 2 μL oligo (dT), 4 μL 5 × M-MLV buffer, 1 μL dNTPs,
0.5 μL RNasin, 1 μL M-MLV, and 14 μL of ddH2O. The primer sequences and NCBI gene
IDs are presented in Table 1. qRT–PCR was determined using 2 × SYBR Green qPCR
Master Mix (Shanghai LZ Biotech Co., Ltd., Shanghai, China). The 20 μL reaction mixture
contained 1 μL of each primer, 1 μL of cDNA, 0.4 μL of ROX reference dye, 10 μL 2 × SYBR
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Green qPCR Master Mix, and 6.6 μL of ddH2O, and was determined. Using potato actin,
relative expression levels were calculated using the formula 2−ΔΔCT [43]. For each gene,
three biological replicates were used.

Table 1. Gene description, primers sequences, and NCBI gene ID for the genes used for the qRT–PCR.

Gene Symbol Description Primer Sequence (5′-3′) Gene ID Activity

Act Actin F: ACAATGCTTGCACGTTTCCTC
R: TTAGCTGGGACCATTGCCTG 102605823 Antioxidant

NOXB NADPH oxidase F: CATTGCTTCTTCAGGCTCCG
R: CCACAAAGCCATCACCCAAA 111509039 Antioxidant

PAL Phenylalanine ammonia-lyase F: GAGGAGTATAGGAAGCCGG
R: CTCATCCCTTCCATCACCCA 102596017 Antioxidant

CAD Cinnamyl alcohol
dehydrogenase

F: GGCCTGATGATGTGCAAGTC
R: CCAACAAGCAATCCAACTCCA 102584791 Antioxidant

4CL 4-counmaryl-CoA ligase F: GCCCTGAATTTGTGTTTGCG
R: CCTTCACTTTCCCCGCAAAA 102596056 Antioxidant

C4H Cinnamate-4-hdroxylase F: AGTCTGAGGCTGCTAGTGT
R: GAGTCTGAGGCTGCTAGTGT 817599 Antioxidant

PR 1 Pathogenesis-related protein F: GCCAATCCAGGCTGTAGCA
R: AGTGGGGAAGAAGAATGTGGAC 102580826 Plant defense

PR 2 Tyrosine-protein kinase F: ACCGCCTTCGAGAACTAGAG
R: CCACAAACTTGCCATATCACCA 111517981 Plant defense

PRH3 Pathogenesis-related
homeodomain protein

F: GCAAAGGGGAAGCTGGGTAA
R: TGTTACTTTCAGCTGCATCCTCT 102596310 Plant defense

CTL1 Chitinase-like protein 1 F: ATTACGGTCGTGGTGCCTTG
R: ATCTGCAACTGCTTTCCGTG 102595303 Plant defense

PAL Phenylalanine ammonia-lyase F: TGGTGGTGCCCTTCAAAAAG
R: CGTAGCTTGTTATGTCATGATGAT 102596017 Plant defense

SPI1 Serine protease inhibitor-1 F: TAGGTGGCCAGAACTGGTTG
R: TGTGTTAGCGATTGTCCTTCGA 823839 Plant defense

Act Actin F: ACAATGCTTGCACGTTTCCTC 102593148 Plant defense
R: TTAGCTGGGACCATTGCCTG

2.10. Statistical Analysis

The data were subject to one-way ANOVA using the SPSS package (SPSS V16.0; SPSS,
Inc., Chicago, IL, USA). Treatment effects were determined using Duncan’s multiple range
test and significant results were expressed at p < 0.05.

