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ABSTRACT

COLLARES, Lara Jardim, M.Sc., Universidade Federal de Vigosa, June, 2022.
Systematic literature review and meta-analysis of phytochemicals as
insecticides: trends and knowledge gaps. Advisor: Raul Narciso Carvalho Guedes.
Co-advisers: Leonardo Morais Turchen, Karina Dias Amaral and Terezinha Maria C.
Della Lucia.

To understand the context, the biases, and knowledge gaps of research with
insecticides of botanical origin, this literature review was carried out assessing 76
years of research and covering 4,780 scientific articles for qualitative and quantitative
analyses, including three meta-analyses. The study pointed out that the main botanical
insecticides belong to the following major chemical groups: terpenoids, terpenes and
carbonyl, which were all mainly tested in Coleoptera, Lepidoptera and Diptera insects.
The survey also shows that despite the exponential growth of publications over the
years, there are some biases and gaps that require attention. The evident focus on
mortality estimates neglects the assessment of sublethal effects. In addition, most
studies use only one group of species as experimental models (stored grain pests),
which limits the applicability and representativeness of the results and information
generated. As a result, the most common mode of exposure is by fumigation and
contact. Thus, there is a predominance of estimates of lethal concentrations rather
than lethal doses in these studies. Therefore, based on the evidence gathered, we
recognize the need of studies with a broader range of insect species and the need to
identify and characterize the molecules responsible for the insecticidal effect. This will
allow us to circumvent current biases and recognize the main patterns of the
relationship between the origin and structure of phytochemicals and their physiological
and behavioral effects on insects.

Keywords: Botanic molecules. Insect. Review.



RESUMO

COLLARES, Lara Jardim, M.Sc., Universidade Federal de Vigosa, junho de 2022.
Revisdao sistematica da literatura e meta-analises de fitoquimicos como
inseticidas: tendéncias e lacunas do conhecimento. Orientador: Raul Narciso
Carvalho Guedes. Coorientador: Leonardo Morais Turchen, Karina Dias Amaral e
Terezinha Maria C. Della Lucia.

Para compreender o contexto, os vieses e as lacunas de conhecimento das pesquisas
com inseticidas de origem boténica, esta revisdo de literatura foi realizada avaliando
76 anos de pesquisa e abrangendo 4.780 artigos cientificos para analises qualitativas
e quantitativas, incluindo trés meta-andlises. O estudo apontou que o0s principais
inseticidas botanicos pertencem aos seguintes grandes grupos quimicos: terpendides,
terpenos e carbonila, todos testados principalmente em insetos Coleoptera,
Lepidoptera e Diptera. A pesquisa também mostra que apesar do crescimento
exponencial das publicagées ao longo dos anos, existem alguns vieses e lacunas que
requerem atencdo. O foco evidente nas estimativas de mortalidade negligencia a
avaliacdo dos efeitos subletais. Além disso, a maioria dos estudos utiliza apenas um
grupo de espécies como modelo experimental (pragas de grados armazenados), 0 que
limita a aplicabilidade e representatividade dos resultados e informacdes geradas.
Como resultado, 0 modo mais comum de exposicao é por fumigacao e contato. Assim,
ha uma predominancia de estimativas de concentragdes letais ao invés de doses letais
nesses estudos. Portanto, com base nas evidéncias reunidas, reconhecemos a
necessidade de estudos com uma gama mais ampla de espécies de insetos e a
necessidade de identificar e caracterizar as moléculas responsaveis pelo efeito
inseticida. Isso nos permitird contornar os vieses atuais e reconhecer os principais
padrdées da relagdo entre a origem e a estrutura dos fitoquimicos e seus efeitos

fisiologicos e comportamentais nos insetos.

Palavras-chave: Moléculas botanicas. Inseto. Revisao.
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INTRODUCTION

“If we want to understand where good ideas come from, we have to put them
in a context” (Steven Johnson, 2011). The context attributes meaning, solves
investigations, diagnoses patients, and avoids fake news. Understanding the context
allows us to draw a line of correlations on space and time.

Drawing the timeline of processes is the first step to tell a good story about a
theme. That is exactly what a literature survey and review does. The literature review
gathers scientific evidence and tells us one out of the various stories that can be told.
To tell this story and gather the facts, meta-analysis is also used, as a tool that
statistically integrates the results of independent studies and synthetizes them in only
one view that can be easily interpreted (Gurevitch 2020; Chueke and Amatucci 2022).

Several reviews and meta-analyses have already been published using insect
control and pointed out the importance of synthetic insecticides for agriculture and
public health (e.g., Cooper e Dobson 2007; Nauen et al. 2007). However, the harm
that arises from the indiscriminate use of these synthetic pesticides, such as
environmental contamination (Albuquerque et al. 2016; Vieira et al 2016; Mansouri et
al 2017), residues in food (YANG et al. 2019; Caldas et al. 2011; Avancini et al. 2013)
and selection of resistant insect populations (Silva et al. 2016; Ribeiro et al. 2017,
Guedes et al. 2020), is also important. Thus, it is extremely important the permanent
search for insecticidal substances that cause less environmental and social impact,
aiming for a more sustainable agriculture.

Botanical substances have been studied as an alternative to synthetic
insecticide (Ansante et al. 2015; Turchen 2016; De Cassia Domingues et al. 2020;
Maia et al. 2020) because they are perceived as exhibiting lower toxicity to mammals,
greater selectivity and safety for non-target organisms, lower risk of resistance
development and lower environmental persistence (Rosell 2008; Glare 2012; Seiber
2018). However, recent reviews pointed out some limitations of studies on botanic
insecticides and a consequent appeal for evidence and information within this subject
(Turchen, Cosme-Junior, Guedes 2020; Khalid et al. 2020).

The insecticide and/or repellent effect of plants in insects is the result of the
evolution of various defense mechanisms of these plants, acting together in the
attempt to reduce the harm that can be generated by phytophagous insects (Talk
Gajger and Dar 2021). Therefore, botanical molecules can be potentially used as



insecticides, or as model for the synthesis of new insecticidal molecules, or yet they
can be structurally modified resulting in new ones, efficient for pest control (Xu et al
2016); a classic example are the pyrethroids that developed in since the 1960’s from
pyrethrins obtained from chrysanthemum flowers.

