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Plant-based products such as essential oils and other extracts have been used for centuries due to their beneficial
properties. Currently, their use is widely disseminated through a variety of industries and new applications are
continuously emerging. For these reasons, they are produced industrially in large quantities and consequently
they have the potential to reach the environment. However, the potential effects that these products have on the
ecosystems’ health are mostly unknown. In recent years, the scientific community started to focus on the possible
toxic effects of essential oils and plant extracts towards non-target organisms. As a result, an increasing body of
knowledge has emerged. This review describes the current state of the art on the toxic effects that essential oils
and plant extracts have towards organisms from different trophic levels, including producers, primary con-
sumers, and secondary consumers. The majority of the studies (76.5%) focuses on the aquatic environment,
particularly in aquatic invertebrates (45.1%) with only 23.5% of the studies focusing on the potential toxicity of
plant-derived products on terrestrial ecosystems.

While some essential oils and extracts have been described to have no toxic effects to the selected organisms or
the toxic effects were only observable at high concentrations, others were reported to be toxic at concentrations
below the limit set by international regulations, some of them at very low concentrations. In fact, L(E)Cs values
as low as 0.0336 mg.L ™, 0.0005 mg.L ™! and 0.0053 mg.L ! were described for microalgae, crustaceans and fish,
respectively. Generally, essential oils exhibit higher toxicity than extracts. However, when the extracts are ob-
tained from plants that are known to produce toxic metabolites, the extracts can be more toxic than essential oils.

Overall, and despite being generally considered “eco-friendly” products and safer than they synthetic coun-
terparts, some essential oils and plant extracts are toxic towards non-target organisms. Given the increasing
interest from industry on these plant-based products further research using international standardized protocols
is mandatory.

1. Introduction

Essential oils and plant extracts have been used for centuries in
traditional medicine, cooking (as flavour enhancers), perfumery and
cosmetics due to their unique properties (Rios, 2016). Essential oils are
volatile liquids obtainable by distillation of any part of a plant or by a
mechanical process when attained from the epicarp of a citrus fruit at
ambient temperature. During the process to extract essential oils by

* This paper has been recommended for acceptance by Montes Marques.

distillation, hydrolates can also be obtained as a by-product. An
hydrolate is, according to the International Organization for Standard-
ization (ISO), the distilled water that remains after the distillation pro-
cess and is usually rich in water-soluble components of the essential oil
(ISO, 2013). Conversely, an extract is “a product obtained by treating a
natural raw material with a solvent then, after filtration, removal of the
solvent by distillation, except in the case of use of a non-volatile solvent”
(ISO, 1997).
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Plants produce essential oils naturally as secondary metabolites in
response to stress, as a defence against pathogen attacks and to attract
pollinators that play an essential role in the reproduction of the plant
(Roohinejad et al., 2017). Variations in environmental conditions and
ecological factors directly impact the ability of a plant to produce
essential oils, affecting also the type of compounds produced, and the
quality and quantity of the oils (Chrysargyris et al., 2020; Figueiredo
et al., 2008).

Essential oils and plant extracts have been continuously used as a
source of bioactive molecules. Due to the increasing interest from cus-
tomers for natural and safer products, the demand for natural-based
products has increased during the last few years. In fact, the applica-
tions of these plant-derived compounds are currently spread throughout
almost all sectors of economic activity such as food, agriculture, phar-
maceutical, cosmetic and textile (Jugreet et al., 2020). And industries
are keeping up with this consumer demand for natural products. In
2007, the global production of essential oils was around 100 kilotons
(Barbieri and Borsotto, 2018). In May 2020, a market size analysis on
the global essential oils market by Grand View Research, estimated the
global demand for these products to be around 247 kilotons in 2020
being expected to continue growing for the next years, with the same
report estimating that the demand will almost double by 2027 to a
whopping 473 kilotons (Grand_View Research, 2020). By far, the most
produced are orange, lemon and mint oils. These oils represent more
than two-thirds of total essential crop production. In the EU (European
Union), in 2016 the production of essential oils was about 41 kilotons,
although the major producers around the world are Asian countries such
as China, India and Indonesia (Barbieri and Borsotto, 2018).

This increased interest from the industry is also accompanied by
increasing interest from academia. As depicted in Fig. 1, the number of
publications has been steadily and continuously increasing from 74 in
the early 2000s, to 508 in 2020, particularly in the pharmaceutical,
biological, and medical areas.

This intensive research by the scientific community is responsible for
the discovery of new compounds and new applications of compounds
extracted from plants (Rana and Das, 2017; Zhang et al., 2020). Among
these new applications, some are addressing the most pressing health
care problems of our society, as are, for instance, antimicrobial resis-
tance (AMR), vector-borne diseases and cancer. Recently, natural
products (including essential oils) have been revealed as an important
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ally in developing products with antibacterial properties that can be
used instead of antibiotics (Abdelli et al., 2018; Alonso-Esteban et al.,
2019; Reid et al., 2020; Tavares et al., 2020). Another growing concern
is the resistance of insects, particularly those acting as disease vectors, to
synthetic chemical pesticides and the environmental issues linked to the
widespread usage of these chemicals that often result in long-term
contamination of soils and water bodies, with severe consequences to
ecosystems and human health. Essential oils and extracts of some plants
have been studied for their potential to be used as biopesticides which
can have similar effects as chemical pesticides with the advantage of,
most of the time, having high degradability in the environment and
being relatively safe to non-target organisms (Benelli et al., 2020a;
Pavela et al., 2020; Pintong et al., 2020). Besides antimicrobial prop-
erties and the potential use as biopesticides, essential oils and plant
extracts have also been intensively studied for their cytotoxic activity in
tumour cells, which can lead to new cancer therapies or the enhance-
ment of the effectiveness of existing cancer drugs (El-Garawani et al.,
2019; Saleh et al., 2017; Salehi et al., 2020).

As previously mentioned, most of the studies published on plant
extracts and essential oils focus on pharmaceuticals, agriculture, medi-
cine and biochemistry with over 75% of all research published (Fig. 2).

Overall, most of the research focuses on industrial applications of
these products, including antibacterial and antifungal properties, po-
tential development of new biopesticides, applications in new drugs and
therapies or even applications in anti-corrosion chemicals. Remarkably,
despite all the increasing interest in these resources, and the consequent
expected increase in their production, possible environmental impacts
of essential oils and plant extracts received far less attention from the
scientific community. In fact, in a period of 20 years, only 2% of the
studies (n = 320) were published in the environmental sciences category
(c.f. Fig. 2). The general idea that plants and their components are
generally natural and safe, could explain this lack of studies. However,
some plants can produce metabolites that have the potential to be highly
toxic (Falkowski et al., 2020; Zarybnicky et al., 2018) and therefore the
evaluation of their possible toxic effects on non-target organisms needs
to be performed.

This review aims to describe and critically evaluate the available
data on the ecotoxicological effects of plant extracts and essential oils
towards different organisms across aquatic and terrestrial trophic
chains. To achieve this goal, a literature search was performed on

Year

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Fig. 1. Evolution of the number of papers published between 2000 and 2020 according to the Scopus database. Search performed on December 18th, 2020 using the

keywords: essential oil(s), plant extract(s).
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Fig. 2. Relative distribution of the number of papers published between 2000 and 2020 across eight main categories. Data retrieved from Scopus Database on

December 18th, 2020 using the keywords: Plant extract(s); Essential oil(s).

Scopus, PubMed, and Web of Science databases in December 2020,
using the following search string: Essential o0il(s) AND Plant extract(s)
AND Toxicity AND ecotoxicity. Of the 1207 papers retrieved, the vast
majority were not related to the effects that these products may exert on
non-target organisms, namely phytoplankton, zooplankton, macroalgae,
aquatic vertebrates (fish and mammals), soil (micro)organisms, terres-
trial vertebrates, and plants, and therefore, they were excluded (n =
1156). Fig. 3 summarizes the search methods and the workflow of this
review. Of the 51 selected publications, the vast majority focus on the
effects of plant extracts and essential oils on crustaceans, particularly
Daphnia magna, followed by fishes, phytoplankton, and plants.

2. Toxicity towards microalgae

In general, the available data concerning the toxicity of essential oils
and other plant extracts towards phytoplankton is very scarce, although

w) Search
Scopus, PubMed, Web of science
databases

1207 papers

Crustaceans

algae, tend to be one of the most sensitive organisms (Rawlings et al.,
2019). Despite the importance of phytoplankton towards the entire
ecosystem, as these organisms are at the base of the aquatic food chain,
only six studies evaluated the toxicity towards microalgae, namely
Raphidocelis subcapitata (3 studies), Chlorella vulgaris (2 studies), Scene-
desmus quadricauda (1 study) and Chlamydomonas reinhardtii (1 study).
The higher number of studies with R. subcapitata (formerly known as
Pseudokirchinella subcapitata, formerly known as Selenastrum capricornu-
tum) is most probably due to the fact that this species is a standard test
organism in ecotoxicological tests being reported to be very sensitive to
many common toxic compounds (Geis et al., 2000; OECD, 2011). The
available data regarding toxicity of essential oils and extracts on
microalgae is presented in Table 1.

Concerning the essential oils and plant extracts evaluated in these
papers: three studies used plant extracts; one study used oleoresins; one
essential oils, and; one study used a hydrolate. Generally, most of the 5

1156 excluded:

- Essential oils / extracts not studied
- Not related to (eco)toxicity to the organisms
selected to this review

51 papersincluded
) ¥ Phytoplankton

13.7%

9.8%

Fig. 3. Schematic representation of the study selection process.



Table 1

Essential oils and plant extracts tested towards microalgae and their toxicological categorization according to the Globally Harmonized System of Classification and Labelling of Chemicals (GHS) by the United Nations. N.

S. — Not specified; N. C. — Not classifiable; N. D. — Not determined; Acute 3 in the range of 10-100 mg.L™!; Acute 2 in the range of 1-10 mg.L-1; Acute 1 < 1 mg.L .

Plant Toxicity evaluation Major compound(s) identified Reference
Family Species Part(s) Type of Extract Test species Endpoint ECso (mg.L 1) GHS
used Classification
Asteraceae A. absinthium N. S. Hydrolate C. reinhardtii Photosynthetic 16.49% (1 h) N. C. (—)-(Z)-2,6-dimethylocta-5,7-diene-2,3- Pino-Otin et al.
activity diol® (2019a)
Cupressaceae  J. occidentalis Leaves Essential oil R. subcapitata Algal cell density 1.7 (96 h) Acute 2 l-borneol acetate, 4-terpineol, sabinene Duringer et al.
biomass 1.7 (96 h) (2010)
growth 2.0 (96 h)
C. lawsoniana Heartwood Essential oil Algal cell density >5 N.C A-terpineol, borneol, fenchol
biomass >5
growth >5
Fabaceae P. emarginatus  Fruits Oleoresin (in C. vulgaris Algal density, N.D. N. C. Methyl 6a,7p-dihydroxyvouacapan-17- Oliveira et al. (2016)
nanoemulsion) growth p-oate, geranylgeraniol, f-caryophyllene
Malvaceae A.rosea Leaves Aqueous extract + biomass 0.0336 Acute 1° N. D. Khoshnamvand et al.
nanoparticles Chlorophyll a N. D. (2020)
Papaveraceae C. majus Roots Aqueous R. subcapitata (1); Growth (1) 96 (2) 96 Acute 3 Copsitine” Jancula et al. (2007)
S. quadricauda (2) h h
60.87 78.01
D. lactucoides 21.27 20.61 Acute 3 Sanguinarine, chelerythrine®
M. microcarpa >600 >600 N. C. (not
toxic)
S. canadensis 23.90 29.05 Acute 3 Sanguinarine, chelerythrine®
S. lasiocarpum 114.10 117.48  N.C. (not Copsitine”
toxic)
Pinaceae P. radiata Bark Methanolic (polyflav- R. subcapitata Growth N.D. N. C. Polyflavonoids Garcia et al. (2017)

onoids extracts)

# This compound was identified by the authors as the one responsible for the observed toxicity.
b Acute 1 may be subdivided for some regulatory systems to include a lower band at L(E)Cso < 0.1 mg.L ™.
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plant species studied belong to the Papaveraceae family. Other species
studied belong to the Pinaceae, Fabaceae, Malvaceae and Cupressaceae
families.

The hydrolate obtained from Artemisia absinthium caused a reduction
in the photosynthetic activity of the unicellular green algae
C. reinhardtii, with an ECsg value of 16.49% of hydrolate dilution and the
major bioactive compound isolated from the hydrolate was (—)-(Z)-2,6-
dimethylocta-5,7-diene-2,3-diol. The authors reported that this com-
pound and another compound related to (—)-cis-epoxyocimene could be
responsible for the hydrolate toxicity (Pino-Otin et al., 2019a).

Essential oils obtained from the leaves of Juniperus occidentalis and
the heartwood of Chamaecyparis lawsoniana (Cupressaceae) were tested
for the potential toxic effects in the microalgae R. subcapitata.
Commonly known as western juniper, Juniperus occidentalis is a plant of
the Cupressaceae family, and is an encroaching species spreading fast in
the North American rangelands (Sankey et al., 2010). Belonging to the
same family, Chamaecyparis lawsoniana, commonly known as Port
Orford cedar, is exploited for its high-value timber (Hansen et al., 2000).
The essential oils were studied for their potential acute toxicity towards
R. subcapitata for 96 h of exposure. For the J. occidentalis essential oil, the
72 and 96 h ECsg was 1.7 rng.L’1 and the NOEC (no observable effect
concentration) was 0.63 mg.L’l. The authors considered the
J. occidentalis essential oil to be moderately toxic to R. subcapitata
causing a significant reduction in algal cell density. Concerning the oil
from C. lawsoniana, the ECs for algal cell growth was reported to be > 5
mg.L 1, as a reduction in 50% of cells growth was not observed, leading
the authors to conclude that there were no expected acute toxic effects of
the release of this oil into the environment in organisms of the same
trophic level as R. subcapitata (Duringer et al., 2010).

Aqueous extracts obtained from the roots of five plants from the
Papaveraceae family were tested for their effects on R. subcapitata and
S. quadricauda: the greater celandine Chelidonium majus, the eastern
horned poppies Dicranostigma lactucoides, Macleaya microcarpa known as
plume poppies, the bloodroot Sanguinaria canadensis and the Chinese
celandine poppy Stylophorum lasiocarpum. The results showed that after
96 h of exposure, the extracts from D. lactucoides and S. canadensis were
the most toxic towards both algae (ECsq of 21.27 and 23.90 mg.L ™}, for
R. subcapitata and 20.61 and 29.05 mg.L’l, for S. quadricauda, respec-
tively). The extract from C. majus was also toxic to both algae (ECsg of
60.87 and 78.01 mg.L ™%, respectively). S. lasiocarpum presented ECsq of
114.10 to R. subcapitata and 117.48 mg.L ™! to S. quadricauda. The least
toxic extract was the one obtained from M. microcarpa with ECsq values
above 600 mg.L~! for both species. The authors linked the toxicity
observed to the content of sanguinarine and chelerythrine, important
alkaloids common in plants from the Papaveraceae family, present in the
extracts of D. lactucoides and S. canadensis. For the C. majus and
S. lasiocarpum the toxicity was thought to be caused by the presence of
coptisine, the major alkaloid found in both extracts (Jancula et al.,
2007).