3. Results

3.1. Effect of SA and Pro on Extracellular Enzyme Production by L. amnigena

The results of our study show that SA and Pro affected the synthesis of pectinase,
protease, pectin lyase, and cellulase, which are virulence factors in L. amnigena. The
application of SA and L. amnigena (PC3) (SA + PC3) lowered the production of pectinase,
protease, pectin lyase, and cellulase by 55.6, 73.1, 55.1, and 62.5%, respectively, compared to
the control (Figure 1). In addition, co-cultured Pro and PC3 (Pro + PC3) decreased pectinase,
protease, pectin lyase, and cellulase by 40.7, 64.5, 53.3, and 34.1%, respectively. However,
the combined SA and Pro with PC3 (SA + Pro + PC3) reduced pectinase, protease, pectin
lyase, and cellulase synthesis by 64.3, 77.8, 66.4, and 84.1%, respectively, compared to the
control (Figure 1).
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Figure 1. Effect of salicylic acid (SA) and proline (Pro) on Protease (A), Pectin lyase (B), Cellulase
(C), and Pectinase (D) production by L. amnigena. Data are presented as mean ± standard error (SE)
of two independent experiments performed in three replicates. Means with the same lowercase letters
are not significantly different at p < 0.05 according to Duncan’s multiple range test. PC3–L. amnigena.

3.2. Disease Assessment

The results show that SA or Pro and their combined treatments reduced the disease
index of potato soft rot. However, L. amnigena-treated tubers experienced a high incidence
of soft rot compared to potato tubers treated with SA and Pro (Figure 2). The results show
that applied SA reduced the disease index by 67.9% after 6 d of treatment. In addition,
applied Pro reduced the disease index by 64.6% after 6 d of treatment. However, the
combined application of SA and Pro reduced the disease index by 72.5% after 6 d of
treatment. The combination of SA and Pro treatment provided better disease control than
either SA or Pro application alone (Figure 2).

Figure 2. Effect of salicylic acid (SA) and proline (Pro) on the disease index of tubers inoculated with
L. amnigena (PC3). Data are presented as mean ± standard error (SE), based on two independent
experiments with three replicates. Means with the same lowercase letters are not significantly different
at p < 0.05 according to Duncan’s multiple range test.
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3.3. Effects of SA and Pro on MDA and H2O2 Content in Potato Tubers Inoculated with L. amnigena

Our results in Figure 3 show that L. amnigena stress significantly increased MDA and H2O2
contents in potato tubers by 50.0 and 40.7%, respectively, compared to the control. In Figure 3,
the beneficial impact of SA or proline or SA + Pro on decreasing oxidative stress and MDA and
H2O2 is observed. These treatments resulted in a significant decrease in MDA and H2O2, and
the best treatment was SA + Pro (77.2 and 83.8%), followed by SA then Pro (Figure 3).

Figure 3. Effect of salicylic acid (SA) and proline (Pro) on the MDA (A) and H2O2 (B) content of
potato tubers under L. amnigena (PC3) stress, where CK represents the control treatment with distilled
water. Data are presented as mean ± standard error (SE), based on two independent experiments
with three replicates. Means with the same lowercase letters are not significantly different at p < 0.05
according to Duncan’s multiple range test.

3.4. Effects of SA and Pro on NOX, SOD, POD, PPO, and CAT Activity in Potato Tubers
Inoculated with L. amnigena

The activities of NOX, SOD, POD, CAT, and PPO as stress indicators were higher in
potato tubers exposed to L. amnigena than in controls. The data presented in Figure 4A–E
show that antioxidant enzymes NOX, SOD, POD, PPO, and CAT activity significantly
increased by 69.3, 80.9, 78.0, 86.0, and 83.0%, respectively, in potato tubers under L. amnigena
stress treated with SA, respectively, compared with untreated stressed tubers. In addition,
Pro-treated tubers increased NOX, SOD, POD, CAT, and PPO activity by 62.1, 69.8, 70.4,
66.9, and 73.9%, respectively, compared with untreated stressed tubers. However, the best
results of NOX, SOD, POD, CAT, and PPO activity were recorded with SA + Pro treatment
compared with untreated stressed tubers (Figure 4A–E).
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Figure 4. Effect of salicylic acid (SA) and proline (Pro) on NOX (A), SOD (B), CAT (C), POD (D),
and PPO (E) activities in potato under L. amnigena (PC3) stress, where CK represents the control
treatment with distilled water. Data are presented as mean ± standard error (SE), based on two
independent experiments with three replicates. Means with the same lowercase letters are not
significantly different at p < 0.05 according to Duncan’s multiple range test.