Therefore, this work aimed to survey the studies and contextualize the world
research scenario of botanical insecticide molecules using a systematic literature
survey and meta-analyses. The article also sought to recognize which chemical groups
the main insecticide substances of botanical origin belong to and recognize the main

convergence and gaps among the studies carried out so far within this subject.
MATERIAL AND METHODS

Data collection
This study followed the PRISMA approach for the systematic literature survey

(Moher et al 2006). The systematic review and meta-analysis followed the steps of
identification, screening/elimination, eligibility and inclusion.

The database used was Web of Science from 1945 to April 2021. The search
was performed with the following keywords: “bioinsecticide” or “extract” or
“phytoinsecticide” or “essential-oil” or “natural molecules” or “natural compounds” or
“‘botanical insecticide” or “pesticide”, in mandatory combination with the words
“‘insecticidal activity” or “insecticide” and the word “insect”. Only scientific articles
published in English in peer-reviewed journals were retained.

Screening

The initial dataset compiled was used for basic screening based on the following
exclusion criteria: review and/or comparison articles; articles with restricted access or
duplicates; articles with incomplete information. Subsequently, the manuscripts were
selected, based on their titles and abstracts, using the following the inclusion criteria -
address the toxicity of isolated botanical substances on insects.

For eligibility, the articles underwent a second screening (full text) to exclude
studies that did not establish or present dose/mortality and/or concentration/mortality
relationships. Articles without sufficient statistical data were also excluded, as well as
those that were not relevant to the research objective focused here.

Data extraction

For each publication, the following information was recorded: doi; article title;

publication date; geographic coordinates of the article's first author's address; species
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of plant(s) from which the substance is derived; plant family(s); substance(s) studied;
studied insects; insect order; developmental stage of the insect(s); instar of the
insect(s); presence of sublethal effect; presence of transgenerational effects; exposure
route; parameter type (DL or CL); DL or CL value(s); confidence interval value(s); and
number of subjects in the control treatment.

The recorded substances were classified following the group proposed by
Egbuna et al. (2018): Phenolics; terpenes; terpenoids; organonitrides; organosulfides;
and others. The aromatic (non-phenolic) and carbonyl classes were also added to

group the other substances (Table 1).

Table 1. Chemical classification of substances

Classes Representative constituints

Phenolics Polyphenols; aromatic acid derivatives

Aromatics Non-phenolic aromatics

Terpenes Monoterpenes; Sesquiterpenes; Diterpenes; Triterpenes; Polyterpenes
Terpenoids Carotenoids; Xanthophylls; Triterpenoid; Steroids

Organonitrides Alkaloids; Cyanogenic glucosides; Nonprotein amino acids
Organosulfides Allicin; Alliin; Piperine; Glutathione; Phytoalexins

Carbonyl Substances with the carbonyl group

Others Phytic acid; Oxalic acid; Tartaric acid; Malic acid; Quinic acid

Only papers that had toxicological endpoints with units convertible to ppm (94
articles) were used in the quantitative meta-analyses to allow direct comparisons and
testing. For the other analyses, the data resulting from the filtering were all used.
Statistical analyses

A binary meta-analysis was used to test the chances of evaluating sublethal
effects. Within this context, the odds ratio and 95% confidence intervals were used to
determine the overall effect measured, where the odds ratio is the probability of an
outcome between two alternatives. These estimates were submitted to formal meta-
analysis with a random effect model considering chemical classes as a group, and
insect orders as a subgroup. The quantification and heterogeneity-test (i.e., Q, H, and
1°) were conducted, and the inverse variance and DerSimonian—Laird methods were
used to estimate the between-study variance (12). Studies with n < 1 event in both
groups were excluded from meta-analyses.
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Two additional quantitative meta-analyses were used to quantify lethal doses
and concentrations among different exposure methods and chemical groups. Lethal
dose (LDso) or lethal concentration (LCso) and 95% confidence intervals were used to
determine the median values in the exposure methods and chemical groups. In this
case, the LC50 or LD50 data were converted to units of ppm and transformed by a
natural logarithm to allow for comparison.

All analyzes were carried out using software version R. 3.5.1 (R Development
Core, Vienna, Austria) with the packages “meta”, “metafor” and “stats”. The graphical
illustrations (qualitative and quantitative) were produced with Wacom creative table

(Intuos S, Tokyo, Japan) using Corel Painter (Essential 7, Ottawa, ON, Canada).

RESULTS

The literature survey in the Web of Science database resulted in 4,780 articles, but
after the initial filtering, the number was reduced to 4,204 articles, which were
subsequently screened based on titles and abstracts. Of these selected articles, 550
articles met our initial selection criteria and were subjected to full-text screening. One
hundred and thirty-eight (138) papers were deemed as suitable for the purposes of the

desired qualitative and quantitative analyses (Figure 1)
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References identified through database searching (n=4728)

‘ References excluded by exclusion criteria (n=524)

| Extracted reference without doi or title (n=467)

Duplicate references (n=2)
| References with restricted access (n=14)

Review or comparative articles (n=41)

Articles excluded in the first filter - title and abstract (n=3654)

‘ Articles without dose/mortality parameter for substance (n=4)

Content outside the scope of entomology (n=3)

‘ Axticles that did not evaluate the effect of the isolated substance (n=706)

Articles outside the scope of this study (did not evaluate the effects of
botanical substances on insects) (n=2941)

| Articles excluded in the second filter - full article (n=412)

Articles that did not show the confidence intervals of the results (n=2)

Aurticles without dose/mortality parameter for substance (n=282)

Articles outside the scope of this study (did not evaluate the effects of
botanical substances on insects) (n=128)

| Articles used in this study (n=138)

‘ Articles used in Meta-analyses LC (n=84)

Articles used in Meta-analyses LD (n=12)

| Articles used in other analyses (n=138)

Figure 1. Flowchart diagram describing the steps of filtering data from scientific papers
obtained from the systematic literature survey review using the Web of Science
database (1945-April 2021).

Authors of studies evaluating the effects of insecticidal molecules of botanical
origin were mainly from Asia, especially China. The results showed that Asia is the
continent with the largest number of researchers and the largest number of substances
studied. On the other hand, researchers from Africa and Europe published little on the
subject, only seven and eight articles from these countries, respectively. None of the
studies analyzed originated in Oceania (Figure 2).