Polyflavonoids of a methanolic extract obtained from the bark of
Pinus radiata (Pinaceae) the radiate pine tree, seem to favour the growth
of R. subcapitata at concentrations up to 100 mg.L ™. Only after 160 h of
exposure, some inhibition in algal growth was registered, but this could
be a consequence of nutrient deficiency or changes in the static medium
conditions after the exponential growth phase. However, derivates from
these flavonoids (itaconic-, maleic- and citraconic-based) caused
different effects on algae growth. For example, itaconic-based derivate
caused growth inhibition at the concentrations of 0.01, 0.1 and 0.5 mg.
L7, but at concentrations above 1 mg.L ™! growth appeared to be fav-
oured. The maleic-based anhydride had a modest effect on growth,
except after 120 h of exposure when a slight growth inhibition was
observed at the concentrations of 0.5 and 1 mg.L ™}, On the other hand,
citraconic-based derivates showed a remarkable growth enhancement at
the concentrations of 0.01, 0.1 and 0.5 mg.L™! although at 1 mg.L™!
some inhibition was observed. These results present good evidence on
how dose and slight changes in chemical structure may influence toxic
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effects (Garcia et al., 2017).

Recently, the combination of plant extracts and essential oils into
nanoemulsions or biosynthesized nanoparticles is in vogue. A recent
study assessed the potential toxicity of these products — generally
regarded as “green products” — towards the microalgae Chlorella vulgaris.
The nanoparticles, synthesized with AgNOs and the hollyhock Alcea
rosea aqueous leaf extract, showed effects in algae biomass in a dose-
dependent way, being the highest concentration tested (0.05 mg.L™1)
the one that produced the greatest biomass reduction. The 72 h LCsg was
33.63 pg.L 1. The nanoparticles also caused aggregation of the micro-
algae cells which can also lead to toxicity (Khoshnamvand et al., 2020).
Similarly, a decrease in C. vulgaris cell concentration was observed when
the cells were exposed to a nanoemulsion prepared with oleoresin ob-
tained from the fruits of Pterodon emarginatus. The suppression of growth
was registered for concentrations above 25 mg.L ™! and can be attributed
to a deleterious synergistic effect of all the constituents of the nano-
emulsion (Oliveira et al., 2017).

In order to classify the toxicity of the essential oils and plant extracts,
the Globally Harmonized System of Classification and Labelling of
Chemicals (GHS) proposed by the United Nations was used (UN, 2019).
As described in Table 1, the silver nanoparticles produced with the
aqueous extract from A. rosea showed the highest toxicity to phyto-
plankton. The ECs( value obtained (below 1 mg.L’l) can be categorized
as highly toxic under the acute 1 category. The essential oil from
J. occidentalis presented ECsg values within 1 and 10 mg.L™! which can
be classified in the acute 2 category. With ECs( values between 10 and
100 mg.L~!, the aqueous extracts from C. majus, D. lactucoides and
S. canadensis can be categorized under the acute 3 category. For the
other studies reported, the information given is not sufficient to char-
acterize the product under the categories of the GHS. This lack of in-
formation, noticeable in several studies, turns the comparison between
toxicities very difficult, and future studies should report all toxicity data,
including 48 h LCs values. By failing to do so, these limitations preclude
a better understanding of the relative toxicity of the different plant ex-
tracts and essential oils.

3. Toxicity towards crustaceans

Crustaceans like Daphnia magna, Daphnia pulex, Scapholeberis kingi
and Artemia salina (Anostraca) have been studied regarding the toxic
effects of plant extracts and essential oils. Of all the retrieved papers, the
most studied species was D. magna, with 78% of studies on the effects of
essential oils or extracts using this species, followed by A. salina (14.8%),
D. pulex (5.8%) and finally S. kingi (1.4%, used in only one study). Or-
ganisms from the Daphnia genus, particularly D. magna, are recom-
mended for the execution of ecotoxicity tests of chemicals and other
substances by international organizations like ASTM and OECD (ASTM,
1997; OECD, 2004) to assess the risk of materials and chemicals to
aquatic organisms. The European Union under the Regulation (EC) n°
1907/2006 of the European Parliament and Council recommends the
use of organisms from the Daphnia genus to perform acute and chronic
toxicity tests to provide information regarding ecotoxicity towards
aquatic organisms (EU, 2006). When the acute toxicity is evaluated,
young Daphnia, less than 24 h old, are exposed to the test substance for
48 h. Immobilisation is recorded after 24 h and after 48 h and compared
with the control group. The immobilisation observed after 48 h of
exposure is used to calculate the ECs value (concentration estimated to
cause immobilisation in 50% of the organisms) (OECD, 2004). The 48 h
ECsp is used to determine the effect of a substance when performing
acute toxicity tests with D. magna or other Daphnia species. However,
and despite the fact that international organizations recommend using
48 h ECs( values, some studies report the ECsg for 24 h or even 72 h or
96 h, and don’t include the 48 h ECs (see Table 2). Additionally, some
studies report the results in units that cannot be translated into classi-
fication systems such as percentage of mortality or concentrations in
percentage of dilution. By adopting different toxicity units than the ones



C.A. Ferraz et al.

Table 2
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Essential oils and plant extracts tested towards crustaceans and categorization according to the Globally Harmonized System of Classification and Labelling of
Chemicals (GHS) by the United Nations. (The reported values that do not follow the recommendations were considered not classifiable). N. S. — Not specified; N. C. —
Not classifiable; N. D. — Not determined; N. R. — Not reported.

Plant Toxicity evaluation Major compound(s) Reference
. . ) identified
Family Species Part(s) used Type of Extract ~ Test Test/Endpoint 48 h GHS
species ECs0/ Classification
LCso
(mg.L’l)
Amaranthaceae  Amaranthus Leaves Ethanolic D. magna  Acute toxicity 1053 N. C. N.D. Dinu et al.
retroflexus (24 h) (2017)
Apiaceae Anthriscus Aerial parts Aqueous 483.7 N.C deoxypodophyllotoxin® Olaru et al.
sylvestris (24 h) (2016)
Hydroethanolic 102.4
(24 h)
Ethanolic 106.9
(24 h)
Ferula assa- Oleo-gum- Essential oil N.D. N.C. Sec-butyl (Z)-propenyl Pavela
foetida resin disulfide, sec-butyl (E)- et al.
propenyl dissulfide (2020)
Ferula gummosa Oleo-gum- Essential oil N.D. N.C. o-pinene,
resin B-phellandrene
Trachyspermum Seeds Essential oil 8.53 Acute 2 thymol” Seo et al.
ammi (2012)
Asteraceae Achillea Aerial parts Essential oil 13.6 Acute 3 N.D. Zanfirescu
millefolium et al.
(2020)
Artemisia N. S. Ethanolic 0.093 N. C. (-)-(2)-2,6- Pino-Otin
absinthium (24 h) dimethylocta-5,7-diene- et al.
Hexane 0.103 N.C 2,3-diol” (2019a)
(24 h)
Hydrolate 0.236% N.C
Petasites Roots Methanolic 178.6 N.C pyrrolizidine alkaloids® Seremet
hybridus (72 h) et al.
Senecio vernalis Aerial parts Methanolic 83.31 N.C. pyrrolizidine alkaloids® (2018)
(72h)
Solidago N. S. Ethanolic Acute and >1000 Not toxic N.D. Huang
canadensis chronic et al.
toxicity (2014)
(reproduction)
Tussilago farfara  Leaves Methanolic 189.97 N. C. pyrrolizidine alkaloids® Seremet
(72 h) et al.
(2018)
Berberiaceae Berberis vulgaris Bark Ethanolic 201.3 N.C N.D. Gird et al.
(24 h) (2017)
Boraginaceae Symphytum Roots Methanolic 801.0 N.C pyrrolizidine alkaloids® Seremet
officinale (72 h) et al.
(2018)
Cupressaceae Chamaecyparis Heartwood Essential oil 1.9 Acute 2 a-terpineol, borneol, Duringer
lawsoniana fenchol et al.
Juniperus Leaves Essential oil >5 N. C. (2010)
occidentalis
Taxodium Female cones Essential oil 10.9 Acute 3 N.D Zanfirescu
distichum etal.
(2020)
Tetraclinis Wood Aqueous Acute toxicity 6.49 Acute 2 N.D Montassir
articulata Chronic ECso Acute 2 et al.
toxicity 8.17 (2017)
(reproduction) NOEC
0.49
LOEC
0.83
Ericaceae Ledum palustre Aerial parts Essential oil Acute toxicity N.D N.C N.D Benelli
etal.
(2020a)
Euphorbiaceae Hura crepitans Bark Aqueous 0.036 Acute 1° Hurin, crepitin® Iannacone
et al.
(2014)
Fabaceae Medicago sativa Aerial parts Ethanolic 1008 N. C. N.D. Gird et al.
(24 h) (2017)
Myroxylon Resin Essential oil 3.89 Acute 2 Benzyl benzoate, benzyl Seo et al.
pereira cinnamate” (2012)
Robinia Leaves Aqueous 4290 N. C. N. D. Alonso
pseudoacacia (96 h) etal.
(2020)
Tephrosia vogelii ~ Leaves Aqueous 0.00047 N. C. Rotenone” Li et al.
(24 h) (2015)

(continued on next page)



C.A. Ferraz et al. Environmental Pollution 292 (2022) 118319

Table 2 (continued)

Plant Toxicity evaluation Major compound(s) Reference
K X K identified
Family Species Part(s) used Type of Extract Test Test/Endpoint 48 h GHS
species ECso/ Classification
LCso
(mgL™")
Geraniaceae Pelargonium Flowering Dry extract 203.3 Not toxic N. D. Neagu
gravolens aerial parts et al.
(2018)
Humiriaceae Humiria Bark Ethyl acetate N.D N. C. N. D. Falkowski
balsamifera et al.
(2020)
Lamiaceae Origanum Aerial parts Ethanolic 364.4 Not toxic N. D. Gird et al.
vulgare (2016)
Lythraceae Trapa japonica Leaves Methanolic 4.7-22.0 Acute 2/3 N.D. Ishimota
etal.
(2019)
Monimiaceae Peumnus boldus Leaves Essential oil N.D. N. C. 1,8-cineole, p-cymene Pavela
et al.
(2019)
Myrtaceae Eucalyptus N.S. Essential oil 143.96 Not toxic 1,8-cineole Park et al.
gobulus (commercial) (2011)
Melaleuca N. S. Essential oil 103.35 Not toxic Terpinen-4-ol
dissitiflora (commercial)
Melaleuca N. S. Essential oil 1.84 Acute 2 Terpinen-4-ol
linariiflora (commercial)
Melaleuca N. S. Essential oil 8.94 Acute 2 1,8-cineole, (E)-
quinquenervia (commercial) nerolidol
Oleaceae Fraxinus Leaves Aqueous 9500 N.C. N. D. Alonso
angustifolia (96 h) etal
(2020)
Papaveraceae Chelidonium Aerial parts Ethanolic 258.1 Not toxic copsitine Jancula
majus etal.
Dicranostigma Roots Aqueous 31.25 Acute 3 Sanguinarine, (2007)
lactucoides chelerythrine”
Macleaya Roots Aqueous >1000 Not toxic N. D.
microcarpa
Sanguinaria Roots Aqueous 62.0 Acute 3 Sanguinarine,
canadensis chelerythrine®
Stylophorum Roots Aqueous >400 Not toxic copsitine
lasiocarpum
Plantaginaceae Plantago Leaves Ethanolic 375.0 Not toxic N.D. Zanfirescu
lanceolata et al.
(2020)
Polygonaceae Fallopia aubertii Flowers Aqueous 3019.95 N. C. N.D. Olaru et al.
(24 h) (2015)
Hidroethanolic 2398.83 N.D.
(24 h)
Ethanolic 2951.20 N. D.
(24 h)
Fallopia Stems, Hydroethanolic N.D. N. C. N.D.
convulvulus Leaves,
Flowers and
fruits
Fallopia Hydroethanolic 4073.8 N. C. N.D.
dumetorum (24 h)
Salicaceae Popolus alba Leaves Aqueous 9500 N. C. N. D. Alonso
(96 h) et al.
(2020)
Sapindaceae Aesculus Seeds Ethanolic 7.5 Acute 2 N. D. Zanfirescu
hippocastanum et al.
(2020)
Mataya Fruits Ethyl acetate N. D. N. C. N. D. Falkowski
arborescens et al.
(2020)
Simaroubaceae Ailanthus Leaves Aqueous 10,100 N. C. N. D. Alonso
altissima (96 h) et al.
(2020)
Solanaceae Solanum nigrum Leaves Ethyl acetate N.D. N.C. N.D. (Rawani
et al.,
2014b)a
Petroleum N. D. N. C. N. D. (Rawani
ether et al.,
2014a)b
Benzene N. D. N. C. N. D. (Rawani
etal,
2014a)b

(continued on next page)
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Table 2 (continued)
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Plant Toxicity evaluation Major compound(s) Reference
K X K identified
Family Species Part(s) used Type of Extract Test Test/Endpoint 48 h GHS
species ECso/ Classification
LCso
(mgL™")
Chloroform/ N. D. N. C. N. D. Rawani
Methanol et al.
(2017)
Ethanolic N.D N.C N.D (Rawani
et al.,
2014a)b
Quillajaceae Quillaja Bark Commercial 27.3 Acute 3 Saponins Jiang et al.
saponaria extract (2018a)
Asteraceae Artemisia Aerial parts Ethanolic D. pulex 150-200 N. C. Flavone Andreu
absinthium etal.
Artemisia Aerial parts Ethanolic 50-100 N. C. Hydroxycinnamic acid (2018)
vulgaris
Equisetaceae Equisetum Bark + leaves  Ethanolic 50-100 N. C. Flavonols
arvense
Salicaceae Salix alba Bark + leaves  Ethanolic 150-200 N. C. Flavonols
Lythraceae Trapa japonica Leaves Methanolic S. kingi 1.2-6.9 Acute 2 N.D. Ishimota
etal
(2019)
Asteraceae Petasites Roots Methanolic A. salina 296.48 N. C. pyrrolizidine alkaloids® Seremet
hybridus (24 h) et al.
Senecio vernalis Aerial parts Methanolic 131.22 N. C. (2018)
(24 h)
Tussilago farfara  Leaves Methanolic 222.33 N.C.
(24 h)
Boraginaceae Symphytum Roots Methanolic 707.95 N. C.
officinale (24 h)
Eleagnaceae Eleagnus Flowers Essential oil 2.25 Acute 2 E-ethyl cinnamate Torbati
angustifolia Leaves 11.0 Acute 3 E-ethyl cinnamate, et al.
phytol (2016)
Polygonaceae Fallopia aubertii Flowers Aqueous 2239.55 Not toxic N. D. Olaru et al.
Stems + Hydroethanolic 2576.36 N. D. (2015)
leaves
Flowers Ethanolic 1872.16 N.D.
Fallopia Stems, Hydroethanolic N.D. N.C. N.D.
convulvulus Leaves,
Flowers and
fruits
Fallopia Stems, Hydroethanolic 2689.09 Not toxic N.D.
dumetorum Leaves,
Flowers and
fruits

2 This compound was identified by the authors as the one responsible for the observed toxicity.
b Acute 1 may be subdivided for some regulatory systems to include a lower band at L(E)Cso < 0.1 mg.L ™%,

recommended in the international guidelines, the comparison and
classification of the toxic effects of essential oils and plant extracts is
difficult to perform. Table 2 summarizes the available toxicity data for
crustaceans and a brief description of the available studies is here
provided.

An aqueous extract from the leaves of Tephrosia vogelii (Fabaceae)
was studied for the potentially toxic effects it could have in non-target
aquatic organisms. The extract showed remarkable acute toxicity to-
wards D. magna after 24 h of exposure (LCsg of 0.47 pg.L~'/0.00047 mg.
LY (Li et al., 2015). This plant has been used in tropical areas of India
and other tropical regions as a fish-poison, insecticide or for soil
enrichment, and various studies have shown the potential of the
essential oils of T. vogelii to be used as bioinsecticides and larvicides
(Bravim dos Santos et al., 2021; Tougeer et al., 2013). An aqueous
extract from the bark of Hura crepitans (Euphorbiaceae) also showed to
be acutely toxic towards D. magna, although to a lesser extent with 48 h
LCs0 = 0.036 mg.L ! (36 pg.L. 1) (lannacone et al., 2014). Like T. vogelii,
H. crepitans is a tree known for its toxicity, especially the latex it pro-
duces which is rich in huratoxin (Trinel et al., 2018; Vassallo et al.,
2020).