3.5. SA and Pro Treatment Increased PAL, CAD, 4CL, and C4H Activity in Potaato Tubers
Inoculated with L. amanigena

In the current study, the results show that PAL, CAD, 4CL, and C4H activities increased
significantly by exposure to L. amnigena stress (Figure 5). However, the application of SA
led to an increase in PAL, CAD, 4CL, and C4H activities by 77.7, 73.6, 79.1, and 76.0%,
respectively, compared with untreated stressed tubers. Additionally, application of Pro
increased PAL, CAD, 4CL, and C4H activities by 70.4, 60.4, 72.1, and 64.9%, respectively, as
compared to the control. Similarly, the activities of PAL, CAD, 4CL, and C4H were higher
in the SA + Pro treatments than in the two single treatments (Figure 5).
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Figure 5. Effect of salicylic acid (SA) and proline (Pro) on CAD (A), PAL (B), C4H (C), and 4CL
(D) activities in potato tubers under L. amnigena (PC3) stress, where CK represents the control
treatment with distilled water. Data are presented as mean ± standard error (SE), based on two
independent experiments with three replicates. Means with the same lowercase letters are not
significantly different at p < 0.05 according to Duncan’s multiple range test.

3.6. SA and Pro Treatment Up-Regulated NOX, PAL, CAD, 4CL, and C4H Genes in Potato Tubers
Inoculated with L. amnigena

When compared to untreated stressed tubers, the NOX, PAL, CAD, 4CL, and C4H tran-
scripts were significantly induced in the SA, Pro, and SA + Pro treatments (Figure 6A–E).
SA treatment increased the expression of NOX, PAL, CAD, 4CL, and C4H genes 2.7, 2.8,
1.8, 1.8, and 1.6-fold, respectively, compared with untreated stressed tubers. Similarly,
Pro-treated tubers elevated the expression of NOX, PAL, CAD, 4CL, and C4H genes 2.5,
2.6, 1.7, 1.7, and 1.4-fold, respectively, compared with untreated stressed tubers. However,
in the SA + Pro treatments, the transcriptional levels of NOX, PAL, CAD, 4CL, and C4H
genes were significantly higher (3.1, 3.1, 2.2, 2.5, and 2.1-fold), respectively, compared to
the control (Figure 6A–E).

178



Sustainability 2022, 14, 8870

Figure 6. Effect of salicylic acid (SA) and proline (Pro) on the gene expression of PAL (A), NOX (B),
4CL (C), C4H (D), and CAD (E) in potato tubers under L. amnigena (PC3) stress, where CK represents
the control treatment with distilled water. Data are presented as mean ± standard error (SE), based
on two independent experiments with three replicates. Means with the same lowercase letters are not
significantly different at p < 0.05 according to Duncan’s multiple range test.

3.7. Effects of Combined SA and Pro Treatment on the Expression Levels of Plant Defense-Related
Genes in Potato Tubers Inoculated with L. amnigena