Although Europe publishes more than Africa, African publications have a greater
number of substances studied per publication. The average number of substances
studied per article in the world is 4.19 substances, while in Africa this average is 5, in



13

Asia it is 4.8, in Europe it is 3.4 and in the America an average of only 2.5 substances
are studied per article (Figure 2).

a) Number of papers b) Number of papers
100-

754
50 -

254

Asia AmericaAfrica Eu'ropa

d) Number of substances
500+

4004
300+
2004

100+

= 0 Asia AmerlcaA!rlca Europa

Figure 2. (a) Maps and bar plots identifying the geographic distribution of the first
author of published articles that were used in this research. (b) Number of works
produced by authors from each continent. (c) Bubble chart map indicating the number
of substances studied by region. (d) Number of times that substances of botanical
origin were studied by authors from each continent.

The first article published in the period of analysis was in 1993. In the following
five years, no article was published and 84% of all articles analyzed were published
after 2010 (Figure 3).

The most studied class of insecticidal substances so far studied are terpenoids
34% followed by terpenes 23.2% and carbonyl 16.4%. The least studied class are
organonitrides (2%) and others (2.8%).
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Figure 3. Scatterplot of number of articles with the chemical group published per year.
(o que significam os tamanhos diferentes?)

Research with insecticidal molecules of botanical origin involved mainly insects
of the Coleoptera order (42%). Compounds from 35 botanical families were studied,
with Lamiacea, Asteraceae and Rubiacea being the families with the most substances
studied, respectively (Figure 4). Overall, the studies were diversified, testing

compounds originating from different families in the same insect order.
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Figure 4. Interaction between the diversity of plant families and insect orders studied
from the bibliographic survey of articles on insecticidal molecules of botanical origin;
the thickness of the bar and line under each order/family connecting them corresponds
to the relative number of articles dealing with said insect groups and molecules derived
from plant groups. (n= numero de paper que foram usados para essa figura?).

Eighty seven percent (87%) of the studies assessed substances from the
terpenoid, terpene, carbonyl or phenolic groups, 73% of which belong to the terpenoid
and terpene classes. The main insect orders studied were Coleoptera, Pscocoptera,
Diptera and Lepidoptera, which correspond to 86% of the studies and encompassed
all chemical groups (Figure 5).
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Figure 5. Interaction between the diversity of chemical groups of the insecticidal
substances studied and the orders of insects tested based on the literature survey of
articles on insecticidal molecules of botanical origin; the thickness of the bar and line
under each chemical order/group connecting them corresponds to the relative number
of articles dealing with said insect groups and chemical groups (n= numero de paper
qgue foram usados para essa figura?).

The most frequent method of exposure observed in the studies screened were
fumigation, followed by topical exposure, contact and finally ingestion. Fumigation was
used for testing almost half of the analyzed substances (48%) and was present in 39%

of the articles surveyed (Figure 6).
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a) Proportion of papers b) Proportion of substances

Contact
0.20

Contact
0.25

Ingestion
0.06

Ingestion
%.07

Fumigation Fumigation
0.39 0.48

Figure 6. Types of exposure route present in the experiments of the analyzed articles.
(n= percentage of papers and substances)).

The low incidence of tests for sublethal effects in studies with insecticidal
substances of botanical origin was subjected to subsequent analyses to detect whether
the perceived bias was restricted to some insect orders and/or some chemical group
of substances, or if the trend was general (Figure 7).

The global effect estimated by the meta-analysis confirmed that the sublethal
effect of substances of botanical origin was almost never tested (i.e., RR =0.34; z = -
4.8; P > 0.001). When the subgroups are analyzed individually - terpenoids, phenolics
and organonitrides, it is statistically evident that the sublethal effects are not a target
of attention, while the combined estimates of the other substance subgroups were not
statistically significant either. O que isso nos diz? (descreva brevemente)

The overall effect of the dataset exhibited low heterogeneity between chemical
groups (I = 9%). However, a median heterogeneity (between 19% and 49%) was
observed in the subgroup of terpenes, carbonyl and phenolics. This is because the
studies evaluating this effect were carried out mainly in the orders Lepidoptera and
Psocoptera.



Chemical group / insect order

Terpenoid
Blattodea
Coleoptera
Diptera
Hemiptera
Hymenoptera
Lepidoptera
Phthiraptera
Psocoptera
Overall effect
Heterogeneity: /% = 0%, t > = 0.0222, p = 0.57
Terpene
Blattodea
Coleoptera

Diptera —

Sublethal effect

No

Hemiptera

Hymenoptera
Lepidoptera
Psocoptera
Overall effect
Heterogeneity: /% = 39%, t 2= 1.0279, p = 0.13
Carbonyl
Blattodea
Coleoptera
Diptera

Hemiptera

Hymenoptera
Lepidoptera

Psocoptera

Overall effect
Heterogeneity: /2 = 49%, t 2 = 1.9301, p = 0.07
Aromatic
Blattodea

Yes

Coleoptera

Diptera

Hemiptera

Hymenoptera

Lepidoptera

Psocoptera

Overall effect

Heterogeneity: 12 = 0%, t =0, p = 0.75

Blattodea

Coleoptera

Diptera

Hemiptera

Lepidoptera

Psocoptera

Overall effect

Heterogeneity: /2 = 19%, t 2 = 0.8900, p = 0.29

Coleoptera

Hemiptera

Lepidoptera

Psocoptera

Overall effect

Heterogeneity: 2= 0%, t2=0, p =098

Coleoptera

Diptera

Lepidoptera

Overall effect

Heterogeneity: /> = 0%, t > =0, p = 0.82

Blattodea

Coleoptera

Diptera

Lepidoptera

Overall effect

Heterogeneity: 12 = 0%, t > = 0, p = 0.62

Overall effect z=-4.80; P> 0.001

$

Heterogeneity: 17 = 8%, t 2 = 0.4375, p = 0.29 I
Test for subgroup differences: xz =7.04,p =042 0.001