A commercial extract from the bark of Quillaja saponaria (Quillaja-
ceae) was tested for its toxicity towards D. magna. The extract was toxic

to the daphnids with a 48 h ECs value of 27.3 mg.L’l. The authors
concluded that the high saponin content of the extract was the main
responsible for the registered toxicity (Jiang et al., 2018a). Jiang et al.
have reported a ECsq of 18.3 mg.L ™! of saponins from Q. saponaria’s bark
to D. magna (Jiang et al., 2018b). Q. saponaria extracts and their phys-
ically modified derivatives are of restricted use in the European Union
under the European Chemicals Agency EC/List no. 273-620-4. These
saponin extracts are used as an active ingredient in biopesticides and its
hazards to aquatic environments are known (Jiang et al., 2018b). An
aqueous extract from Tetraclinis articulata (Cupressaceae), commonly
known as Thuya, also showed acute toxicity in D. magna (48 h EC5¢ =
6.49 mg.L™!) and chronic toxicity was observed as well — the extract
affected both survival and reproduction of the organisms in a
dose-response and time-dependant manner (NOEC of 1.42 and LOEC of
2.41 mg.L™! for mortality; NOEC of 0.49 and LOEC of 0.83 mg.L ™! for
reprotoxicity) (Montassir et al., 2017). Ethyl acetate extracts obtained
from the fruits of Matayba arborescens (Sapindaceae) and the bark of
Humiria balsamifera (Humiriaceae) showed acute toxicity towards
D. magna at the concentrations of 100 mg.L ™! and 80 mg.L ™}, respec-
tively. These extracts caused almost 100% of mortality in the organisms,
and the authors considered these extracts to be highly toxic (Falkowski
et al., 2020).
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A heartwood oil from the Port Orford cedar C. lawsoniana showed
acute toxic effects in D. magna after 48 h of exposure (ECsp = 1.9 mg.
LY. In the same study an essential oil from the leaves of another
Cupressaceae, western Juniper, Juniperus occidentalis showed no acute
toxicity to D. magna up to 5 mg.L ™!, the concentration which the authors
describe as being the limit of solubility (Duringer et al., 2010), but ac-
cording to international classifications for acute toxicity of mixtures (in
which oils obtained from plants are included) to aquatic organisms, a
product is considered nontoxic when no effects are observable only at
concentrations above 100 mg.L’1 (UN, 2019). Essential oils from the
common yarrow, Achillea millefolium (Asteraceae) aerial parts and the
female cones of the bald cypress, Taxodium distichum (Cupressaceae),
also showed acute toxicity towards D. magna (48 h LCso of 13.6 and 10.9
mg.L~}, respectively). In the same study, an ethanolic extract obtained
from the seeds of the horse chestnut tree, Aesculus hippocastanum
(Sapindaceae) was also acutely toxic towards D. magna with a 48 h LCsg
value of 7.5 mg.L ™}, and an ethanolic extract from the leaves of Plantago
lanceolata (Plantaginaceae), commonly referred to as ribwort plantain,
showed low toxicity (LCso = 375 mg.L_l) (Zanfirescu et al., 2020).

Other studies reported toxic effects of essential oils on D. magna. For
example, an essential oil obtained from wild rosemary Ledum palustre
(Ericaceae), caused mortality to this organism at the concentration of 80
mg.L~! (45% mortality after 24 h of exposure and 47.5% after 72 h of
exposure) (Benelli et al., 2020a). The authors do not report results after
48 h of exposure and the same happening for the LCsy value, which
makes categorization or comparison with other studies impossible. An
essential oil obtained from the leaves of Peumus boldus (Monimiaceae),
an evergreen tree native to Chile used in traditional medicine, at the
concentration of 96.2 mg.L "1, caused 46.2% of mortality after 24 h of
exposure and 66.2% mortality after 48 h of exposure to D. magna (Pavela
et al., 2019). Again, no LCso values were reported by the authors,
rendering any comparison impossible. Commercial essential oils from
four species of the Myrtaceae family were also studied regarding their
acute toxicity to D. magna. Essential oils of Melaleuca dissitiflora, Mela-
leuca linariiflora, Melaleuca quinquenervia and Eucalyptus globulus were
toxic towards D. magna, with 48 h ECs( for immobilisation of 1.84, 8.94,
103.35 and 143.96 mg.L ™}, respectively. In this study, it was also re-
ported that the M. dissitiflora and M. linariiflora essential oils were
mainly composed of terpinene-4-ol and Y-terpinene, while the essential
oil from M. quinquenervia was rich in (E)-nerodiol, p-cymene and
linalool. The essential oil from E. globulus was mainly composed of 1,
8-cineole. The persistence of these essential oils in water was also
assessed and after 7 days the residues of all the essential oils were below
22% indicating a high susceptibility to hydrolysis (Park et al., 2011).
The same analysis was performed in another study that evaluated the
acute toxicity of essential oils from the seeds of Trachyspermum ammi
(Apiaceae) and the resin of Myroxylon pereira (Fabaceae). The essential
oils showed to be acutely toxic to D. magna with 48 h ECs values of 8.53
and 3.89 mg.L ™}, respectively. Moreover, the degradability in water was
also shown to be low after 7 days (below 35% for both essential oils).
The authors reported that the T. ammi essential oil was mainly composed
of thymol, Y-terpinene and p-cymene while the M. pereira essential oil
was mostly entirely composed of benzyl benzoate and benzyl cinnamate
(Seo et al., 2012). These last two studies are a good example of a com-
plete assessment of the potential of using essential oils as biopesticides:
the authors studied the larvicidal potential against mosquito larvae, the
ecotoxicological risk to a non-target organism and the persistence of the
test substances in the environment.

To better understand the effect that the introduction of exotic species
can have in the surrounding ecosystem, aqueous extracts from the leaves
of four three species (two endemic to Europe, Populus alba (Salicaceae)
and Fraxinus angustifolia (Oleaceae) and two introduced exotic species,
Robinia pseudoacacia (Fabaceae) and Ailanthus altissima (Simar-
oubaceae)) were studied for their ecotoxicological risk to aquatic or-
ganisms, particularly D. magna. All extracts showed low toxicity to
D. magna with the authors indicating 96 h ECsq values of 1.77 g.L ™
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(1770 mg.L’l) for P. alba extract, 9.50 g.L’1 (9500 mg.L’l) for
F. angustifolia extract, 4.29 gL' (4290 mg.L™!) for R. pseudoacacia
extract and 10.1 g.L’1 (10,100 mg.L’l) for the extract of A. altissima.
The reported 96 h ECs( values indicate very low toxicity of these extracts
to D. magna as all of them are above 1000 mg.L_l (Alonso et al., 2020).
However, according to international guidelines, the observed effect used
to calculate the L(E)Cs values and to categorize the toxicity in the GHS
should be obtained after 48 h of exposure. Therefore, it is not possible to
apply the GHS categorization and comparison with other studies is also
difficult.

A dry extract obtained from the leaves, flowers and aerial parts of
Pelargonium graveolens (Geraneaceae) was also tested for the potential
acute toxicity to D. magna organisms. The 48 h LCs( value obtained was
203.3 mg.L_1 (Neagu et al., 2018) and therefore this extract can be
classified as not toxic to D. magna. A hydro-ethanolic obtained from the
leaves of Amaranthus retroflexus (Amaranthaceae) had a 24 h LCsg of
1053 mg.L~}, and was considered of low risk to D. magna (Dinu et al.,
2017). However, because only 24 h LCso values were reported, it re-
mains unknown what are the toxicity levels after 48 h of exposure.
Ethanolic extracts obtained from the aerial parts of Chelidonium majus
(Papaveraceae), Medicago sativa (Fabaceae) and from the bark of Berberis
vulgaris (Berberidaceae) were tested for their potential toxicity to
D. magna. The authors presented only 24 h results of the toxicity tests,
with LCsg values of 258.1, 1008 and 201.3 rng.L’1 for the extracts of
C. majus, M. sativa and B. vulgaris, respectively (Gird et al., 2017). Since
the recommendation from OECD (OECD, 2004) is not followed
(reporting ECs( values for 48 h), it is not possible to compare the results
obtained in this study with others using extracts from the same plant.
Another study reported that an ethanolic extract from the aerial parts of
Origanum vulgare (Lamiaceae) showed low toxicity towards D. magna
(48 h LCsg = 364.4 mg.L 1) and the authors attribute the toxicity to the
high phenolic content of the extract (Gird et al., 2016).

Olaru et al. studied the toxicity of extracts obtained from the aerial
parts of Anthriscus sylvestris (Apiaceae) an edible plant commonly known
as wild chervil. The aqueous, hydroethanolic and ethanolic extracts
exhibited 24 h LCs( values of 483.70, 102.40 and 106.90 rng.L’l. The
authors suggest that the toxicity of the hydroethanolic and ethanolic
extracts could be related to the presence of deoxypodophyllotoxin and
related lignans which can induce cytotoxicity (Olaru et al., 2016). It
would be interesting to have information regarding the 48 h LCsq’s,
especially for the hydroethanolic and ethanolic extracts since at 24 h the
values are very close to 100 mg.L ™! (classification limit for toxicity
proposed by the (UN, 2019)). In another study, extracts from three
species of the Fallopia genus (Polygonaceae): F. convolvulus,
F. dumetorum and F. aubertii were tested for their potential toxicity to-
wards crustaceans. Different extracts were prepared: for F. convolvulus
and F. dumetorum, stems, leaves, flowers and fruits were used to obtain a
hydroethanolic extract, whereas for F. aubertii, flowers were used to
obtain an aqueous, a hydroethanolic and an ethanolic extract, and the
leaves were used to obtain a hydroethanolic extract. Toxicity tests with
D. magna and A. salina were performed for all the extracts, and the re-
sults (24 h LCsq values were all above 1000 mg.L*1 (Olaru et al., 2015))
showed that the extracts present no risk to both aquatic organisms,
except for those of F. convolvulus for which toxicity was not determined.
In another experiment, an ethanolic extract from the Canada goldenrod
Solidago canadensis (Asteraceae) also showed low acute toxicity towards
D. magna with a 48 h LCsq above 1000 mg.L ™}, but regarding long-term
(chronic) effects, the number of offspring per animal decreased signifi-
cantly when the animals were exposed to concentrations over 20 mg.
L1, survival of parent animals was affected when exposed to concen-
trations over 30 mg.L™! and exposure to 50 mg.L™! resulted in no
offspring produced by the parent animals that survived, throughout
their entire life cycle (Huang et al., 2014). This study shows that despite
having no acute toxicity up to very high concentrations, this extract is
able to cause effects when the exposure is longer, resulting in alterations
in the animal’s life cycle.
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Aqueous extracts from five species of the Papaveraceae family,
Chelidonium majus, Dicranostigma lactucoides, Macleaya microcarpa,
Sanguinaria canadensis and Stylophorum lasiocarpum, were evaluated for
their potential toxicity towards aquatic organisms. The extract from
D. lactucoides showed the highest toxicity regarding immobilisation of
D. magna after 48 h of exposure (ECsy = 31.25 mg.L™}) followed by
S. canadensis extract (ECso = 62.00 mg.L’l). All the other extracts
showed low toxicity towards this organism with ECs values above 400
mg.L~! (Jancula et al., 2007). As mentioned before, the study by Gird
et al. (2017) has reported a 24 h ECs for an ethanolic extract from
C. majus of 258.1 mg.L ™! and, although a direct comparison between
ECs¢ values for 24 h and 48 h is not possible, it seems that the aqueous
extract is less toxic than the ethanolic extract. This could be due to
numerous reasons: the environmental conditions from which the plant
was obtained, the developmental stage of the plant (Ishimota et al.,
2019) and also the solvent that was used to obtain the extract. Different
solvents ultimately will extract different amounts and even different
compounds produced by the plant (Feng et al., 2020).

The volatile oils from the oleo-gum-resins of Ferula assa-foetida and
Ferula gummosa exhibited toxic effects towards D. magna (Pavela et al.,
2020). These plants, belonging to the Apiaceae family, produce an
oleo-gum-resin composed of volatile oils, gum and resin, rich in
sulphurous compounds and monoterpenes. Both oils caused mortality to
D. magna, being the F. assa-foetida oil the most toxic (100% mortality
after 48 h of exposure to 10 mg.L ™! of essential oil), while that obtained
from F. gummosa showed less toxic effects (70% mortality after 48 h of
exposure to 10 mg.L ! of essential oil). The authors did not report LCsg
values (Pavela et al., 2020) wich precludes any toxicity categorization or
comparison with other studies.

Methanolic extracts from leaves of the water plant Trapa japonica
(Trapaceae) commonly known as Japanese water chestnut, collected in
different stages of development were studied for the potential acute
toxicity towards the cladocerans D. magna and Scapheloberis kingi. The
48 h ECs values obtained varied from 4.7 to 22 g of leaves. L~! wet mass
in D. magna and 1.2-6.9 g of leaves. L™ wet mass in S. kingi. The extracts
obtained from yellow leaves with grazing damage induced the highest
toxicity in both organisms, and the authors also acknowledged that
leaves in this stage had the highest amount of bioactive compounds
(probably due, at least in part, to the induction of defence mechanisms
against grazing animals), which can explain the higher acute toxicity
when compared with the extracts from the leaves in different stages of
development (Ishimota et al., 2019). In this study, although the authors
reported 48 h ECsg values, the units used (weight of leaves used per
volume) impairs comparison with other studies that do not use the same
reference units. In another study, methanolic extracts of the aerial parts
of Senecio vernalis (Astereaceae), leaves of Tussilago farfara (Aster-
eaceae), roots of Petasites hybridus (Astereaceae) and Symphytum offici-
nale (Boriginaceae) were tested for their acute toxicity towards D. magna
and A. salina. After 72 h the LCsg values obtained were 83.31, 189.97,
178.6 and 801.0 mg.L ™, respectively, in D. magna. Again, because the
authors did not present 48 h LCsq results any comparison with other
studies becomes impossible, the same happening to the toxicity cate-
gorization according to the Globally Harmonized System of Classifica-
tion and Labelling of Chemicals (GHS). In A. salina, the 24 h LCs results
were 131.22, 222.33, 296.48 and 707.95 mg.L_l, respectively. For both
organisms, the S. vernalis extract was the most toxic. The authors attri-
bute the toxicity of the extract to the high content of pyrrolizidine al-
kaloids present, namely senecivernine, senecionine, seneciphylline,
integerrimine and senkirkine (Seremet et al., 2018). Once again, due to
methodological differences (ECso obtained after 24 h of exposure
instead of the recommended 48 h), it is not possible to compare these
results with those obtained for other species.

Polyflavonoid extracts obtained from Pinus radiata (Pinaceae) bark
showed to be toxic to D. magna. Maleic- and Itaconic-derivates of the
polyflavonoids showed the highest toxicity (48 h LCso of 10.09 and
16.94 mg.L™, respectively) while citraconic-derivate and unmodified
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polyflavonoids had similar toxicity (LCso of 52.06 and 56.64 mg.L ™},
respectively). Interestingly, there were differences in toxicity between
citraconic- and itaconic-anhydrides which are interchangeable isomers,
showing a significant effect of the esterification in the extracts’ toxicity
(Garcia et al., 2017).