SA, Pro, and SA + Pro treatments affected plant defense-related genes (PR1, PR2, CTL1,
PAL, PRH3, and SPI1) (Figure 7A–F). The results show that PR1, PR1, CTL1, PAL, PRH3,
and SPI1 genes were elevated by exposure to L. amnigena stress (Figure 7A–F). However,
treatment of L. amnigena-infected tubers with SA increased the transcription levels of PR1,
PR2, CTL1, PAL, PRH3, and SPI1 2.8, 2.0, 2.1, 2.1, 2.5, and 2.7-fold, respectively, compared
to the untreated stressed tubers. Pro treatment also increased PR1, PR2, CTL1, PAL, PRH3,
and SPI1 2.5, 1.9, 2.0, 2.0, 2.4, and 1.5-fold, respectively, compared to L. amnigena alone
(Figure 7). However, treatment of combined SA and Pro further increased PR1, PR2, CTL1,
PAL, PRH3, and SPI1 3.1, 2.5, 2.6, 2.4, 3.0, and 2.9-fold, respectively, compared to the control.
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Figure 7. Effect of salicylic acid (SA) and proline (Pro) on the relative expression of pathogenesis-
related protein (PR1) (A), tyrosine-protein kinase (PR2) (B), Chitinase-like protein (CTL1) (C), pheny-
lalanine ammonia-lyase (PAL) (D), pathogenesis-related homeodomain protein (PRH3) (E), and serine
protease inhibitor (SPI1) (F) in potato tubers under L. amnigena (PC3) stress, where CK represents the
control treatment with distilled water. Data are presented as mean ± standard error (SE), based on
two independent experiments with three replicates. Means with the same lowercase letters are not
significantly different at p < 0.05 according to Duncan’s multiple range test.

4. Discussion

Extracellular enzymes can be used as a primary mechanism by pathogens, including
bacteria, to develop plant diseases. The activity of the extracellular enzymes permits
the pathogen to penetrate host tissues by breaking down the host cells’ defensive outer
layers. Extracellular enzymes secreted by microorganisms play an important role in disease
progression. These degrade plant materials into smaller particles that pathogens can easily
absorb and use for growth and development. In this current study, pectinase, protease,
pectin lyase, and cellulase were produced by L. amnigena, aiding it to cause potato soft
rot. Application of SA or Pro alone to L. amnigena reduced the synthesis of pectinase,
protease, pectin lyase, and cellulase. However, combined SA and Pro further reduced the
production of these enzymes. This means that, while using SA and Pro alone can limit
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extracellular enzyme production by L. amnigena, combining the two is the most effective.
Similarly, Bandara et al. [44] discovered that applied SA had an impact on the secretion
of protease and elastase by Pseudomonas aeruginosa, which is involved in the development
of microbial keratitis. Plant pathogens have evolved complex penetration, invasion, and
colonization tactics to disable susceptible hosts’ plant defense mechanisms and cause
disease [45]. The pathogen normally infects the plant by producing components that
are utilized to manipulate plant tissue to get physical access to the tissues and to draw
nutrients [46]. These factors allow the plant both to induce disease and to advance the
infection into the tissue’s core, resulting in a worsening of the disease situation. Pathogens
attack plants in different ways. One mode necessitates that the plants and living plant
tissues cooperate. Within the invaded plant tissues, the pathogen produces penetration
structures and a network of flagella [47]. This mass of cell wall structures generated in the
plant’s intercellular gaps extracts nutrients from the plant.

The reduction in disease severity caused by SA and Pro could be the result of the
antibacterial consequence of SA and Pro, which reduces L. amnigena production of extracel-
lular enzymes. The results show that the treatment of SA and Pro significantly reduced
potato soft rot induced by L. amnigena; we suggested that combined SA and Pro treatment
in the present study has synergistic effects on the control of potato soft rot caused by L.
amnigena. Our results could also be attributed to either a direct toxicity effect of SA and Pro
on L. amnigena growth or an indirect plant defense-related effect by inducing resistance in
infected tissues. Although the molecular mechanism of SA and Pro-induced L. amnigena
resistance is unknown, it appears to include inhibition of pathogen-secreted extracellular
enzymes. SA was found to be effective in generating localized acquired tolerance to Pec-
tobacterium carotovora subsp. carotovora infection [48]. Lastochkina et al. [49] previously
discovered that SA can boost potato resistance to F. oxysporum and Phytophthora infestans
postharvest disease. Eshgpour et al. [50] also reported that applied SA reduced infection
of Pectobacterium carotovorum causing potato soft rot in vitro studies, which are similar to
the current study’s findings. Our findings are comparable with those of Bawa et al. [51],
who found that applying SA to soybean seedlings decreased disease severity and induced
resistance to Fusarium solani. According to Li and Zou [52], foliar spraying tomato plants
with SA at a dosage of 2.0 mM resulted in a substantial reduction in disease severity. Ac-
cording to Yao and Tian [22], the roles of SA in reducing brown rot may be due to the
direct toxicity of SA on fungal mycelia and/or an indirect plant defense-related effect by
activation of some defense enzymes that play an important role, such as: (i) breaking down
the fungus cell wall (such as chitinase and -1,3-glucanase); (ii) saving the plant cell wall; or
(iii) increasing antioxidants (such as PAL or POD). According to Cecchini et al. [53], Pro is a
defense compound contributing to hypersensitive response and tolerance to diseases. Pro
treatments have thus been shown in several investigations to reduce the negative impacts
of environmental pressures such as pathogen infections [54]. Ben et al. [55] reported that
Pro application induces plant resistance to various pathogens through mechanisms such as
oxidative scavenger and gene expression regulation. Qian et al. [56] also found that applied
Pro mitigated superficial scald incidence and index in pear fruit.