0.1

1

10

Odds ratio

1000

OR

0.1
0.50
0.16
0.16
1.00
0.16
0.1
1.00
0.38

0.11
0.77
0.11
0.25
0.25
0.56
7.1
0.60

0.1
0.34
0.02
0.25
0.04
4.00
1.78
0.34

0.1
1.00
0.1
0.1
0.1
1.00
1.00
0.59

0.1
0.1
0.02
0.02
4.00
0.1
0.12

0.25
0.1
0.11
0.11
017

0.11
0.1
0.02
0.06

0.1
0.1
0.02
1.00
0.14

0.34

95% Cl weight

[0.00;
[0.21;
[0.03;
[0.02;

[0.08;
[0.03;

[0.00;
[0.23:
[0.21;

[0.00;
[0.28;
[0.01;
[0.01;
[0.01;
[0.07;

[1.08;
[0.19;

[0.00;
[0.09;
[0.00;
[0.01;
[0.00;

[0.36;

[0.21;
[0.08;

[0.00;
[0.23;
[0.00;

[0.00;

[0.00;
[0.10;

[0.08;
[0.22;

[0.00;
[0.01:
[0.00;
[0.00;

10.27]
1.21]
0.82]
1.63]

15.99]
0.82]

10.27]
4.40]
0.69]

10.27]
2.11]
1.07]
7.45]
7.45)
4.67]

46.44]
1.94]

10.27]
1.27]
0.30]
7.45)]
2.93]

44.11]

14.77]
1.47]

10.27]
4.40]
2.73]

10.27]

10.27]
9.61]

15.99]
1.59]

10.27]
1.07]
0.40]
1.35]

[0.13; 119.23]

[0.00;
[0.02;

[0.02;
[0.00;
[0.00;
[0.00;
[0.03;

[0.00;
[0.00;
[0.00:
[0.00;

[0.00;
[0.00;
[0.00;
[0.02;
[0.02;

[0.22;

10.27]
0.57]

2.76]
10.27]
10.27]
10.27]

1.01]

10.27]
10.27]
1.35]
0.76]

10.27]
10.27]
1.35]
50.40]
1.16]

0.9%
7.9%
4.4%
2.7%
2.1%
4.4%
0.9%
5.0%
28.2%

0.9%
7.1%
2.8%
1.5%
1.5%
3.1%
3.7%
20.6%

0.9%
5.6%
1.9%
1.5%
1.0%
2.6%
3.1%
16.5%

0.9%
5.0%
1.6%
0.9%
0.9%
2.8%
2.1%
14.1%

0.9%
2.8%
1.8%
1.0%
1.5%
0.9%
8.9%

2.6%
0.9%
0.9%
0.9%
5.2%

0.9%
0.9%
1.0%
2.7%

0.9%
0.9%
1.0%
1.1%
3.9%

0.53] 100.0%

18

Figure 7: Binary meta-analysis evaluating the existence or not of sublethal effect in
articles that evaluated the insecticidal effect of botanical substances. The meta-
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analysis is divided into chemical groups into which the substances were classified and
into the orders (subgroups) into which the insects were classified.

Additional meta-analyses were performed to recognize whether the potency or
toxicity of the insecticidal substances of botanical origin (represented by their chemical
groups and their LC50’s) varied with their mode of exposure, if by contact, fumigation,
ingestion and topical. The general trends estimated by a random model in meta-
analysis (see purple diamond) show that lethal concentrations of insecticidal
substances of botanical origin were greater than 1 ppm, being approximately 20 ppm
(general effect = In 3.00) (Figure 8).

When the subgroups are analyzed individually, it is apparent that topical
exposure and ingestion followed the overall effect not exhibiting significant difference
among phytochemical groups. Nonetheless, the response was heterogeneous varying
among modes of exposure. Thus, such differences were significant among
phytochemicals for fumigation and contact, and the effect of the different chemical
groups was heterogeneous (100% and 89%, respectively), especially due to the low
toxicity exhibited by organosulfides and the others compounds.
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Concentration

Exposure / Chemical group . In(CL,,) 95%-Cl Weight
less high

Contact i
Organosulfide ] ! -10.88 [-10.88; -10.88] 7.6%
Others % 247 [ 1.80; 3.13] 7.5%
Organonitride 309 [028 591] 69%
Phenolic +B— 495 [-1.72; 11.62] 48%
Aromatic —E— 559 [-5.25; 16.42] 3.0%
Terpenoid SR 724 [-3.33; 17.81] 31%
Terpene e 7.82 [-3.68: 19.32] 2.8%
Carbonyl —yv—&—— 1030 [-7.17; 27.77] 1.5%
Overall effect - 237 [-2.89; 7.63] 37.2%
Heterogeneity: /% = 100%, t = 41.6668, p < 0.001 )

I
Fumigation :
Others I -1.82 [-1.86; -1.78] 7.6%
Phenolic 0.81 [-0.25; 1.88] 7.5%
Organosulfide 154 [ 023; 285 74%
Carbonyl 3.67 [-1.03; 8.37] 59%
Organonitride 404 [-2.04; 10.13] 51%
Terpene 455 [-270; 1181] 4.5%
Aromatic 8.62 [-4.91; 2216] 2.3%
Terpenoid 872 [-669; 2413] 19%

Overall effect
Heterogeneity: /1 = 89%, t = 4.1500, p < 0.01

1.37 [-0.64; 3.38] 42.1%

Ingestion

Organonitride 387 [-3.37; 11.10] 4.5%
Phenolic 480 [-5.15; 14.76] 3.3%
Terpenoid 504 [-479; 1487] 34%
Others 7.68 [-6.20; 21.56] 2.2%
Carbonyl o 12.53 [-14.13; 39.18] 0.7%

]
Overall effect e 503 [ 0.37; 9.68] 14.1%
Heterogeneity: /2= 0%,t%=0, p =097

I
'
i

Organonitride —:—l— 9.03 [-5.70; 23.77] 2.0%

Topical

Terpenoid B T 910 [-6.77; 24.97] 1.8%
Terpene — T & 962 [-8.54; 27.79] 1.4%
Organosulfide —+—8— 1093 [-8.17; 30.03] 1.3%
Overall effect — 9.54 [ 1.19; 17.89] 6.5%
Heterogeneity: 1% = 0%, t 2= 0, p = 1.00 :

Overall effect z=-242:P=0015 + 3.00 [ 0.57; 5.42] 100.0%

Heterogeneity: 17 = 100%2t 20.19, P < 0.001
Test for subgroup differences: x; =5.03,P=017 f |

-20 0 20

Figure 8: Quantitative meta-analysis comparing the LC50’s, as toxicity endpoints in
papers that evaluated the insecticidal effect of botanical substances. The meta-
analysis is divided into chemical groups into which the substances were classified and
into the orders (subgroups) into which the insects were classified. Concentrations
(ppm) were transformed by natural logarithm. O que significam os quadrados,
losangos e barras ? A legenda precisa ser bem informativa.