Extracts obtained from Solanum nigrum (Solanaceae) leaves appear to
have no toxicity to D. magna organisms, at least at low concentrations.
Two studies assessed the potential toxicity of different extracts (chlo-
roform:methanol and ethyl acetate). For both S. nigrum extracts, no
acute toxic effects were observed. In these studies, the extracts were
tested for their potential effectiveness as bioinsecticides and the con-
centrations tested on the non-target organism D. magna were the con-
centrations that were found to be the most effective against 3rd instar
larvae of Culex vishnui and Anopheles subpictus (15 mg.L_1 for the chlo-
roform:methanol extract) and Culex quinquefasciatus (25 mg.L ™! for the
ethyl acetate extract) (Rawani et al., 2014b; Rawani et al., 2017).
Therefore, the information provided regarding the acute toxicity of the
extracts to D. magna was limited. While no effects were detected up to
the maximum concentrations tested, the effects at higher concentrations
still remain unknown including those that are categorized as toxic to
aquatic organisms (100 mg.L’l) (UN, 2019).

Essential oils obtained from the flowers and leaves of Elaeagnus
angustifolia (Elaeagnaceae) were tested for their general toxicity using
A. salina. The essential oil from the flowers was the most toxic (24 h
LCso = 2.25 mg.L™}) and the essential oil from the leaves showed high
toxicity as well (24 h LC5p = 11.00 mg.L*I). The authors link the toxicity
of the oils to the high content of ester compounds, specially E-ethyl
cinnamate (Torbati et al., 2016).

An ethyl acetate extract obtained from the leaves of Pistia stratiotes
was reported to have low toxicity towards A. salina at a concentration of
602.03 mg.L_1 (Ma et al., 2019) however the time of exposure was not
reported. This study was focused on the effectiveness of different frac-
tions of the extract against Anopheles mosquitoes and so the concentra-
tions that showed to be the most effective towards the mosquito was the
one tested towards A. salina as a non-target species. Because only one
concentration was tested it was impossible to calculate the ECsq.
Furthermore, by not disclosing the duration of the test any comparison
between the results obtained and the ones reported for other species is
impossible.

Ethanolic extracts from the bark and leaves of Salix alba (Salicaceae),
Equisetum arvense (Equisetaceae), aerial parts of Artemisia absinthium and
aerial parts of Artemisia vulgaris from the Asteraceae family, were tested
for the potential ecotoxicity using Daphnia pulex. The most toxic extracts
were the ones obtained from E. arvense and A. vulgaris with ECs( values
for immobilisation between 50 and 100 mg.L ™}, Both S. alba extracts
ECs( was between 100 and 150 mg.L_1 and A. absinthium extract was the
least toxic -ECsg between 150 and 200 mg.L’1 (Andreu et al., 2018).
Interestingly, Pino-Otin et al. have reported high toxicity of three ex-
tracts from A. absinthium to D. magna. The ethanolic extract resulted in a
24 h LCs¢ of 0.093 mg.L’1 and the hexane extract of 0.103 mg.L’l,
besides these extracts, a hydrolate presented a 24 h LCsy of 0.236%
(Pino-Otin et al., 2019a). The difference between these studies relies on
the Daphnia species used, one used D. pulex and the other D. magna, but
the differences in toxicity observed should not be down to this fact as
similarities in toxicities of many toxicants have been reported between
the two species (Lewis and Horning II, 1991; Lilius et al., 1995) and both
are suitable for acute toxicity tests according to the OECD guideline
(OECD, 2004). The difference could be due to environmental factors that
can affect the production of secondary metabolites and, particularly
concerning the differences in the hydrolate, it is noticeable that one of
the studies reports ECsq values and the other LCsp, which usually mean
the measurement of different parameters (e.g., immobilisation vs
lethality), and the units used are also different (mg.L ™' and percentage
of dilution). Differences in how the authors report their toxicity results
can lead to difficulties in comparing different studies of the same
product and therefore future harmonization on results reporting is very
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important.

Isolated compounds from plants used in the agro-food industry were
tested towards Daphnia similis. Piplartine was isolated from a methanolic
extract from the roots, stems, leaves and fruits of Piper tuberculatum
(Piperaceae). The isolated compound was then tested for its toxicity
towards D. similis, showing high acute toxicity to this organism (48 h
ECsg of 7.32 mg.L_1 for immobilisation) (Rapado et al., 2013). It should
be considered that only the toxicity of piplartine was reported and not of
the methanolic extract as a whole.

More recently, the addition of extracts from plants has been
emerging as an “eco-friendlier” way to produce metal nanoparticles. The
bioactive properties of molecules that can be extracted from plants
combined with nanoparticles can eventually lead to some innovative
therapies and applications (Ahmad et al., 2021). Interestingly, their
possible effects on aquatic organisms are mostly unknown, and only
sparsely has research addressed this subject. One study addressed the
possible acute toxic effects of biosynthesized silver nanoparticles with
an aqueous extract from the leaves of Alcea rosea (Malvaceae) to
D. magna. The nanoparticles showed high acute toxicity (48 h LCsg =
1.86 pg.L 1) to the test organisms, which the authors attribute to the
effect of Ag" ions which can cause ROS generation and oxidative stress,
among other effects like DNA and mitochondrial damage or membrane
lipid peroxidation. This product has been shown to have toxic effects on
organisms across the aquatic trophic chain - phytoplankton, crustaceans
and fish. (Khoshnamvand et al., 2020). Controversially, Sharma et al.
report no toxicity of nanocomposites, synthesized with aqueous extract
from the leaves of Achyranthes aspera (Amaranthaceae) with 4 mM
AgNOs, on D. magna and Moina macrocopa organisms after 48 h of
exposure up to 5.82 mg.L ! (Sharma et al., 2020) and Zahir et al. also
reported no toxicity towards D. magna and C. dubia, of nanoparticles
synthesized with 1 mM AgNOs and an aqueous extract from the leaves of

Acute 1

Plants L(E)Csp< 1 mg.L?

Q. saponaria (Com.)
A. hippocastanum (EtOH)
P. lanceolata (EtOH)
S. canadensis (Aq)
D. lactucoides (Aq)]
C. majus (EtOH)

M. quinquenervia (EO)
M. linariiflora (EO)
M. dissitiflora (EO)
E. globulus (EO)

T. japonica MeOH
O. vulgare EtOH

P. gravolens (Dry)
M. pereira (EO)

H. crepitans (Aq)

T. articulata (Aq)

T. distichum (EO)

C. lawsoniana (EO)
A. millefolium (EO)
T. ammi (EO)
T
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Euphorbia prostrata (Euphorbiaceae) at 10 mg.L ™! (Zahir and Rahuman,
2012). The ecotoxicological effects of silver nanoparticles on several
organisms were recently reviewed by Tortella et al. The authors
concluded that these man-made products can cause changes to biodi-
versity, but the effects still remain mostly unknown especially regarding
the nanoparticles internalization and bioaccumulation in aquatic and
terrestrial systems (Tortella et al., 2020).

As previously highlighted a comparison between all studies pub-
lished is impossible, nevertheless, to be able to compare the relative
toxicity between the different plants and types of extracts, we have
compiled all the results that described the 48 h L(E)Cs( values towards
D. magna, the most extensively studied species (Fig. 4). For most of the
available data, the 48 h L(E)Csg values reported can be categorized as
toxic to D. magna, except for the P. gravolens dry extract, the O. vulgare
ethanolic extract, C. majus ethanolic extract and P. lanceolata ethanolic
extract as well as the essential oils from M. dissitiflora and E. globulus that
showed E(L)Cso values above 100 mg.L_l. Moreover, the aqueous
extract from H. crepitans was highly toxic to D. magna with an L(E)Csg
value below 1 mg.L™%.

In order to be able to compare the relative toxicity of the essential
oils versus other plant extracts and considering that this information for
the same plant under the same conditions is not available we computed
all the reported L(E)Csg values (including 24, 48, 72 and 96 h) in the
scheme depicted in Fig. 5. It is noticeable that essential oils tend to cause
effects at lower concentrations. There are some exceptions, though.
Extracts from plants that are known to produce toxic metabolites such as
Tephrosia vogelii (rotenone), Hura crepitans (huratoxin) (Iannacone et al.,
2014; Li et al., 2015) or even from plants that are not known to produce
toxic metabolites such as the studied extracts from Artemisia absinthium
(ethanolic and hexane) (Pino-Otin et al., 2019a), that showed high acute
toxicity to D. magna at low concentrations (Table 2). A link between the
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Fig. 4. Comparison of reported 48 h L(E)Cs, values towards D. magna with the indication of the United Nations Globally Harmonized System of Classification and

Labelling of Chemicals (GHS) categorization.
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Fig. 5. Comparison of the toxicity towards crustaceans reported for essential
oils versus other extracts.
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toxicity observed and the compounds responsible for this effect, is often
hard to establish. Some studies have reported the compounds that could
be responsible for the observed effect (as previously described and
highlighted in Tables 2-5) but, as these products, especially essential
oils, are a complex mixture of compounds it becomes difficult to pin
point the compound responsible for the observed toxicity. Furthermore,
the chemical characterization of the oils and plants extracts is often not
provided.

4. Toxicity towards fish

The use of fish larvae for early life stage toxicity tests has been going
on for years. This practice has become growingly more restricted due to
regulations directing the use of vertebrates as models for toxicity testing.
The European Union’s regulation on Registration, Evaluation, Author-
isation and Restriction of Chemicals (REACH) clearly states that fish
testing should only be used when no other options are available (CEC,
2006). To avoid restrictions, zebrafish embryotoxicity tests present a
promising alternative approach (Lammer et al., 2009), and presently
most of the fish studies regarding the toxicity of essential oils and plant
extracts use zebrafish (Danio rerio). Other species include the rainbow
trout Oncorhynchus mykiss (Salmoniformes), the Nile tilapia Oreochromis

Table 3
Essential oils and plant extracts tested towards fish. N. D. — not determined; hpf — hours postfertilization.
Plant Toxicity evaluation Major compound(s) Reference
R ‘ R ‘ identified
Family Species Part(s) Type of extract Test Endpoint(s) LCso (mortality)
used species
Apocynaceae Cascabela Fruits Methanolic D. rerio Mortality; (72h) 1000 mg.  N.D. Haldar et al.
thevetia Developmental Lt (2015)
abnormalities;
Coagulation;
Embryonic
movements and
heart rate;
Length;
Failure to
straighten;
Oedema
Asteraceae Solidago N. S. Ethanolic Mortality (72 h) 320 mg. N.D. Huang et al.
canadensis L! (2014)
Lamiaceae Leonurus Aerial Essential oil Mortality; (24 hpf) ~10 Alkaloids He et al. (2018)
Jjaponicus parts Developmental mg.L 7% (48
abnormalities; hpf) ~60 mg.
Embryo hatching Lt
rate;
Embryo heartbeat
Piperaceae Piper kadsura Stems Methanolic Mortality; 43 mg.L7! Pellitorine, Seo et al. (2021)
Body NOEC =31 mg. chingchengenamide A,
adnormalities; Lt piperone
Abnormal
swimming;
Hemorrhaging
Piper Roots Piplartine Mortality; 1.69 mg.L ! Piplartine Rapado et al.
turbeculatum isolated from the Swimming activity; (2013)
methanolic Developmental
extract abnormalities
Zingiberaceae  Zingiber Rhizomes Essential oil Mortality; N.D. Sabinene, terpinene-4-ol Mektrirat et al.
cassamunar Developmental (2020)
abnormalities
Apiaceae Heracleum Leaves Essential oil G. affinis Mortality; 4219 mg.L ! Lavandulyl acetate, Govindarajan
sprengelianum Swimming activity bicyclogermacrene and Benelli
(2016b)
Zingiberaceae  Zingiber Leaves Essential oil Mortality (48 h) 9250.12 Myrcene, Govindarajan
nimmonii mg.L~! B-caryophyllene, et al. (2016a)
a-humulene, a-cadinol
Cupressaceae Chamaecyparis Leaves Essential oil O. mykiss Mortality (96 h) > 5 mg. 1-borneol acetate, 4- Duringer et al.
lawsoniana Lt terpineol, sabinene (2010)
Juniperus Heartwood  Essential oil Mortality (96 h) > 5 mg. A-terpineol, borneol, Duringer et al.
occidentalis Lt fenchol (2010)
Fabaceae Tephrosia vogelii Leaves Aqueous O. niloticus ~ Mortality 5.31 pg.L ! Rotenone” Li et al. (2015)

2 This compound was identified by the authors as the one responsible for the observed toxicity.
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Table 4
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Essential oils and plant extracts tested towards plants. N. D. — Not determined; N. S. — Not specified.

Plant Toxicity evaluation Major compound(s) identified
Family Species Reference Type of extract Test species Family Endpoint ECso
(mg.
L
Amaranthaceae ~ Amaranthus Leaves Hydroalcoholic T. aestivum Poaceae Cytotoxicity and ~ N. D. N.D. Dinu et al.
retroflexus genotoxicity (2017)
Asteraceae Achillea Flowering Essential oil and Amaranthaceae Germination, N.D Camphor, 1,8- Cakir et al.
biebersteinii aerial parts extracts (n- root growth and cineole, (2015)
Acetone, A. retroflexus hexane, A. retroflexus ~ Camphor, 1,8- seedling growth viridiflorol, ethyl
methanolic) cineole, oleate
viridiflorol, ethyl
oleate
Achillea C. album Chenopodiaceae
biserrate C. juncea Asteraceae
Achillea L. serriola
coarctata T. officinale
Achillea R. crispus Polygonaceae
wilhelmsii
Artemisia N. S Hydrolate A. cepa Amaryllidaceae Root growth 3.87% (-)-(2)-2,6- Pino-Otin
absinthium v/v) dimethylocta- et al.
5,7-diene-2,3- (2019b)
diol”
Papaveraceae Chelidonium Roots Aqueous L. minor Araceae Growth 484.69 copsitine Jancula
majus et al.
(2007)
Stylophorum Roots Aqueous >500 copsitine
lasiocarpum
Pinaceae Pinus radiata Bark Extract of L. sativa Asteraceae Percentage of N.D. Polyflavonoids Garcia
polyflavonoids germination and et al.
radicle length (2017)
# This compound was identified by the authors as the one responsible for the observed toxicity.
Table 5
Essential oils and plant extracts tested towards earthworms. N. D. — Not determined; N. S. — Not specified.
Plant Toxicity evaluation Major compound(s) identified Reference
Family Species Part(s) used Type of extract Test Endpoint ECso
species (mg.
L
Asteraceae  Artemisia N.S. Hydrolate E. fetida Mortality ~ 0.07 (—)-(Z)-2,6-dimethylocta-5,7- Pino-Otin et al. (2019b)
absinthium diene-2,3-diol”
Stevia Flowering Essential oil N.D. Caryophyllene oxide, spathulenol Benelli et al. (2020b)
rebaudiana branches
Apiaceae Cuminum Seeds Essential oil N.D. y-terpinen-7-al, cumin aldehyde, Benelli et al. (2018a)
cyminum a-terpinen-7-al
Ferula assa- Oleoresin Essential oil N.D. Sec-butyl (Z)-propenyl dissulfide, Pavela et al. (2020)
foetida Sec-butyl (E)-propenyl dissulfide
Ferula Oleoresin Essential oil N.D. a-pinene, p-phellandrene
gummosa
Foeniculum N. S. Commercial N. D. Trans-anethole, fenchone Pavela (2018)
vulgare essential oil
Pimpinella Seeds Essential oil N. D. (E)-anethole Benelli et al. (2018a)
anisum
Meliaceae Swietenia Leaves Methanolic E. eugeniae N.D. Bis (2-ethylhexyl) phthalate Dinesh-Kumar et al.
mahagoni (2018)
Pieraceae Piper betle Leaves Essential oil N. D. Eudesm-7 (11)-en-4-ol Vasantha-Srinivasan et al.
(2016)

# This compound was identified by the authors as the one responsible for the observed toxicity.

niloticus (Cichliformes), the mosquitofish Gambusia affinis (Cypri-
nodontiformes) and the Japanese rice fish Oryzias latipes (Beloniformes).
Oncorhynchus mykiss and Danio rerio are recommended by OECD for
ecotoxicity tests. The OECD guideline 203 also recommends Pimephales
promelas and Oryzias latipes for fresh water toxicity tests and Cyprinodon
variegatus and Menidia sp. for saltwater toxicity tests (OECD, 2013a).
Several studies reported that essential oils are toxic towards fish,
some assessed embryotoxicity and others used juvenile fishes, while
others do not report this information. According to the OECD guideline
203, the selected test organisms should be juveniles of the same age and
the exposure period should be 96 h after which the LCsy (median lethal
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concentration) should be calculated (OECD, 2019). For embryotoxicity
tests, the OECD guideline 236 recommends D. rerio as the test species
and the embryos should be exposed to the test substances for 96 h
immediately after fertilisation and the selected endpoints should be
observed every 24 h (OECD, 2013Db).