A well-known side impact of stress is a buildup of oxidatives (reactive oxygen species,
ROS) [57]. To minimize ROS damage effectively, plants have evolved scavenging systems
like antioxidants. SOD, POD, PAL, and CAT, which are essential enzyme systems for
ROS scavenging mechanisms, are essential metrics used for measuring plant resistance to
stress. ROS scavenging mechanisms, are mediated by antioxidant enzymes and are the
first edge of defense against stress. To reduce ROS generation and interference, as well
as to alleviate the negative impacts of stress on plant growth and development, effective
antioxidant capacity is required [57]. Protein denaturation occurs in plant cells due to
oxidative stress, and significant amounts of MDA and H2O2 accumulate, which may act
as primary stress mediators and triggers of plant defense systems [58]. While reactive
oxygen species (ROS) can help improve plant tissue resistance to pathogen infections, high
accumulations of ROS also lead to lipid peroxidation and loss of plant organ membrane
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virtue. In this study, potato tubers responded to L. amnigena treatment by producing more
oxidants such as MDA and H2O2. SA reduced oxidant content in tubers inoculated with
L. amnigena by acting as an antibiotic against bacteria pathogens, which is consistent with
the study of Mishra and Baek [59]. Bawa et al. [60] found a decrease in H2O2 and MDA
levels in soybean plants treated with SA, compared to untreated soybean plants under
biotic stress. Studies by Estaji [61] and Sayyari et al. [62] discovered that applying SA
reduced oxidants such as MDA and H2O2 content in pepper and purslane, respectively,
under drought stress. According to Naeem et al. [63], SA at 0.5 mM may be administered
to tomato plants under saline conditions up to 90 mM, significantly alleviating the harmful
effect of salt stress. Iqbal et al. [64] demonstrated that SA supplementation reduced the
negative effects of salt stress on wheat cultivar development. The results show that the
content of MDA and H2O2 in Pro-treated tubers compared to untreated inoculated tubers
indicates that proline has efficacy in alleviation of L. amnigena-induced oxidative damage in
potato tubers. This finding agrees with the findings of Hayat et al. [65], who discovered that
applied Pro decreased MDA and H2O2 contents in pigeon peas subjected to cadmium stress.
Pro application enhances plant resistance to biotic stress [66]. However, the combined
therapy of SA and Pro with L. amnigena-infected tubers significantly reduced MDA and
H2O2 content. De Carvalho et al. [67] discovered that applied Pro reduced the negative
impacts of ROS as a result of increased SOD, POD, and CAT. The results of the current study
collaborate with those of Abdelaal et al. [32], who found that combined SA and Pro lowered
MDA and H2O2 levels in barley plants under drought stress. Sanchez-Rodriguez et al. [68]
demonstrated that tomato plants treated with Pro reduced MDA and H2O2 levels, while
increasing the activity of the antioxidant enzymes.