Another meta-analysis was carried out with the same purpose as the previous
one, but now to recognize whether the toxicity determined through LD50 estimates of
insecticidal substances of botanical origin (represented by their chemical groups) was
different in the different modes of exposure: contact, fumigation and topical. As for
LD50, the general trends estimated by random model in meta-analyses (see purple
diamond) show that lethal doses of insecticidal substances of botanical origin were
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greater than 1 ppm, approximately 18 ppm (general effect= In 2.88); they were similar
for all exposure routes. This can be explained by the lack of work using LD50,
regardless of the chemical group used as the source of the substance (Figure 9). The
overall toxicity among phytochemicals was not significant, but there was significant
variation among modes of exposure. Therefore, when each mode of exposure was
individually considered, the response to fumigation was prevalent and accounts for
89% of the determinations.

Dose

Exposure / Chemical group D | In(DL,) 95%-Cl Weight

less high
Contact
Terpene - 431 [ 0.93; 7.69] 71%
Aromatic 5.11 [-1.66; 11.87] 1.8%
Terpenoid 6.04 [-2.80,; 14.88] 1.0%
Overall effect | , <> 463 [ 1.77; 7.49] 9.9%
Heterogeneity: /* =0%,t“ =0, p =093
Fumigation L
Terpene :ﬂ 2.02 [ 0.17; 3.86] 23.8%
Others -1?— 237 [-1.29; 6.03] 6.1%
Terpenoid - 2.63 [-0.03; 529] 11.5%
Phenolic 276 [ 1.16; 437] 31.4%
Aromatic i 3.25 [-0.86; 7.36] 4.8%
Carbonyl = 3.33 [ 0.68; 598] 11.5%
Overall effect , $ 2.62 [ 1.66; 3.58] 89.0%
Heterogeneity: 1 =0%,t“ =0 p =098
Topical
Organosulfide 7.30 [-3.21;17.81] 0.7%
Terpenoid 10.36 [-13.31; 34.03] 0.1%
Terpene 10.87 [-11.74; 33.49] 0.2%
Overall effec , e 8.27 [-0.57;17.11] 1.0%
Heterogeneity: /[ =0%,t“=0,p =094
Overall effect z=6.26;P<0.001 é 2.88 [ 1.98; 3.78] 100.0%
Heterogeneity: I* = 0%, t” =0 00, P <0.962
Test for subgroup differences: ,{: =3.16, P= 0}21 1 | | ! |

30 20 -10 0 10 20 30
Figure 9. Quantitative meta-analysis comparing LD50 in articles that evaluated the
insecticidal effect of botanical substances. The meta-analysis is divided into chemical
groups into which the substances were classified and into the orders (subgroups) into
which the insects were classified.

DISCUSSION

During the systematic literature survey, about 15% of the articles collected from
the database were not used in this work because they did not evaluate isolated
substances. This result shows a frequent concern of the scientific community due to
the lack of information about the chemical characterization of the molecules
responsible for bioactivity (Isman and Grieneisen 2014).

The search for active botanical substances against insects is intensive, time
consuming, multidisciplinary and complex. Therefore, much research is not completed
by the individual research groups, especially in countries where the scientific career is
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not stable, and the number of publications is reduced as research advances in the
characterization of the substance responsible for the insecticide effect is more
expensive and time-consuming (Lopes 2017).

The growing search for new more sustainable bioactive molecules resulted in
the increase in the number of articles published annually with the characterization of
insecticide molecules of plant origin (Isman and Grieneisen 2014; Turchen, Cosme-
Junior and Guedes 2020). Such molecular characterization studies were not always
tangible, so the oldest studies eligible for this bibliographic review were published in
the 1990s, coincidentally or not, when chromatography became more accessible (Scott
2020).

The origin of the articles also reports a public concern with the unequal
distribution of global scientific publications. According to Isman and Grieneisen, (2014),
between 1980 and 2012, the country that most published articles related to botanical
insecticides was China, followed by India and Brazil, respectively. China's contribution
to research (and patents) about molecules of botanical origin is large, especially
because of government, economic and bureaucratic incentives for this to happen
(Simmonds et al. 2020). Such information may explain the result of the present work
that points to a large amount of studies with isolated botanical substances published
from Asia.

In America you can highlight the enormous potential for discovering new
molecules. In Brazil, more than 50,000 chemical structures from plant metabolism were
elucidated, and the total number exceeds 100,000 structures (Wink 2006). Although
only a small portion has its insecticide activity evaluated, it was enough for Brazil to
appear as the country that houses most of the continent's research on the theme
analyzed in this study.

Beetles are the main insects used as a model of toxicological studies with
insecticide substances (Silva et al. 2020; Anukiruthika, Jian and Jayas 2021). Although
this order is the most diverse, 100% of the coleoptera work evaluated in this review
studied stored grain pests. Of this amount, 80% used the following four species:
Tribolium Castaneum, Lasioderma Serricorne, Sitophilus zeamais, Sitophilus oryzae.

This data brings valuable information on the excessive use of experimental
models, which, although important in validating methods, generates a bias about the
representativeness and scope of the research carried out so far. The recurrence of



23

studies with such species is due to the short life cycle, low production cost and/or large
number of studies on the biology and behavior of these beetles (Campbell et al. 2021).
Therefore, it is necessary to use different species and insect orders in the testing of
the same substance to validate the different sites and modes of action and their
different effects (targeted and non-targeted).

Despite the most common screening tests use topical application tests (Gomes
et al. 2016) or food intake containing the active ingredient by insects (Alves et al., 2012;
Carvalho et al., 2015), meta-analysis detected that for toxicological tests with
insecticides of botanical origin, the predominant exposure methods are fumigation and
contact. Once again, the perceived bias of use of stored grain pests is a justification,
as these are the main exposure methods employed in studies with this group of insects.