Table 3 compiles the available studies on the toxicity of essential oils
and plant extracts towards fish. An essential oil obtained from the aerial
parts of Leonurus japonicus (Lamiaceae), commonly known as mother-
wort, had toxic effects on embryos of D. rerio when exposed to con-
centrations above 6.25 mg.L”l. Several endpoints were assessed:
mortality, developmental abnormalities (yolk sac, axis, eye, head, tail,
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snout, jaw, brain, pericardial oedema, somites, pigmentation and cir-
culatory system), embryo hatching rate and embryo heartbeat. The
heartbeat rate decreased in the embryos treated with the essential oil.
From the lowest concentration tested, the egg hatching was significantly
reduced (77%) and at concentrations of 6.25 or 12.5 mg.L_1 embryos
developed dysplastic heads and tails, incomplete heart formation, par-
tial or complete lack of eye formation. Embryos exposed to concentra-
tions of 25, 50 and 100 mg.L ™! at 2 h post-fertilization (hpf), 10 hpf and
24 hpf showed signs of cardiotoxicity and entered cardiac arrest, and
eventually, total mortality occurred. Some of the embryos exposed to
100 mg.L ™! of essential oil at 48 hpf survived but the heads and tails of
the embryos did not form properly. The LCso values obtained were
significantly lower and similar for embryos treated at 2 hpf, 10 hpf and
24 hpf (around 10 mg.L_l), than the LCsp observed for the embryos
treated at 48 hpf (above 60 mg.L’l). The TCsp (median teratogenic
concentration) was much lower for the embryos treated at 2 hpf indi-
cating more serious abnormalities. The authors concluded that the
essential oil from L. japonicus was toxic to the zebrafish embryos, causing
death and malformations on the fish especially before the pharyngula
stage when the major organs start to form (He et al., 2018). An essential
oil obtained from the rhizomes of Zingiber cassamunar (Zingiberaceae)
was also toxic towards D. rerio embryos. The embryotoxicity of the
essential oil was dose dependant, with the concentration of 500 mg.L ™}
of essential oil causing the highest mortality rate (15 + 5.77%) after 24 h
of exposure. Regarding teratogenic effects, concentrations above 10 mg.
L~! caused developmental abnormalities, especially at the concentration
of 100 mg.L~! which caused malformations of the yolk sac, head and tail
development abnormalities, pericardial sac oedema, spinal column ab-
normalities and poor reabsorption of the yolk sac. Moreover, coagula-
tion of the embryos exposed to 100 mg.L ™! was observed after 96 h of
exposure, causing 100% mortality. Concentrations below 10 mg.L_1
caused no mortality or embryonic malformations (Mektrirat et al.,
2020). Essential oils obtained from J. occidentalis e C. lawsoniana showed
no toxic effects to juveniles of the rainbow trout O. mykiss at concen-
trations up to 5 mg.L ™! (the authors consider this concentration as the
solubility limit for the oils). The essential oils were considered safe to-
wards organisms on the same trophic level as O. mykiss (Duringer et al.,
2010). Leaf essential oil from Heracleum sprengelianum (Apiaceae) and
Zingiber nimmonii (Zingiberaceae) rhizomes essential oil showed very
low toxicity to G. affinis after 10 days of exposure for the
H. sprengelianum essential oil, and 48 h of exposure to Z. nimmonii
essential oil (LCsg values of 4219 and 9250.12 mg.L ™}, respectively) but
the authors did not report the age of the test organisms (Govindarajan
and Benelli, 2016b; Govindarajan et al., 2016a).

Besides essential oils, different types of plants extract were also
evaluated in terms of their potential toxicity towards fish (D. rerio and
O. niloticus). A methanolic extract obtained from the stems of Piper
kadsura (Piperaceae) showed acute toxicity to O. latipes. The authors
reported a 96 h LCsg of 43 mg.L™! and a NOEC of 31 mg.L™! but no
results regarding other endpoints such as body abnormalities or
abnormal swimming were reported in detail (Seo et al., 2021). Another
methanolic extract obtained from the fruits of Cascavela thebetia
(Apocynaceae), an ornamental and poisonous plant, was tested for
developmental toxicity and behavioural safety in D. rerio embryos. The
extract caused developmental abnormalities at concentrations above
200 mg.L~! on embryos treated at 72 hpf, showing eye, tail and head
development abnormalities, as well as a decrease in pigmentation. The
authors reported an LCs value of 1000 mg.L ™! of the methanolic extract
to the zebrafish embryos (Haldar et al., 2015). Piplartine isolated from a
methanolic extract from the roots of Piper tuberculatum (Piperaceae) was
also tested for potentially toxic effects towards D. rerio. This compound
showed high toxicity (LCso = 1.69 mg.L™!) and other abnormalities
were observed as transient effects after 48 h of exposure, such as erratic
swimming, extended abdomen, body hemorrhaging, red-pigmented
spots, exophthalmia, and abnormal head shape (Rapado et al., 2013).
An ethanolic extract obtained from Solidago canadensis (Asteraceae)
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induced mortality in D. rerio with an LCs( value after 72 h of exposure of
320 mg.L~! which can be considered of low to no risk to this organism
(Huang et al., 2014).

Aqueous extract from the leaves of Tephrosia vogelii (Fabaceae)
showed high toxicity to O. niloticus, with a 24 h LCsq of 5.31 pg.L 1. This
extract was shown to be highly toxic to different organisms including
D. magna as previously described (Li et al., 2015).

Recent studies also studied the potential toxicity of new preparation
of plant extracts, namely Nano formulations. Biosynthesized silver
nanoparticles with aqueous extract from Alcea rosea (Malvaceae) was
reported to be highly toxic towards D. rerio (96 h LCsg of 10.09 pg.L™1)
(Khoshnamvand et al., 2020). In another study, biosynthesized silver
nanoparticles with an aqueous extract from the leaves of Achyranthes
aspera (Amaranthaceae) showed no toxic effects on the fish G. affinis up
to concentrations of 5.82 mg.L’1 after 48 h of exposure (Sharma et al.,
2020). The reported results of toxicity observed in these studies makes it
impossible to make comparisons of the effects observed as most do not
follow the same duration of exposure, or, regarding embryotoxicity, the
exposure started hours after the fertilisation of the embryos.

5. Toxicity towards plants and soil organisms

Plants have a major influence on the ecosystem. Besides being able to
generate local micro-climates, preventing the erosion of the soils or
affecting the water yielded, plants and vegetation influence the fauna
around them and support a wide diversity of other organisms (Hamilton,
2013). Despite their importance, they are disregarded in most of the
studies concerning the possible toxic effects of essential oils and other
plant extracts on the ecosystem. Only five studies included plants in
their toxicity assessments, being most of them published after 2015.
Different target plants were used in all studies: edible plants such as the
common onion Allium cepa (Amaryllidaceae), common wheat Triticum
aestivum (Poaceae) and the garden lettuce Lactuca sativa (Asteraceae);
different weeds, that are also edible but only in some cultures or specific
areas of the world such as the red-rooted pigweed Amaranthus retroflexus
(Amaranthaceae), the rush skeletonweed Chondrilla juncea (Asteraceae),
the prickly lettuce Lactuca serriola (Asteraceae), the white goosefoot
Chenopodium album (Chenopodiaceae) and the curly dock Rumex crispus
(Polygonaceae) or the dandelion Taraxacum officinale (Asteraceae). One
study also used the aquatic plant Lemna minor (Araceae) commonly
known as duckweed to evaluate the possible toxic effects of extracts
towards aquatic plants, but it was the only study that focused on this
species, even though this plant is a recommended test species for aquatic
toxicity tests (OECD, 2006) and it is commonly used in ecotoxicological
risk assessment (Amy-Sagers et al., 2017; de Alkimin et al., 2020; Sackey
et al., 2020). Besides plants, earthworms and soil microorganisms play
an important role in the general soil health and can affect the biodi-
versity of entire ecosystems (Friind et al., 2011; Sacca et al., 2017). Few
studies focus on the potentially toxic effects of essential oils and other
plant extracts on these types of soil organisms, and in general, these
effects remain mostly unknown, and even though these organisms play
such an important role in the ecosystem, only eight papers studied the
effects of these products towards earthworms and three to soil
microorganisms.

6. Plants

As previously mentioned only one study evaluated the effects of
plant extracts in aquatic plants (Table 4). In this study, aqueous extracts
from the roots of Chelidonium majus and Stylophorum lasiocarpum showed
low toxic effects to L. minor, with 7 days ECsg values above 450 mg.L’l,
and therefore, these extracts did not cause significant growth inhibition
in this aquatic plant. These extracts were tested for their acute toxicity to
several organisms (L. minor, R. subcapitata, S. quadricauda and D. magna)
(Jancula et al., 2007). The S. lasiocarpum extract does not seem to pose
risk to aquatic organisms as the ECsg values obtained were above 100
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mg.L~! to all tested organisms. Concerning the C. majus extract, the ECso
values obtained were also above 100 mg.L~! for all tested organisms,
except for both microalgae (R. subcapitata and S. quadricauda) for which
the ECsq values obtained were below 100 mg.L’l, and thus are consid-
ered to be in the acute 3 category of the GHS (see Table 1). As it seems,
microalgae are the most sensitive organisms to this C. majus aqueous
extract.

Most of the studies conducted in terrestrial plants tested the effects of
extracts and only one evaluated the toxicity of the essential oil (Cakir
et al., 2015). In this last study, the toxicity of essential oils and three
different extracts (n-hexane, acetone and methanolic) of four plants
from the Achillea genus were studied in Amaranthus retroflexus, Chon-
drilla juncea, Chenopodium album, Lactuca serriola, Rumex crispus and
Taraxacum officinale to evaluate their effects in terms of seed germina-
tion, root growth and seedling growth. The essential oils and n-hexane
extracts were obtained from the flowering aerial parts of A. biebersteinii,
A. coarctata, A. wilhelmsii and A. biserrata. The acetone and methanolic
extracts were obtained from the flowers only. At 1.0 mg mL™?, all the
essential oils caused inhibition of germination, root growth and seedling
growth, on all tested species. For the extracts, some inhibition occurred
but with minor effects. The minor effects caused by the extracts was
attributed to the lower content of volatile compounds when compared to
the essential oils (Cakir et al., 2015). This study shows that the essential
oils were more toxic to all the target plants while the respective extracts
tended to be less toxic. It would be interesting to have more studies that
compare the toxicity of essential oils and extracts obtained from the
same plant to ascertain if essential oils are always more toxic than ex-
tracts or not. Generally, most studies focus on the effects of essential oils
or extracts and not both. This could be because there are very few studies
focusing solely on the ecotoxicological effects of these products, being
the ecotoxicological evaluations performed to assess the safety of a
specific essential oil or an extract that has the potential to be used
industrially as, for example, a bioinsecticide or bioherbicide or for their
properties to be used in the enhancement of cosmetics, and food industry
products or as new therapeutical agents. While it is important that the
awareness to the necessity of studying the effects on the ecosystems of
new potential products to be introduced commercially is rising, such
partial assessments make comparisons and trend establishment difficult.

The hydroalcoholic extract obtained from the leaves of A. retroflexus
displayed low toxicity towards Triticum aestivum, with inhibitory effects
in root length due to mitosis inhibition, only being found at the highest
concentration tested of 1%. Accordingly, the authors concluded that the
extract was cytotoxic and genotoxic to T. aestivum only at high con-
centrations (Dinu et al., 2017). In another study, polyflavonoids
extracted from the bark of Pinus radiata appeared to slightly influence
the growth of Lactuca sativa roots, while modified itaconic- and
maleic-derivate polyflavonoids did not seem to have any toxic effects on
the radicle growth of L. sativa. (Garcia et al., 2017).

In contrast, toxic effects of an hydrolate obtained from Artemisia
absinthium were observed in Allium cepa. The hydrolate caused signifi-
cant inhibition of root after 72 h at low concentrations (LCsg of 3.87% v/
v) which can ultimately affect the ability of the plant to get nutrients.
This study also evaluated the toxicity of this extract towards organisms
belonging to different trophic levels, namely, the annelid Eisenia fetida
and soil bacteria as described in the next subsection.

7. Earthworms

Earthworms are important soil invertebrates due to their ability to
break down organic matter being considered good indicators of soil
quality. They can also influence soil structure and chemistry which in-
fluences entire soil ecosystems (Friind et al., 2011; Rombke et al., 2005).
The OECD guideline 207 recommends Eisenia fetida as the preferred test
organism to perform toxicity tests in earthworms due to its susceptibility
to chemicals and resembling response of “true soil-inhabiting species”
although other species can be used if the necessary methodology is

15

Environmental Pollution 292 (2022) 118319

available (OECD, 1984, 2016).

Table 5 describes the available studies on the essential oils and ex-
tracts tested towards earthworms. The hydrolate from A. absinthium was
tested towards different organisms and the results showed high toxicity
to E. fetida after 14 days of exposure (LCsq of 0.07 mg.L™1) having an
important impact on the survival of this species (Pino-Otin et al.,
2019b). This hydrolate was reported to be highly toxic towards different
organisms, including the aquatic species D. magna and C. reinhardtii as
well as the terrestrial species A. cepa and E. fetida.

Contrastingly, the essential oils from the oleo-gum-resins of Ferula
assa-foetida and Ferula gummosa showed no toxic effects on E. fetida after
14 days of exposure (Pavela et al., 2020). Three other studies focused on
the potentially toxic effects of essential oils on E. fetida. In these studies,
the essential oils from the flowering branches of Stevia rebaudiana (up to
200 mg.Kg™1), from the seeds of Cuminum cyminum and Pimpinella ani-
sum (up to 100 mg.Kg ™), and a commercial essential oil of Foeniculum
vulgare (at a concentration of 240.7 mg.Kg™!) showed no significant
effects to the earthworms after 14 days of exposure (Benelli et al.,
2020b; Benelli et al., 2018a; Pavela, 2018). Similar results were ob-
tained with the essential oil from the leaves of the betel Piper betle to-
wards Eudrilus eugeniae, a large-sized earthworm native from the African
continent (Blakemore et al., 2009). The essential oil from P. betle showed
no toxicity to E. eugeniae after 14 days of exposure (Vasantha-Srinivasan
et al., 2016). A methanolic extract obtained from the leaves of Swietenia
mahagoni was also tested for the potentially toxic effects to E. eugeniae as
a non-target organism, showing low mortality after 14 days of exposure
at doses up to 200 ppm. Kg~! (Dinesh-Kumar et al., 2018).