In a variety of plants, the role of antioxidant enzymes in plant defense against pathogen
stress has been studied [69]. The current study found that either SA or Pro alone increased
the activity of NOX, SOD, POD, CAT, and PPO in tubers subjected to L. amnigena stress.
However, combined treatment of SA and Pro with L. amnigena-infected tubers further
increased the activity of NOX, SOD, POD, CAT, and PPO, compared to the controls. The
role of SA in the antioxidative system is widely assumed to be that of a signal molecule. This
result suggests that SA treatment of L. amnigena-inoculated tubers may induce resistance
because it activates the plant defense system by increasing some enzymes (NOX, SOD,
POD, CAT, and PPO). Previous research has shown that, under stress, SA can maintain
the activity of antioxidant enzymes to some extent, and it may also help to limit the
impact of oxidative processes associated with disease development and spread, implying
that SA may play an important antioxidant role in oxidative processes associated with
plant defense responses [70,71]. Furthermore, SA-induced protein synthesis could be
used to activate antioxidants [72]. The findings support the findings of Ma et al. [73],
who found that during salt stress, SA raised the antioxidant enzyme activity in Dianthus
superbus. Similar results were obtained in a previous work on Portulaca oleracea L., in which
SA increased antioxidant enzyme activity, lowering ROS concentrations under diverse
environmental conditions [74]. By adhering to hydrogen bonds, Pro can increase protein
stability and safeguard membrane integrity [75]. Pro may also protect cells by enhancing
water absorption capacity and promoting enzyme activity [76]. Pro, in addition to being
an osmolyte, is a powerful antioxidative defense molecule, a metal chelator, a protein
stabilizer, a ROS scavenger, and an inhibitor of programmed cell death [77,78]. Exogenous
Pro has been shown in several studies to improve plant stress tolerance [7,79]. This type
of treatment may activate stress avoidance systems by increasing stress tolerance and
enhancing reactivity to stress triggers during a later stressful condition [54]. Pro contributes
to the plant’s stress response by enhancing antioxidant enzymes [65]. Pro was found to
increase the enzyme’s activity associated with the ascorbate–glutathione revolution [80],
implying a role in improving cell antioxidant capacity. Abdelhamid et al. [81] discovered
that applied Pro raised SOD, CAT, and POD in Phaseolus vulgaris L. plants subjected to
salt stress. Furthermore, Tabssum et al. [82] reported that applied Pro at 50 mM increased
SOD and CAT activity in rice under salt conditions. Ghaffari et al. [83] reported that
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Pro-mediated changes in antioxidant enzymatic activities and the physiology of sugar
beet under drought stress. Pro regulates the activity of SOD, CAT, and POX enzymes in
plant cells, as well as their involvement in metabolic response development in response
to environmental factors, according to Abdallah and El-Bassiouny [84]. The results of the
present study are also in agreement with those of Abdelaal et al. [32], who discovered that
combining SA and Pro increased drought resistance in barley plants through modulation of
antioxidant activities. Based on the findings, it is proposed that the reduction of oxidative
stress by activated antioxidant enzymatic systems may contribute to the synergistic effects
of SA and Pro in the control of L. amnigena-caused potato soft rot.

Phenylpropanoid metabolism aids in the reduction of potato soft rot by providing
substrates for the synthesis of phenolic and monolignin with antibacterial properties [85].
PAL is an important enzyme that initiates this metabolism by deaminating L-phenylalanine
to trans-cinnamic acid [86]. In the current study, SA and Pro treatments significantly in-
creased the production of phenylpropanoids such as PAL, CAD, 4CL, and C4H in potato
tubers inoculated with L. amnigena. This could be due to an increase in the expression
levels of phenylpropanoid-related genes following treatment with SA or Pro, as previ-
ous research has shown that different types of elicitors increase the expression levels of
phenylpropanoid-related genes and increase phenolic compound accumulation. Thus,
SA and Pro treatment may promote the phenylpropanoid pathway by increasing enzyme
activity and the synthesis of phenol compounds and lignin at the tuber’s rotting site. SA
may affect the phenylpropanoid pathway by inducing key enzymes such as PAL, CAD,
4CL, and C4H, resulting in phenolic compound accumulation. PAL, CAD, 4CL, and C4H
also act as plant defense mechanisms, and the activities of these phenylpropanoids help the
potato tubers to reduce the excess reactive oxygen species which is the source of oxidative
stress during pathogen infection [87]. Plants can successfully induce PAL, CAD, 4CL, and
C4H activity when infected with microorganisms such as bacteria pathogens [20,88]. Our
results confirm this; PAL, CAD, 4CL, and C4H activities increased in L. amnigena-infected
tubers treated with SA and Pro.