Insecticide uptake by insects varies with the different types of exposure.
(Shivanandappa and Rajashekar 2014). Therefore, it is important that insecticide
compounds are tested through different modes of exposure. Possibly, the low
efficiency of penetration through topical application and the requirement of higher
doses for ingestion bioassays are limiting the use of these modes of exposure when
compared with fumigation or contact.

In this context, the importance of obtaining dose-response or concentration-
response curves is necessary to record the toxicity and thus potency of the compounds
under testing (Tsatsakis et al. 2018). It is noteworthy that exposure to situations in
which the dose absorbed by the insect body can be calculated is important to
understand the magnitude of the physiological response (Cutler 2013).

A problem already reported in the literature is the difficulty in qualitatively
correlating the results of research that assess the relationship between chemical
structure and insecticidal effect. Since interspecific differences or differences in the
developmental stage of the same species may be associated with differences in
susceptibility to insecticidal substances (Viegas Junior 2003). In addition, it is rare for
research to address the binding sites, mode of action and chemical characteristics of
the molecule relating to its physiological effect. Nonetheless, a large number of studies
evaluated the effect of substances derived from essential oils in terms of toxicity
against different insect species (Turchen, Cosme-Junior and Guedes 2020). Essential
oils are mostly made up of terpenes or its derivatives (Viegas Junior 2003; De Matos
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et al 2019; Noriega 2020). Consequently, terpenes were the chemical group most
studied in the articles analyzed in this work.

Some terpenes protect the plants that produce them, such as limonene (Mursiti
et al 2019), one of the substances studied in the analyzed articles. Studies show the
acetylcholinesterase inhibitory action in insects caused by this chemical group (Al-
Nagar et al 2020). In addition, research indicates that in the period in which plant
species accumulate terpenes, their leaves are less preyed upon than in periods with
low terpene accumulation, which suggests that the substances may be related to the
plant repellency and toxicity to herbivores leading to their avoidance by these
organisms (Ninkuu et al 2021).

Terpenoids, on the other hand, are oxygenated derivatives of terpenes and are
also extensively researched for their insecticidal action. Some effects caused by this
chemical group on insects, reported in the literature, are: damage to fertility and
fecundity, activities as inhibitors or growth retardants, damage to maturation (Abou-
Taleb 2016, Plata-Rueda et al 2020, Tak and Isman 2017 ).

Among the most researched plants as a source of insecticidal substances is
Azadirachta indica, a source of many terpenes and terpenoids, including azadirachtin.
The substance belongs to the group of limonoids and is one of the most studied
insecticidal compounds of botanical origin currently, with phago-deterrent activity,
inhibiting feeding and egg laying, negatively affecting growth, development and
metamorphosis and preventing ecdysis (Passos et al 2019, Muhammad and Kashere
2020). Currently, some products available on the market as insecticides contain
azadirachtin as a main active ingredient (Pavela 2016).

In the carbonyl group are esters, ketone, amide, aldehydes, carboxylic acids,
pyrethrins and other compounds. Many of these have already demonstrated
insecticidal activity, although the insecticidal characteristic is not always attributed to
the carbonyl group. However, in the case of ketones the orbital electronegativity of the
carbonyl group was reported as the main parameter responsible for the inhibition of
acetylcholinesterase (Herrera et al 2015). Carboxylic acids can act through the mode
of action of soaps, compromising the waterproofing of insects (Pessoa et al 2017). The
insecticidal properties of pyrethrins derive from their ability to alter the function of

sodium channels, thus interrupting electrical signaling in the nervous system. A classic
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example of pyrethrins is the pyrethroid group of insecticides, which are synthetic
analogues of pyrethrins (Henrich 1994).

The phenolic class includes phenols, encompassing lignin isoflavones,
anthocyanins, rotenoids and tannins. Rotenoids have an insecticidal action with an
effect on respiration, causing the insect to die. Tannins alter the functioning of the
metabolic system and reduce the growth rate. In addition, phenols can induce early
metamorphosis in some arthropod species and impair their development (Chen et al
2018, Lopes et al 2017, Furstenberg-Hagg and Zagrobelny 2013, Mitchell et al 2016).

Despite the diverse groups of phytochemicals targeted for the recognition of
insecticidal activity, the prevailing attention to mortality as toxicological endpoint and
overemphasis on stored product beetles are important biases to consider, together
with the lack of studies on non-targeted species. Finally, another alarming scientific
concern reported from the results of this work is the absence of a statistical relationship
between dose/concentration and mortality in many studies. This is surprising since the
establishment of dose or concentration-response relationships is the basis of
recognition of biological activity of any given compound jeopardizing the effort when

such assessment in not included in the study.

CONCLUSION

The work presented here recognizes the existence of an impressive growth of
studies with insecticides of botanical origin, however, biases and knowledge gaps were
identified through meta-analyses.

There is an excessive use of few insect species for the evaluation of the

bioactivity of the insecticides in the evaluated articles. The prevalent use of stored grain
pests for toxicological testing affected the trends observed favoring prominence of
exposure by fumigation. In addition, the response usually assessed is mortality with
wholly neglect of sublethal effects.
The above evidence, added to the large number of studies that did not identify the
protagonists of the insecticide effect, leads us to conclude that there is need for new
components to be included in the studies. It is necessary to evaluate a broader range
of insect species and chemically identify the substances responsible for different
insecticidal effects (i.e., beyond mortality). Thus, it would be possible to reduce the
biases and better understand the most promising phytochemical groups with potential
for the development of novel insecticide molecules.



26

ACKNOWLEDGMENTS

ABOU-TALEB, Hamdy K. Effects of azadirachtin and methoxyfenozide on some
biological and biochemical parameters of cotton leafworm, Spodoptera littoralis
(Lepidoptera: Noctuidae). Egy Sci J Pestic, v. 2, n. 1, p. 17-26, 2016.

ALBUQUERQUE, A. F. et al. Pesticides in Brazilian freshwaters: a critical
review. Environmental Science: Processes & Impacts,v. 18,n.7,p. 779-787, 2016.