8. Soil microbiome

Few studies evaluated the effects of plant extracts on the soil mi-
crobial community. One study evaluated the effects of an aqueous
extract from the leaves of neem (Azadirachta indica), a plant used to
obtain the neem essential oil, which main component, azadirachtin, is
used commercially as a biopesticide (Campos et al., 2019). The aqueous
extract reduced soil microorganism’s activity in vitro at the concentra-
tions of 100,000 and 400,000 mg.L’1 in short-term exposure, but
significantly increased the presence of microorganisms after two months
of soil supplementation with the neem extract. The authors compared
the response when using the neem extract and azadirachtin and
observed that the same long-term response did not occur with the bio-
pesticide (Sarawaneeyaruk et al., 2015).

To assess the effects of plant-derived products on soil bacteria,
Pino-Otin et al. (2019b) studied a hydrolate obtained from A. absinthium
(var. Candial), a product that has been reported to possess nematicidal
activity, in a microbial community obtained from soil from an experi-
mental crop field free of pesticides or other contaminants in
North-eastern Spain. The soil samples were characterized mainly by
Proteobacteria (76.06%), Bacteroidetes (11.29%) and Firmicutes
(4.86%). The authors used the Biolog EcoPlate™ to determine the ability
of the microbial community to degrade different carbon sources after
being exposed to the A. absinthium hydrolate in different concentrations.
Their results showed that in all the concentrations tested (up to 100%)
the hydrolate did not exert significant differences in the physiological
diversity of soil bacteria, but concentrations above 25% v/v decreased
the metabolism of soil bacteria significantly. Interestingly, at lower
concentrations (1% v/v) the hydrolate caused an enhancement in the
metabolism which the authors think could be due to the usage of the
hydrolate as a source of nutrients or even the elimination of other
competitors such as fungi (Pino-Otin et al., 2019b). This effect has been
observed in other soil pesticides such as Glyphosate and Carbendazin
(Ratcliff et al., 2006; Tortella et al., 2013).
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9. New perspectives on the use of essential oils and plants
extracts

One of the most studied potential applications of essential oils and
plant extracts addresses the replacement of chemical pesticides by bio-
pesticides. This area has received increasing attention over the past few
years with numerous studies addressing the toxicity of essential oils and
plant extracts towards insects that affect crops and their potential use as
biopesticides (see review by (Pavela, 2016). A complete description of
the toxicity of essential oils and extracts towards insects that are disease
vectors or that affect crops is not under the scope of the present review
that focuses on non-target organisms, nevertheless, considering the
importance of this topic, a brief compilation of studies that focus on the
potential effectiveness of essential oils and other plant extracts to be
used as biopesticides against these insects is provided in Table 6.

Several compounds that can be obtained from plants have been
identified as bioinsecticides such as nicotine, azadirachtin, rotenone,
limonene and pyrethrin, while carvacrol, berberine, ethylicin can be
used to prevent plant diseases (Liu et al., 2021). Currently, the most
commercially used plant-based pesticides are derived from neem (Aza-
dirachta indica) and neem-based formulations, and these are used to
control bollworms, aphids, jassids, thrips, whitefly, diamonblack moth,
among others. Pyrethrium, rotenone and ryanodine obtained from
Chrysanthemum cinerariaefolium, Lonchocarpus spp. and Ryania spp. are
used against crawling and flying insects such as cockroaches, ants,
mosquitoes, and termites. Essential oils from Artemisia annua and Vinca
rosea are also used against the bollworm Helicoverpa armigera, a pest that
can attack several crops (Rajamani and Negi, 2021).

Biopesticides mechanisms of action, their effects and their potential
to be used as a replacement for synthetic pesticides were recently
reviewed (see for example Chaudhary et al., 2017; Liu et al., 2021; Luz
et al., 2020; Rajamani and Negi, 2021; Samada and Tambunan, 2020;
Singh et al., 2019). In comparison to synthetic pesticides, biopesticides
have several advantages: (1) they are often less toxic than conventional
pesticides and their toxicity tends to be species-specific and with fewer
effects on non-target species, while broad spectrum pesticides can affect
a wide variety of organisms, (2) they can be effectively used in inte-
grated pest management (IPM) programs decreasing the need to use
conventional pesticides and (3) they are often quickly degraded in the
ecosystem (Leahy et al., 2014). This is in fact one of the main advantages
of using essential oils and extracts as biopesticides instead of synthetic
pesticides. Essential oils are mainly composed of volatile compounds
such as mono- and sesquiterpenes which have been reported to be
rapidly biodegradable (Jenner et al., 2011; Prasanna, 2018).

The comparison of the toxicity profile of biopesticides versus syn-
thetic ones is not straightforward, as there is still a scarcity of data for
biopesticides and because the toxicity of plant-based products ulti-
mately depends on the composition of the essential oil or extract.

One of the few studies that evaluated the potential use of essential
oils as a biopesticide with larvicidal activity against Aedes aegypti also
evaluated the toxicity on D. magna organisms as a non-target species.
The studied essential oils from E. globulus, M. dissitiflora, M. linariiflora
and M. quinquenervia showed larvicidal activity while also presenting an
LCs value to the non-target organism much lower than one of the most
used synthetic pesticides against larvae of A. aegypti, the organophos-
phate temephos, which is reported to have a 48 h LCsq of 0.00015 mg.
L 'toD. magna (Abe et al., 2014). The essential oil from M. linariiflora
showed the lowest ECsq to D. magna of 1.84 mg.L™}, which is still more
than 12,000 times the value reported of temephos. Fig. 6 describes the
toxicities (in terms of L(E)Csg) of the most widely used synthetic pesti-
cides and essential oils and extracts towards D. magna (the test species
for which more data is available).

Essential oils and plant extracts have been intensively studied for
their potential use as biopesticides and, in general, they often pose less
risk to non-target organisms although some acute effects can still occur
at low concentrations. Due to their volatile character, compounds
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extracted from plants usually tend to be rapidly biodegradable, but
studies that address the persistence or even studies that focus on chronic
toxicity to non-target organisms are still very scarce.

10. Conclusions

Essential oils and plant extracts are an important part of plant-
derived products with a wide range of applications in various types of
industries, including food, agriculture, pharmaceuticals, cosmetics, and
textiles. The demand for these products is expected to increase as the call
for more natural products continues to rise. Therefore, it will become
more and more important to evaluate their safety in the ecosystem.
Although some work has already been performed, much more is
necessary not only due to the expected increasing demand and conse-
quent large-scale industrial production but also due to regulatory issues.
Most of the work performed so far focused on the evaluation of acute
toxicity of essential oils, extracts or selected ingredients obtained from
plants towards organisms from different trophic levels, mainly crusta-
ceans. Interestingly, several studies evaluated the potential toxicity of
endemic plant species, however, no studies on the effects of the most
common industrially produced essential oils (orange, lemon, and mint)
are available. Overall, essential oils are more toxic than extracts and
most of the highly toxic extracts are derived from plants that are known
to be toxic as is the case of the aqueous extracts from Thephrosia vogelii,
Hura crepitans or Quillaja saponaria. Toxicity has also been reported for
extracts obtained from plants that are not known to have highly toxic
metabolites such as the ethanolic and hexane extracts from Artemisia
absinthium. Furthermore, some of these products exhibited toxic effects
in some organisms and no effects on others, as was the case with the
essential oil from Juniperus occidentalis that caused relatively high
toxicity to microalgae while registering no effects on crustacea, while
the contrary effect was observed with the oil obtained from Chamaecy-
paris lawsoniana that caused toxicity at low concentrations to crustacea
but not on microalgae. Despite the general perception that plant-based
products are “greener” and safer alternatives to their chemical coun-
terparts, there is a lack of empirical data that can sustain it, creating an
imperative obligation to widen the assessment of their safety to better
understand their effects in the ecosystem. As international regulations
become tighter regarding environmental impacts of chemicals, mixtures
of chemicals and new products, such as REACH in the European Union
or more globally the GHS put in place by the UN, we expect that more
studies will generate scientific data about the effects of essential oils,
hydrolates and other extracts obtained from plants as new sources of
bioactive compounds.

Presently, data regarding the effects of plant-based products is still
scarce (most of the studies focus on aquatic systems and in a particular
organism, Daphnia magna) and the possible effects on other aquatic or-
ganisms or even to marine or terrestrial systems remain still largely
unknown. Although many international guidelines regarding acute
toxicity testing to organisms are in place, the way that experiments are
conducted and the way that results are presented often do not follow the
requested criteria, which renders the subsequent comparison and clas-
sification impossible. Future studies should strictly follow standardized
guidelines in order to allow a broader comparison between studies and
to allow future ranking of plant-based extracts according to their eco-
safety potential.

We hope that this review, which describes the current state of the art
on this emerging topic, can launch the basis for further studies on the
environmental safety of plant essential oils and extracts. Of particular
emerging interest are the studies regarding the use of essential oils and
plant extracts as a replacement for synthetic pesticides. In this line, it
becomes even more important to evaluate the eco-safety of essential oils
and extracts to non-target organisms of different trophic levels, as they
will be intentionally released into the environment. This evaluation
should focus in, not only acute, but also in chronic toxicity tests the
study of the effects of complex mixtures of multiple oils and extracts, as
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Table 6

Examples of Essential oils and extracts that have been studied for their biopesticide potential against important disease vectors and crop pests.

Insect family

Scientific name

Plant family

Plant

Part(s) used

Type of extract

Effect

Reference

Disease
vectors

Culicidae

Aedes aegypti

Aedes albopictus

Culex quinquefasciatus

Culex
tritaeniorhynchus

Culex pipens

Anopheles gambiae

Anopheles stephensi

Anopheles subpictus

Apiaceae
Asteraceae
Euphorbiaceae
Fabaceae
Lamiaceae
Myristicaceae
Piperaceae
Plantaginaceae
Schisandraceae
Zingiberaceae

Asteraceae

Asteraceae
Fabaceae
Lamiaceae
Monimiaceae
Schisandraceae
Zingiberaceae

Asteraceae

Lamiaceae
Lauraceae
Poaceae

Asteraceae
Fabaceae
Schisandraceae
Zingiberaceae

Asteraceae
Apiaceae

Petroselium crispum
Foeniculum vulgare
Ageratum conyzoides
Artemisia absinthium
Blumea eriantha
Croton tetradenius
Acacia nilotica
Pogostemon cablin
Salvia apiana

Salvia elegans

Salvia leucantha
Myristica fragans
Piper sarmentosum
Kadsura heteroclita
Limnophila aromantica
Curcuma longa
Hedychium larsenii
Zingiber nimmonii

Blumea eriantha
Artemisia absinthium
Heracleum sprengelianum
Artemisia absinthium
Baccharis dracunculifolia
Blumea eriantha
Echinops giganteus
Helichrysum faradifani
Acacia nilética
Afromomum daniellii
Dichrostachyl cinerea
Nepeta cadmea

Peumus boldus

Kadsura heteroclita
Hedychium larsenii
Zingiber nimmonii
Artemisia absinthium
Blumea eriantha
Heracleum sprengelianum
Nepeta cadmea
Pimpinella anisum
Satureja montana
Thymus vulgaris
Cinnamomum zeylanicum
Cymbopogon winterianus

Artemisia absinthium
Blumea eriantha
Acacia nilotica
Kadsura heteroclita
Hedychium larseni
Zingiber nimmonii

Artemisia absinthium
Blumea eriantha

Fruits

Fruits

Flowers and leaves
Leaves

Leaves

Leaves

Leaves

Leaves

Aerial parts
Aerial parts
Aerial parts
Mace

Stems and leaves
Leaves

Whole plant
Rhizomes/
LeavesRhizomes
Rhizomes

Leaves
Leaves
Leaves
Leaves
Leaves
Leaves
Rhizomes
Aerial parts
Seeds
Fruits
Fruits, leaves, seeds
Aerial parts
Leaves
Leaves
Rhizomes
Rhizomes
Leaves
Leaves
Leaves
Aerial parts
Seeds
Leaves
Leaves
Bark
Leaves
Leaves
Leaves
Leaves
Seeds
Leaves
Rhizomes
Rhizomes

Essential oil
Essential oil
Essential oil +
extracts
Essential oil
Essential oil
Essential oil
Essential oil
Essential oil
Essential oil
Essential oil
Essential oil
Mace oil +
extracts
Essential oil
Essential oil
Essential oil
Essential oil
Essential oil
Essential oil

Essential oil

Essential oil

Essential oil

Essential oil

Essential oil

Essential oil

Larvicidal/Adulticidal
Larvicidal

Adulticidal

Larvicidal

Larvicidal
Larvicidal/Adulticidal
Larvicidal

Larvicidal

No effect

Larvicidal

Larvicidal

Larvicidal

Larvicidal

Larvicidal

Larvicidal
LarvicidalLarvicidal
Larvicidal

Larvicidal

Larvicidal

Larvicidal

Larvicidal

Adulticidal

Larvicidal

Larvicidal

Intirach et al. (2016)

Intirach et al. (2016)

Pintong et al. (2020)
Govindarajan and Benelli (2016a)
Benelli et al. (2017)

Carvalho et al. (2016)
Vivekanandhan et al. (2018)
Santos et al. (2019)

Ali et al. (2015a)

Ali et al. (2015a)

Intirach et al. (2016)

Intirach et al. (2016)
Govindarajan et al. (2016b)
Intirach et al. (2016)

(Intirach et al., 2016)/(Ali et al., 2015b)
AlShebly et al. (2017)
Govindarajan et al. (2016a)

Benelli et al. (2017)
Govindarajan and Benelli (2016a)
Govindarajan and Benelli (2016b)
Govindarajan and Benelli (2016a)
Alves et al. (2018)

AlShebly et al. (2017)

Pavela et al. (2016)

Benelli et al. (2018b)
Vivekanandhan et al. (2018)
Pavela et al. (2016)

Pavela et al. (2016)

Oz et al. (2018)

de Castro et al. (2016)
Govindarajan et al. (2016b)
AlShebly et al. (2017)
Govindarajan et al. (2016a)
Govindarajan and Benelli (2016a)
Benelli et al. (2017)
Govindarajan and Benelli (2016b)
Oz et al. (2018)

Deletre et al. (2013)

Govindarajan and Benelli (2016a)
Benelli et al. (2017)
Vivekanandhan et al. (2018)
Govindarajan et al. (2016b)
AlShebly et al. (2017)
Govindarajan et al. (2016a)

(continued on next page)
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Table 6 (continued)

Insect family Scientific name Plant family Plant Part(s) used Type of extract Effect Reference
Heracleum sprengelianum Leaves (Govindarajan and Benelli, 2016a;
Leaves Govindarajan et al., 2016a)
Leaves Govindarajan and Benelli (2016b)
Anopheles Lamiaceae Salvia leucantha Aerial parts Essential oil Larvicidal Ali et al. (2015a)
quadrimaculatus Zingiberaceae Curcuma longa Leaves Ali et al. (2015b)
Crop pests Anobiidae Lasioderma serricorne Rutaceae Evodia lenticellata Fruits Essential oil Fumigant and contact toxicity, Cao et al. (2018)
repellent
Curculionidae Sitophylus oryzae Lamiaceae Nepeta cataria Aerial parts Essential oil Repellent and fumigant toxicity ~ Amini et al. (2019)
Nepeta pogonosperma (Koutsaviti et al., 2018)
Nepeta glomerulosa
Nepeta binaloudensis
Salvia pomifera
Thymbra capitata
Sitophylus zeamais Sapindaceae Paullinia pinnata Leaves Essential oil Fumigant toxicity Ogunwande et al. (2017)
Mosla soochowensis Aerial parts Contact + fumigant toxicity Chen et al. (2017)
Liposcelididade  Liposcelis Rutaceae Evodia lenticellata Fruits Essential oil Fumigant and contact toxicity, Cao et al. (2018)
bostrychophila repellent
Margarodidae Drosicha mangiferae Meliaceae Azadirachta indica Leaves and fruits Methanolic extract ~ Contact toxicity Ghafoor et al. (2019)
Poaceae Cymbopogon citratus Leaves Essential oil
Solanaceae Datura alba Leaves and seeds Essential oil
Sapindaceae Dodonaea viscosa Tender stems Methanolic extract
Rubiaceae Gardenia jasminoides Leaves and stems Methanolic extract
Apocynaceae Nerium indicum Leaves Methanolic extract
Asteraceae Parthenium hysterophorus Leaves and tender Methanolic extract
stems
Myrtaceae Syzygium aromaticum Buds Essential oil
Tenebrionidae Tribolium castenum Rutaceae Evodia lenticellata Fruits Essential oil Fumigant and contact toxicity, Cao et al. (2018)
repellent
Asteraceae Artemisia annua Leaves Essential oils + Fumigant and contact toxicity, Deb and Kumar (2020)
extracts repellent
Tribolium confusum Meliaceae Azadirachta indica Seeds Ethanolic extracts Adulticidal Zaka et al. (2019)
Euphorbiaceae Ricinus communis Seeds
Brassicaceae Eruca sativa Seeds
Myrtaceae Eucalyptus globulus Seeds
Myrtaceae Syzygium cumini Peel + seeds
Rutaceae Citrus reticulata Peel + seeds
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Fig. 6. 48 h L(E)Cs values (in mg.L™") of common insecticides and herbicides vs reported 48 h L(E)Cs, values of essential oils and extracts towards D. magna.

well as potential multi and transgenerational effects in the biota.
Author statement

Celso Afonso Ferraz: Investigation, Visualization, Writing — original
draft preparation. M. Ramiro Pastorinho: Supervision, Methodology,
Writing — review & editing. Ana Palmeira de Oliveira: Funding
acquisition, Writing — review & editing. Ana Catarina Sousa: Concep-
tualization, Methodology, Supervision, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Celso Afonso Ferraz acknowledges the financial support from the
University of Beira Interior through the scholarship co-funded by the
European Social Fund - P2020/POISE and further support given by the
Regional Direction for Higher Education from the Autonomous Region
of Madeira and the Municipality of Camara de Lobos.