The important role of SA and Pro in protecting plants from stress may be due to their
capability to increase the gene expression of PR proteins [89]. In this current study, potato
tubers infected with L. amnigena increased relative expression of NOX, PAL, CAD, 4CL,
and C4H compared with the control. However, combined treatment of SA and Pro with L.
amnigena-infected tubers significantly up-regulated NOX, PAL, CAD, 4CL, and C4H genes.
Lavrova et al. [90] reported that applied SA promotes gene expression in tomato plants
infected with pathogens. These findings also support those of El-Esawi et al. [91], who
found that bZIP62, DREB2, ERF3, and OLPb were increased in rosemary plants treated with
SA, implying that applied SA-modulated genes enhanced the rosemary plants’ resistance
to the salinity condition. SA reduces oxidative damage caused by L. amnigena stress by
up-regulating antioxidant defense mechanisms, making potato tubers more resistant to
this type of biotic stress [92]. The Pro is a radical scavenger, in addition to being a suitable
osmolyte [93]. As a result, Pro served as both an osmolyte molecule and an antioxidant [94].
Pro also serves as an antioxidative defense molecule and a signaling molecule during stress,
in addition to being an effective osmolyte [93].

Plant defenses defined by pathogen gene-for-gene recognition by plants containing
resistance genes have also been connected to the stimulation of SA-dependent R-genes.
Higher expression of PR proteins has been linked to activated resistance attained with SA
in earlier research [95]. In addition, SA-primed stressed-infected plants had 1.7, 2.9, 2.1, 2.5,
and 2-fold IAA27, MPK1, GPX, chitinase, and 1,3-glucanase, respectively, than non-primed
susceptibility inoculation controls. Since these genes are critical for developing resistance
during the host–pathogen interaction, the high level of IAA27, MPK1, GPX, chitinase,
and 1,3-glucanase correlates with disease protection studies. The increased stimulation
of defense gene processes in potato tubers treated with SA or Pro alone suggests the
molecular mechanisms governing both SA and Pro to alleviate L. amnigena infection in
tubers. Combined treatment of SA and Pro with L. amnigena-infected tubers induced the
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up-regulation of PR1, PR2, CTL1, PAL, PRH3, and SPI1, compared to the controls, which
led to the most important effector genes for systemic acquired resistance (SAR) mediated
by SA and Pro [96,97]. Chen et al. [98] discovered that applied Pro at 0.5 mM activated PR
gene expression. The discovery that Pro raises the OxyR gene implies that Pro metabolism
raises ROS scavengers. OxyR reacts with H2O2 to form a disulfide bond between Cys199
and Cys208, resulting in OxyR regulon transcriptional activation [99].

5. Conclusions

The use of SA and Pro could help to reduce potato soft rot caused by L. amnigena.
It could be attributed to the stimulation of antioxidant enzymes and the alleviation of
oxidative damage caused by pathogenic infection, which stabilized intracellular redox
homeostasis. SA and Pro treatment also increased the activities of PR1, PR2, CTL1, PAL,
PRH3, and SPI1 in the tuber, which may slow the growth of pathogenic bacteria (L. amni-
gena). These findings suggest that antioxidants and plant defense-related genes, particularly
in potato tubers, are important in the defense response to pathogen infection.
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