AL-NAGAR, Nagwa MA et al. Comparative toxicity, growth inhibitory and biochemical
effects of terpenes and phenylpropenes on Spodoptera littoralis (Boisd.). Journal of
Asia-Pacific Entomology, v. 23, n. 1, p. 67-75, 2020.

ALVES, Dejane Santos et al. Toxicity of copaiba extracts to armyworm (Spodoptera
frugiperda). African Journal of Biotechnology, v. 11, n. 24, p. 6578-6591, 2012.

ANSANTE, Thiago Felipe et al. Secondary metabolites from Neotropical Annonaceae:
Screening, bioguided fractionation, and toxicity to Spodoptera frugiperda (JE
Smith)(Lepidoptera: Noctuidae). Industrial Crops and Products, v. 74, p. 969-976,
2015.

ANSANTE, Thiago Felipe et al. Secondary metabolites from Neotropical Annonaceae:
Screening, bioguided fractionation, and toxicity to Spodoptera frugiperda (JE
Smith)(Lepidoptera: Noctuidae). Industrial Crops and Products, v. 74, p. 969-976,
2015.

ANUKIRUTHIKA, Thangarasu; JIAN, Fuji; JAYAS, Digvir S. Movement and behavioral
response of stored product insects under stored grain environments-A review. Journal
of Stored Products Research, v. 90, p. 101752, 2021.

AVANCINI, Régia Maria et al. Organochlorine compounds in bovine milk from the state
of Mato Grosso do Sul-Brazil. Chemosphere, v. 90, n. 9, p. 2408-2413, 2013.

CALDAS, E. D.; DE SOUZA, M. V.; JARDIM, A. N. O. Dietary risk assessment of
organophosphorus and dithiocarbamate pesticides in a total diet study at a Brazilian
university restaurant. Food Additives & Contaminants: Part A, v. 28, n. 1, p. 71-79,
2011.

CAMPBELL, James F. et al. Tribolium castaneum: A Model Insect for Fundamental
and Applied Research. Annual review of entomology, v. 67, 2021.

CANTARUTTI, Tony Francis Pleus et al. Residuos de pesticidas em
alimentos. Pesticidas: Revista de Ecotoxicologia e Meio Ambiente, v. 18, 2008.

CARVALHO, Gislaine A. et al. Toxic effects of Ricinus communis non-protein trypsin
inhibitor on Spodoptera frugiperda (JE Smith)(Lepidoptera: Noctuidae). African
Journal of Biotechnology, v. 14, n. 42, p. 2928-2936, 2015.

CHEN, Mengli et al. Action of six pyrethrins purified from the botanical insecticide
pyrethrum on cockroach sodium channels expressed in Xenopus oocytes. Pesticide
biochemistry and physiology, v. 151, p. 82-89, 2018.



27

CHUEKE, Gabriel Vouga; AMATUCCI, Marcos. Métodos de sistematizacao de
literatura em estudos cientificos: bibliometria, meta-analise e revisado
sistematica. Revista Eletronica de Negocios Internacionais: Internext, v. 17, n. 2,
p. 284-292, 2022.

COOPER, Jerry; DOBSON, Hans. The benefits of pesticides to mankind and the
environment. Crop Protection, v. 26, n. 9, p. 1337-1348, 2007.

CUTLER, G. Christopher. Insects, insecticides and hormesis: evidence and
considerations for study. Dose-Response, v. 11, n. 2, p. dose-response. 12-008.
Cutler, 2013.

DE CASSIA DOMINGUES, Vanessa et al. Grain-protectant compounds from Duguetia
lanceolata (Annonaceae) derivatives: Bioassay-guided searching and toxicity against
the maize weevil. Journal of Stored Products Research, v. 85, p. 101549, 2020.

DE MATOS, Sheila P. et al. Oleos essenciais e terpenos isolados em nanossistemas
projetados para administracdo tépica: uma revisdo. Biomolecules, v. 9, n. 4,
pag. 138, 2019.

EGBUNA, Chukwuebuka et al. (Ed.). Phytochemistry: Volume 1: Fundamentals,
Modern Techniques, and Applications. CRC Press, 2018.

FURSTENBERG-HAGG, Joel: ZAGROBELNY, Mika; BAK, Sgren. Plant defense
against insect herbivores. International journal of molecular sciences, v. 14, n. 5,
p. 10242-10297, 2013.

GLARE, Travis et al. Have biopesticides come of age? Trends in biotechnology, v.
30, n. 5, p. 250-258, 2012.

GOMES, Mariana de Carvalho Aguiar Ribas et al. Toxicity of plant extracts from Bahia,
Brazil, to Atta sexdens sexdens workers (Hymenoptera: Formicidae). Sociobiology,
v.63,n. 2, p. 770-776, 2016.

GUEDES, Raul Narciso C. et al. Patterns of insecticide resistance in Aedes aegypti:
meta-analyses of surveys in Latin America and the Caribbean. Pest Management
Science, v. 76, n. 6, p. 2144-2157, 2020.

GUREVITCH, Jessica et al. Meta-analysis and the science of research
synthesis. Nature, v. 555, n. 7695, p. 175-182, 2018.

HADDI, Khalid et al. Rethinking biorational insecticides for pest management:
Unintended effects and consequences. Pest management science, v. 76, n. 7, p.
2286-2293, 2020.

HENRICH, C.A. Pyrethroids. In: GODFREY, C.R.A. (Ed). Agrochemicals from
natural products. New York: Marcel Dekker. 1994, p. 63-145

HERRERA, Jimena Maria et al. Terpene ketones as natural insecticides against
Sitophilus zeamais. Industrial Crops and Products, v. 70, p. 435-442, 2015.



28

ISMAN, Murray B.; GRIENEISEN, Michael L. Botanical insecticide research: many
publications, limited useful data. Trends in plant science, v. 19, n. 3, p. 140-145,
2014.

JOHNSON, Steven. De onde vém as boas ideias: uma historia natural da
inovacao. Editora Schwarcz-Companhia das Letras, 2011.

Lopes, E. A. et al. A quimica na producéo vegetal, 2017.

MAIA, Débora Soares et al. Larvicidal effect from different Annonaceae species on
Culex quinquefasciatus. Environmental Science and Pollution Research, v. 27, n.
29, p. 36983-36993, 2020.