This work was supported by “INOVEP project — Innovation with
Plant Extracts”, I&DT projects for companies in collaboration with sci-
entific entities, project number 33815, Centro2020. Further financial
support was provided by Fundacao Ciéncia e Tecnologia, IP to the
Health Sciences Research Center, University of Beira Interior (CICS-UBI)
through the project UID/Multi/00709,/2019) and to the Comprehensive
Health Research Centre (CHRC), University of Evora, through the proj-
ect UIDP/04923/2020.

References

Abdelli, W., Bahri, F., Hoferl, M., Wanner, J., Schmidt, E., Jirovetz, L., 2018. Chemical
composition, antimicrobial and anti-inflammatory activity of algerian juniperus

19

phoenicea essential oils. Nat. Prod. Commun. 13, 223-228. https://doi.org/
10.1177/1934578x1801300227.

Abe, F.R., Coleone, A.C., Machado, A.A., Gongalves Machado-Neto, J., 2014. Ecotoxicity
and environmental risk assessment of larvicides used in the control of Aedes aegypti
to Daphnia magna (Crustacea, Cladocera). J. Toxicol. Environ. Health, Part A 77,
37-45. https://doi.org/10.1080,/15287394.2014.865581.

Ahmad, T., Igbal, J., Bustam, M.A,, Irfan, M., Anwaar Asghar, H.M., 2021. A critical
review on phytosynthesis of gold nanoparticles: issues, challenges and future
perspectives. J. Clean. Prod. 309, 127460. https://doi.org/10.1016/j.
jclepro.2021.127460.

Ali, A., Tabanca, N., Demirci, B., Blythe, E.K., Ali, Z., Baser, K.H.C., Khan, L.A., 2015a.
Chemical composition and biological activity of four salvia essential oils and
individual compounds against two species of mosquitoes. J. Agric. Food Chem. 63,
447-456. https://doi.org/10.1021/jf504976f.

Ali, A., Wang, Y.H., Khan, I.A., 2015b. Larvicidal and biting deterrent activity of essential
oils of curcuma longa, Ar-turmerone, and curcuminoids against Aedes aegypti and
Anopheles quadrimaculatus (Culicidae: Diptera). J. Med. Entomol. 52, 979-986.
https://doi.org/10.1093/jme/tjv072.

Alonso-Esteban, J.I., Pinela, J., Barros, L., Giri¢, A., Sokovié, M., Calhelha, R.C., Torija-
Isasa, E., de Cortes Sdnchez-Mata, M., Ferreira, 1.C.F.R., 2019. Phenolic composition
and antioxidant, antimicrobial and cytotoxic properties of hop (Humulus lupulus L.)
Seeds. Ind. Crop. Prod. 134, 154-159. https://doi.org/10.1016/j.
indcrop.2019.04.001.

Alonso, A., Vazquez de Aldana, B.R., Castro-Diez, P., Medina-Villar, S., Pérez-Corona, M.
E., 2020. Effects of leaf litter extracts from four tree species on aquatic invertebrates:
an ecotoxicological risk assessment approach. Aquat. Ecol. 54, 1155-1168. https://
doi.org/10.1007/510452-020-09800-x.

AlShebly, M.M., AlQahtani, F.S., Govindarajan, M., Gopinath, K., Vijayan, P., Benelli, G.,
2017. Toxicity of ar-curcumene and epi-p-bisabolol from Hedychium larsenii
(Zingiberaceae) essential oil on malaria, chikungunya and Japanese encephalitis
mosquito vectors. Ecotoxicol. Environ. Saf. 137, 149-157. https://doi.org/10.1016/
j.-ecoenv.2016.11.028.

Alves, K.F., Caetano, F.H., Pereira Garcia, 1.J., Santos, H.L., Silva, D.B., Siqueira, J.M.,
Tanaka, A.S., Alves, S.N., 2018. Baccharis dracunculifolia (Asteraceae) essential oil
toxicity to Culex quinquefasciatus (Culicidae). Environ. Sci. Pollut. Control Ser. 25,
31718-31726. https://doi.org/10.1007/511356-018-3149-x.

Amini, S., Nohooji, M.G., Khani, M., Labbafi, M.R., Khalighi-Sigaroodi, F., 2019.
Biological activity of some essential oil constituents in four Nepeta L. Species against
Sitophilus oryzae L. Biodiversitas 20, 338-343. https://doi.org/10.13057/biodiv/
d200205.

Amy-Sagers, C., Reinhardt, K., Larson, D.M., 2017. Ecotoxicological assessments show
sucralose and fluoxetine affect the aquatic plant, Lemna minor. Aquat. Toxicol. 185,
76-85.

Andreu, V., Levert, A., Amiot, A., Cousin, A., Aveline, N., Bertrand, C., 2018. Chemical
composition and antifungal activity of plant extracts traditionally used in organic
and biodynamic farming. Environ. Sci. Pollut. Control Ser. 25, 29971-29982.
https://doi.org/10.1007/511356-018-1320-z.


https://doi.org/10.1177/1934578x1801300227
https://doi.org/10.1177/1934578x1801300227
https://doi.org/10.1080/15287394.2014.865581
https://doi.org/10.1016/j.jclepro.2021.127460
https://doi.org/10.1016/j.jclepro.2021.127460
https://doi.org/10.1021/jf504976f
https://doi.org/10.1093/jme/tjv072
https://doi.org/10.1016/j.indcrop.2019.04.001
https://doi.org/10.1016/j.indcrop.2019.04.001
https://doi.org/10.1007/s10452-020-09800-x
https://doi.org/10.1007/s10452-020-09800-x
https://doi.org/10.1016/j.ecoenv.2016.11.028
https://doi.org/10.1016/j.ecoenv.2016.11.028
https://doi.org/10.1007/s11356-018-3149-x
https://doi.org/10.13057/biodiv/d200205
https://doi.org/10.13057/biodiv/d200205
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref11
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref11
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref11
https://doi.org/10.1007/s11356-018-1320-z

C.A. Ferraz et al.

ASTM, 1997. ASTM E1193-97, Standard Guide for Conducting Daphnia Magna Life-Cycle
Toxicity Tests. ASTM International. www.astm.org.

Barbieri, C., Borsotto, P., 2018. Essential Oils: Market and Legislation. https://doi.org/
10.5772/intechopen.77725.

Benelli, G., Govindarajan, M., Rajeswary, M., Senthilmurugan, S., Vijayan, P., Alharbi, N.
S., Kadaikunnan, S., Khaled, J.M., 2017. Larvicidal activity of Blumea eriantha
essential oil and its components against six mosquito species, including Zika virus
vectors: the promising potential of (4E,6Z)-allo-ocimene, carvotanacetone and
dodecyl acetate. Parasitol. Res. 116, 1175-1188. https://doi.org/10.1007/s00436-
017-5395-0.

Benelli, G., Pavela, R., Cianfaglione, K., Sender, J., Danuta, U., Maslanko, W., Canale, A.,
Barboni, L., Petrelli, R., Zeppa, L., Aguzzi, C., Maggi, F., 2020a. Ascaridole-rich
essential oil from marsh rosemary (Ledum palustre) growing in Poland exerts
insecticidal activity on mosquitoes, moths and flies without serious effects on non-
target organisms and human cells. Food Chem. Toxicol. 138 https://doi.org/
10.1016/j.fct.2020.111184.

Benelli, G., Pavela, R., Drenaggi, E., Desneux, N., Maggi, F., 2020b. Phytol, (E)-nerolidol
and spathulenol from Stevia rebaudiana leaf essential oil as effective and eco-
friendly botanical insecticides against Metopolophium dirhodum. Ind. Crop. Prod.
155 https://doi.org/10.1016/j.indcrop.2020.112844.

Benelli, G., Pavela, R., Petrelli, R., Cappellacci, L., Canale, A., Senthil-Nathan, S.,
Maggi, F., 2018a. Not just popular spices! Essential oils from Cuminum cyminum
and Pimpinella anisum are toxic to insect pests and vectors without affecting non-
target invertebrates. Ind. Crop. Prod. 124, 236-243. https://doi.org/10.1016/j.
indcrop.2018.07.048.

Benelli, G., Pavela, R., Rakotosaona, R., Randrianarivo, E., Nicoletti, M., Maggi, F.,
2018b. Chemical composition and insecticidal activity of the essential oil from
Helichrysum faradifani endemic to Madagascar. Nat. Prod. Res. 32, 1690-1698.
https://doi.org/10.1080/14786419.2017.1396590.

Blakemore, R.J., Csuzdi, C., Ito, M., Kaneko, N., Paoletti, M., Spiridonov, S., Uchida, T.,
2009. Cosmopolitan earthworms-a global and historical perspective. Annelids
Modern Biol. 257-283.

Bravim dos Santos, A.T., Zanuncio Junior, J.S., Parreira, L.A., Pedra de Abreu, K.M., de
Oliveira Bernardes, C., Romario de Carvalho, J., Menini, L., 2021. Chemical
identification and insecticidal effect of Tephrosia vogelii essential oil against
Cerosipha forbesi in strawberry crop. Crop Protect. 139, 105405. https://doi.org/
10.1016/j.cropro.2020.105405.

Cakur, A, Ozer, H., Aydin, T., Kordali, S., Cavusoglu, A.T., Akcin, T., Mete, E., Akcin, A.,
2015. Phytotoxic and insecticidal properties of essential oils and extracts of four
Achillea species. Record Nat. Prod. 10, 154-167.

Campos, E.V.R., Proenga, P.L.F., Oliveira, J.L., Bakshi, M., Abhilash, P.C., Fraceto, L.F.,
2019. Use of botanical insecticides for sustainable agriculture: future perspectives.
Ecol. Indicat. 105, 483-495. https://doi.org/10.1016/j.ecolind.2018.04.038.

Cao, J.Q., Guo, S.S., Wang, Y., Pang, X., Geng, Z.F., Du, S.S., 2018. Toxicity and
repellency of essential oil from Evodia lenticellata Huang fruits and its major
monoterpenes against three stored-product insects. Ecotoxicol. Environ. Saf. 160,
342-348. https://doi.org/10.1016/j.ecoenv.2018.05.054.

Carvalho, K.S., e Silva, S.L.C., de Souza, I.A., Gualberto, S.A., da Cruz, R.C.D., dos
Santos, F.R., de Carvalho, M.G., 2016. Toxicological evaluation of essential oil from
the leaves of Croton tetradenius (Euphorbiaceae) on Aedes aegypti and Mus
musculus. Parasitol. Res. 115, 3441-3448. https://doi.org/10.1007/s00436-016-
5106-2.

CEC, 2006. Regulation (EC) No. 1907/2006 of the European Parliament and of the
Council of 18 December 2006 Concerning the Registration, Evaluation,
Authorisation and Restriction of Chemicals (REACH). EU CEC Brussels.

Chaudhary, S., Kanwar, R.K., Sehgal, A., Cahill, D.M., Barrow, C.J., Sehgal, R.,
Kanwar, J.R., 2017. Progress on Azadirachta indica based biopesticides in replacing
synthetic toxic pesticides. Front. Plant Sci. 8 https://doi.org/10.3389/
fpls.2017.00610.

Chen, X.B., Chen, R., Luo, Z.R., 2017. Chemical composition and insecticidal properties
of essential oil from aerial parts of mosla soochowensis against two grain storage
insects. Trop. J. Pharmaceut. Res. 16, 905-910. https://doi.org/10.4314/tjpr.
v16i4.23.

Chrysargyris, A., Mikallou, M., Petropoulos, S., Tzortzakis, N., 2020. Profiling of essential
oils components and polyphenols for their antioxidant activity of medicinal and
aromatic plants grown in different environmental conditions. Agronomy 10, 727.

de Alkimin, G.D., Santos, J., Soares, A.M., Nunes, B., 2020. Ecotoxicological effects of the
azole antifungal agent clotrimazole on the macrophyte species Lemna minor and
Lemna gibba. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 237, 108835.

de Castro, D.S.B., da Silva, D.B., Tiburcio, J.D., Sobral, M.E.G., Ferraz, V., Taranto, A.G.,
Serrao, J.E., de Siqueira, J.M., Alves, S.N., 2016. Larvicidal activity of essential oil of
Peumus boldus Molina and its ascaridole-enriched fraction against Culex
quinquefasciatus. Exp. Parasitol. 171, 84-90. https://doi.org/10.1016/j.
exppara.2016.10.008.

Deb, M., Kumar, D., 2020. Bioactivity and efficacy of essential oils extracted from
Artemisia annua against Tribolium casteneum (Herbst. 1797) (Coleoptera:
tenebrionidae): an eco-friendly approach. Ecotoxicol. Environ. Saf. 189 https://doi.
0rg/10.1016/j.ecoenv.2019.109988.

Deletre, E., Martin, T., Campagne, P., Bourguet, D., Cadin, A., Menut, C., Bonafos, R.,
Chandre, F., 2013. Repellent, irritant and toxic effects of 20 plant extracts on adults
of the malaria vector Anopheles gambiae mosquito. PLoS One 8. https://doi.org/
10.1371/journal.pone.0082103.

Dinesh-Kumar, A., Srimaan, E., Chellappandian, M., Vasantha-Srinivasan, P., Karthi, S.,
Thanigaivel, A., Ponsankar, A., Muthu-Pandian Chanthini, K., Shyam-Sundar, N.,
Annamalai, M., Kalaivani, K., Hunter, W.B., Senthil-Nathan, S., 2018. Target and
non-target response of Swietenia Mahagoni Jacq. chemical constituents against

20

Environmental Pollution 292 (2022) 118319

tobacco cutworm Spodoptera litura Fab. and earthworm, Eudrilus eugeniae Kinb.
Chemosphere 199, 35-43. https://doi.org/10.1016/j.chemosphere.2018.01.130.