MANSOURI, Ahlem et al. The environmental issues of DDT pollution and
bioremediation: a  multidisciplinary  review. Applied  biochemistry and
biotechnology, v. 181, n. 1, p. 309-339, 2017.

MITCHELL, Carolyn et al. Plant defense against herbivorous pests: exploiting
resistance and tolerance traits for sustainable crop protection. Frontiers in plant
science, v. 7, p. 1132, 2016.

MOHER, David et al. Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement. Annals of internal medicine, v. 151, n. 4, p. 264-
269, 2009.

Muhammad, Abdulhadi; Kashere, M. A. Neem, Azadirachta indica L.(A. Juss): An eco-
friendly botanical insecticide for managing farmers'insects pest problems — a
review. FUDMA Journal of Sciences, v. 4, n. 4, p. 484-491, 2020.

MURSITI, Sri et al. The Activity of D-Limonene from Sweet Orange Peel (Citrus
Sinensis L.) Exctract as a Natural Insecticide Controller of Bedbugs (Cimex
cimicidae). Oriental Journal of Chemistry, v. 35, n. 4, p. 1420, 2019.

NAUEN, Ralf. Insecticide resistance in disease vectors of public health
importance. Pest Management Science: formerly Pesticide Science, v. 63, n. 7, p.
628-633, 2007.

NINKUU, Vincent et al. Biochemistry of terpenes and recent advances in plant
protection. International Journal of Molecular Sciences, v. 22, n. 11, p. 5710, 2021.

NORIEGA, Paco. Terpenes in Essential Oils: Bioactivity and Applications. Terpenes
and Terpenoids—Recent Advances, 2020.

PASSOS, Michel de S. et al. Terpenoids isolated from Azadirachta indica roots and
biological activities. Revista Brasileira de Farmacognosia, v. 29, p. 40-45, 2019.

PAVELA, Roman. History, presence and perspective of using plant extracts as
commercial botanical insecticides and farm products for protection against insects—a
review. Plant Protection Science, v. 52, n. 4, p. 229-241, 2016.



29

PEREZ, S. G. et al. Activity of essential oils as a biorational alternative to control
coleopteran insects in stored grains. Journal of Medicinal Plants Research, v. 4, n.
25, p. 2827-2835, 2010.

PESSOA, Luis Gustavo Amorim et al. Efeito do sal de acido carboxilico sobre ninfas
de Aphis gossypii Glover (1877) (Hemiptera: Aphididae). Revista de Agricultura
Neotropical, v. 4, n. 5, p. 79-83, 2017.

PLATA-RUEDA, Angelica et al. Insecticidal and repellent activities of Cymbopogon
citratus (Poaceae) essential oil and its terpenoids (citral and geranyl acetate) against
Ulomoides dermestoides. Crop protection, v. 137, p. 105299, 2020.

RIBEIRO, Lilian MS et al. Field resistance of Brazilian Plutella xylostella to diamides is
not metabolism-mediated. Crop Protection, v. 93, p. 82-88, 2017.

ROSELL, Gloria et al. Biorational insecticides in pest management. Journal of
Pesticide Science, v. 33, n. 2, p. 103-121, 2008.

SCOTT, Raymond PW. Techniques and practice of chromatography. CRC Press,
2020.

SEIBER, James N. et al. Pest management with biopesticides. 2018.

SHIVANANDAPPA, Thimmappa; RAJASHEKAR, Yallappa. Mode of action of plant-
derived natural insecticides. In: Advances in plant biopesticides. Springer, New
Delhi, 2014. p. 323-345.

SILVA, Jefferson E. et al. Field-evolved resistance and cross-resistance of Brazilian
Tuta absoluta (Lepidoptera: Gelechiidae) populations to diamide insecticides. Journal
of economic entomology, v. 109, n. 5, p. 2190-2195, 2016.

SILVA, Meirielly Kellya Holanda et al. Tribolium castaneum como modelo experimental
para estudos em metabolismo de carboidratos e lipideos: uma prospeccao
tecnolégica. Cadernos de Prospeccao, v. 13, n. 5, p. 1394-1394, 2020.

SIMMONDS, Monique SJ et al. Biodiversity and patents: Overview of plants and fungi
covered by patents. Plants, People, Planet, v. 2, n. 5, p. 546-556, 2020.

TAK, Jun-Hyung; ISMAN, Murray B. Penetration-enhancement underlies synergy of
plant essential oil terpenoids as insecticides in the cabbage looper, Trichoplusia
ni. Scientific reports, v. 7, n. 1, p. 1-11, 2017.

TLAK GAJGER, Ivana; DAR, Showket Ahmad. Plant allelochemicals as sources of
insecticides. Insects, v. 12, n. 3, p. 189, 2021.

TSATSAKIS, Aristidis M. et al. The dose response principle from philosophy to modern
toxicology: the impact of ancient philosophy and medicine in modern toxicology
science. Toxicology reports, v. 5, p. 1107-1113, 2018.

TURCHEN, L. M. et al. Toxicity of Piper aduncum (Piperaceae) essential oil against
Euschistus heros (F.)(Hemiptera: Pentatomidae) and non-effect on egg
parasitoids. Neotropical entomology, v. 45, n. 5, p. 604-611, 2016.



30

VIEGAS JUNIOR, Claudio. Terpenes with insecticidal activity: an alternative to
chemical control of insects. Quimica Nova, v. 26, p. 390-400, 2003.

VIEIRA, Danielle Cristina et al. Ecological risk analysis of pesticides used on irrigated
rice crops in southern Brazil. Chemosphere, v. 162, p. 48-54, 2016.

WINK, Michael. Importance of plant secondary metabolites for protection against
insects and microbial infections. Advances in Phytomedicine, v. 3, p. 251-268, 2006.

XU, Gaofei et al. Synthesis and bioactivities of novel piperazine-containing 1, 5-
Diphenyl-2-penten-1-one analogues from natural product lead. Bioorganic &
Medicinal Chemistry Letters, v. 26, n. 7, p. 1849-1853, 2016.

YANG, Fang-Wei et al. Toxicity, residue, degradation and detection methods of the
insecticide triazophos. Environmental Chemistry Letters, v. 17, n. 4, p. 1769-1785,
2019.