Dinu, M., Anghel, A.L,, Olaru, O., Seremet, O., Calalb, T., Cojocaru-Toma, M., Negres, S.,
Marilena, H., Zbarcea, C., Ancuceanu, R., 2017. Toxicity investigation of an extract
of Amaranthus Retroflexus L. (Amaranthaceae) leaves. FARMACIA 65, 289-294.

Duringer, J.M., Swan, L.R., Walker, D.B., Craig, A.M., 2010. Acute aquatic toxicity of
western juniper (Juniperus occidentalis) foliage and Port Orford cedar
(Chamaecyparis lawsoniana) heartwood oils. Environ. Monit. Assess. 170, 585-598.
https://doi.org/10.1007/510661-009-1259-0.

El-Garawani, 1., El Nabi, S.H., Nafie, E., Almeldin, S., 2019. Foeniculum vulgare and
Pelargonium graveolens essential oil mixture triggers the cell cycle arrest and
apoptosis in MCF-7 cells. Anti Cancer Agents Med. Chem. 19, 1103-1113. https://
doi.org/10.2174/1573399815666190326115116.

EU, 2006. Regulation (EC) No 1907/2006 of the European Parliament and of the Council
of 18 December 2006 Concerning the Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH), Establishing a European Chemicals Agency,
Amending Directive 1999/45/EC and Repealing Council Regulation (EEC) No 793/
93 and Commission Regulation (EC) No 1488/94 as Well as Council Directive 76/
769/EEC and Commission Directives 91/155/EEC, 93/67/EEC, 93/105/EC and
2000/21/EC (Text with EEA relevance)Text with EEA Relevance. European
Parliament, C.o.t.E.U.

Falkowski, M., Jahn-Oyac, A., Odonne, G., Flora, C., Estevez, Y., Touré, S., Boulogne, L.,
Robinson, J.-C., Béreau, D., Petit, P., Azam, D., Coke, M., Issaly, J., Gaborit, P.,
Stien, D., Eparvier, V., Dusfour, I., Houél, E., 2020. Towards the optimization of
botanical insecticides research: Aedes aegypti larvicidal natural products in French
Guiana. Acta Trop. 201, 105179. https://doi.org/10.1016/j.
actatropica.2019.105179.

Feng, C.H., Garcia-Martin, J.F., Broncano Lavado, M., Lépez-Barrera, M.d.C., Alvarez-
Mateos, P., 2020. Evaluation of different solvents on flavonoids extraction efficiency
from sweet oranges and ripe and immature Seville oranges. Int. J. Food Sci. Technol.

Figueiredo, A.C., Barroso, J.G., Pedro, L.G., Scheffer, J.J., 2008. Factors affecting
secondary metabolite production in plants: volatile components and essential oils.
Flavour Fragrance J. 23, 213-226.

Friind, H.-C., Graefe, U., Tischer, S., 2011. Earthworms as Bioindicators of Soil Quality,
Biology of Earthworms. Springer, pp. 261-278.

Garcia, D.E., Medina, P.A., Ziniga, V.I., 2017. Toxicological features of maleilated
polyflavonoids from Pinus radiata (D. Don.) as potential functional additives for
biomaterials design. Food Chem. Toxicol. 109, 1069-1078. https://doi.org/
10.1016/j.fct.2017.03.022.

Geis, S.W., Fleming, K.L., Korthals, E.T., Searle, G., Reynolds, L., Karner, D.A., 2000.
Modifications to the algal growth inhibition test for use as a regulatory assay.
Environ. Toxicol. Chem.: Int. J. 19, 36-41.

Ghafoor, H.A., Afzal, M., Riaz, M.A., Majeed, M.Z., 2019. In-vitro toxicity evaluation of
some phytoextracts against mealybug drosicha mangiferae (hemiptera:
pseudococcidae) infesting citrus orchards in Pakistan. Pakistan J. Zool. 51,
1815-1822. https://doi.org/10.17582/journal.pjz/2019.51.5.1815.1822.

Gird, C.E., Dutu, L.E., Costea, T., Nencu, 1., Popescu, M., Olaru, O., 2016. Preliminary
research concerning the obtaining of herbal extracts with potential neuroprotective
activity note I. Obtaining and characterization of a selective Origanum vulgare L. dry
extract. FARMACIA 64, 680-687.

Gird, C.E., Dutu, L.E., Costea, T., Nencu, I., Popescu, M.L., Balaci, T.D., Olaru, O., 2017.
Research regarding obtaining herbal extracts with antitumour activity. Note II.
Phytochemical analysis, antioxidant activity and cytotoxic effects of Chelidonium
majus L., Medicago sativa L. and Berberis vulgaris L. dry extracts. FARMACIA 65,
703-708.

Govindarajan, M., Benelli, G., 2016a. Artemisia absinthium-borne compounds as novel
larvicides: effectiveness against six mosquito vectors and acute toxicity on non-target
aquatic organisms. Parasitol. Res. 115, 4649-4661. https://doi.org/10.1007/
5s00436-016-5257-1.

Govindarajan, M., Benelli, G., 2016b. Eco-friendly larvicides from Indian plants:
effectiveness of lavandulyl acetate and bicyclogermacrene on malaria, dengue and
Japanese encephalitis mosquito vectors. Ecotoxicol. Environ. Saf. 133, 395-402.
https://doi.org/10.1016/j.ecoenv.2016.07.035.

Govindarajan, M., Rajeswary, M., Arivoli, S., Tennyson, S., Benelli, G., 2016a. Larvicidal
and repellent potential of Zingiber nimmonii (J. Graham) Dalzell (Zingiberaceae)
essential oil: an eco-friendly tool against malaria, dengue, and lymphatic filariasis
mosquito vectors? Parasitol. Res. 115, 1807-1816. https://doi.org/10.1007 /500436~
016-4920-x.

Govindarajan, M., Rajeswary, M., Benelli, G., 2016b. §-Cadinene, calarene and §-4-
carene from kadsura heteroclita essential oil as novel larvicides against malaria,
dengue and filariasis mosquitoes. Comb. Chem. High Throughput Screen. 19,
565-571. https://doi.org/10.2174/1386207319666160506123520.

Grand_View_Research, 2020. Essential Oils Market Size, Share & Trends Analysis Report
by Application (Food & Beverages, Spa & Relaxation), by Product (Orange,
Peppermint), by Sales Channel, and Segment Forecasts, pp. 2020-2027.

Haldar, S., Karmakar, I., Chakraborty, M., Das, A., Haldar, P.K., 2015. Preclinical
assessment of Cascabela thevetia fruits on developmental toxicity and behavioral
safety in zebrafish embryos. Oriental Pharm. Experiment. Med. 15, 371-377.
https://doi.org/10.1007/513596-015-0207-5.

Hamilton, A., 2013. Plant Conservation: an Ecosystem Approach. Routledge.

Hansen, E.M., Goheen, D.J., Jules, E.S., Ullian, B., 2000. Managing Port-Orford-cedar
and the introduced pathogen Phytophthora lateralis. Plant Dis. 84, 4-14.

He, Y.L., Shi, J.Y., Peng, C., Hu, L.J., Liu, J., Zhou, Q.M., Guo, L., Xiong, L., 2018.
Angiogenic effect of motherwort (Leonurus japonicus) alkaloids and toxicity of
motherwort essential oil on zebrafish embryos. Fitoterapia 128, 36-42. https://doi.
org/10.1016/j.fitote.2018.05.002.


http://www.astm.org
https://doi.org/10.5772/intechopen.77725
https://doi.org/10.5772/intechopen.77725
https://doi.org/10.1007/s00436-017-5395-0
https://doi.org/10.1007/s00436-017-5395-0
https://doi.org/10.1016/j.fct.2020.111184
https://doi.org/10.1016/j.fct.2020.111184
https://doi.org/10.1016/j.indcrop.2020.112844
https://doi.org/10.1016/j.indcrop.2018.07.048
https://doi.org/10.1016/j.indcrop.2018.07.048
https://doi.org/10.1080/14786419.2017.1396590
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref20
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref20
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref20
https://doi.org/10.1016/j.cropro.2020.105405
https://doi.org/10.1016/j.cropro.2020.105405
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref22
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref22
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref22
https://doi.org/10.1016/j.ecolind.2018.04.038
https://doi.org/10.1016/j.ecoenv.2018.05.054
https://doi.org/10.1007/s00436-016-5106-2
https://doi.org/10.1007/s00436-016-5106-2
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref26
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref26
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref26
https://doi.org/10.3389/fpls.2017.00610
https://doi.org/10.3389/fpls.2017.00610
https://doi.org/10.4314/tjpr.v16i4.23
https://doi.org/10.4314/tjpr.v16i4.23
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref29
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref29
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref29
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref30
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref30
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref30
https://doi.org/10.1016/j.exppara.2016.10.008
https://doi.org/10.1016/j.exppara.2016.10.008
https://doi.org/10.1016/j.ecoenv.2019.109988
https://doi.org/10.1016/j.ecoenv.2019.109988
https://doi.org/10.1371/journal.pone.0082103
https://doi.org/10.1371/journal.pone.0082103
https://doi.org/10.1016/j.chemosphere.2018.01.130
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref35
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref35
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref35
https://doi.org/10.1007/s10661-009-1259-0
https://doi.org/10.2174/1573399815666190326115116
https://doi.org/10.2174/1573399815666190326115116
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref38
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref38
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref38
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref38
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref38
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref38
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref38
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref38
https://doi.org/10.1016/j.actatropica.2019.105179
https://doi.org/10.1016/j.actatropica.2019.105179
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref40
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref40
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref40
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref41
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref41
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref41
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref42
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref42
https://doi.org/10.1016/j.fct.2017.03.022
https://doi.org/10.1016/j.fct.2017.03.022
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref44
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref44
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref44
https://doi.org/10.17582/journal.pjz/2019.51.5.1815.1822
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref46
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref46
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref46
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref46
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref47
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref47
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref47
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref47
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref47
https://doi.org/10.1007/s00436-016-5257-1
https://doi.org/10.1007/s00436-016-5257-1
https://doi.org/10.1016/j.ecoenv.2016.07.035
https://doi.org/10.1007/s00436-016-4920-x
https://doi.org/10.1007/s00436-016-4920-x
https://doi.org/10.2174/1386207319666160506123520
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref52
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref52
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref52
https://doi.org/10.1007/s13596-015-0207-5
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref54
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref55
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref55
https://doi.org/10.1016/j.fitote.2018.05.002
https://doi.org/10.1016/j.fitote.2018.05.002

C.A. Ferraz et al.

Huang, Y., Bai, Y., Wang, Y., Kong, H., 2014. Solidago canadensis L. extracts to control
algal (Microcystis) blooms in ponds. Ecol. Eng. 70, 263-267. https://doi.org/
10.1016/j.ecoleng.2014.05.025.

Iannacone, J., Ayala, H., Alvarino, L., Paredes, C., Villegas, W., Alomia, J., Santos, S.,
Nolazco, N., 2014. Ecotoxicological aquatic and terrestrial risk of biopesticide
sandbox tree, Hura crepitans (Euphorbiaceae). Revista de Toxicol. 31, 50-62.

Intirach, J., Junkum, A., Lumjuan, N., Chaithong, U., Jitpakdi, A., Riyong, D.,
Wannasan, A., Champakaew, D., Muangmoon, R., Chansang, A., Pitasawat, B., 2016.
Antimosquito property of Petroselinum crispum (Umbellifereae) against the
pyrethroid resistant and susceptible strains of Aedes aegypti (Diptera: Culicidae).
Environ. Sci. Pollut. Control Ser. 23, 23994-24008. https://doi.org/10.1007/
§11356-016-7651-8.

Ishimota, M., Nakajima, D., Sakamoto, M., Miyabara, Y., 2019. Water-soluble bioactive
natural compounds in Trapa japonica leaves: temporal changes in chemical
composition and effects on cladocerans. Ecol. Res. 34, 328-335. https://doi.org/
10.1111/1440-1703.1274.

ISO, 1997. Aromatic raw materials — vocabulary, international standard ISO 9235. In:
Standardization, I.O.F..

1SO, 2013. ISO 9235:2013 Aromatic Natural Raw Materials - Vocabulary.

Jancula, D., Suchomelova, J., Gregor, J., Smutna, M., Marsélek, B., Taborska, E., 2007.
Effects of aqueous extracts from five species of the family Papaveraceae on selected
aquatic organisms. Environ. Toxicol. 22, 480-486. https://doi.org/10.1002/
t0x.20290.

Jenner, K.J., Kreutzer, G., Racine, P., 2011. Persistency assessment and aerobic
biodegradation of selected cyclic sesquiterpenes present in essential oils. Environ.
Toxicol. Chem. 30, 1096-1108. https://doi.org/10.1002/etc.492.

Jiang, X., Cao, Y., Jorgensen, L.V.G., Strobel, B.W., Hansen, H.C.B., Cedergreen, N.,
2018a. Where does the toxicity come from in saponin extract? Chemosphere 204,
243-250. https://doi.org/10.1016/j.chemosphere.2018.04.044.

Jiang, X., Hansen, H.C.B., Strobel, B.W., Cedergreen, N., 2018b. What is the aquatic
toxicity of saponin-rich plant extracts used as biopesticides? Environ. Pollut. 236,
416-424. https://doi.org/10.1016/j.envpol.2018.01.058.

Jugreet, B.S., Suroowan, S., Rengasamy, R.R.K., Mahomoodally, M.F., 2020. Chemistry,
bioactivities, mode of action and industrial applications of essential oils. Trends
Food Sci. Technol. 101, 89-105. https://doi.org/10.1016/j.tifs.2020.04.025.

Khoshnamvand, M., Hao, Z., Fadare, 0.0., Hanachi, P., Chen, Y., Liu, J., 2020. Toxicity
of biosynthesized silver nanoparticles to aquatic organisms of different trophic
levels. Chemosphere 258. https://doi.org/10.1016/j.chemosphere.2020.127346.

Koutsaviti, A., Antonopoulou, V., Vlassi, A., Antonatos, S., Michaelakis, A.,
Papachristos, D.P., Tzakou, O., 2018. Chemical composition and fumigant activity of
essential oils from six plant families against Sitophilus oryzae (Col: Curculionidae).
J. Pest. Sci. 91, 873-886. https://doi.org/10.1007/s10340-017-0934-0.

Lammer, E., Carr, G.J., Wendler, K., Rawlings, J.M., Belanger, S.E., Braunbeck, T., 2009.
Is the fish embryo toxicity test (FET) with the zebrafish (Danio rerio) a potential
alternative for the fish acute toxicity test? Comp. Biochem. Physiol. C Toxicol.
Pharmacol. 149, 196-209. https://doi.org/10.1016/j.cbpc.2008.11.006.

Leahy, J., Mendelsohn, M., Kough, J., Jones, R., Berckes, N., 2014. Biopesticide
Oversight and Registration at the U.S. Envrionmental Protection Agency, pp. 1-16.
https://doi.org/10.1021/bk-2014-1172.ch001.

Lewis, P.A., Horning II, W.B., 1991. Differences in acute toxicity test results of three
reference toxicants on Daphnia at two temperatures. Environ. Toxicol. Chem. 10,
1351-1357. https://doi.org/10.1002/etc.5620101014.

Li, W., Huang, C., Wang, K., Fu, J., Cheng, D., Zhang, Z., 2015. Laboratory evaluation of
aqueous leaf extract of Tephrosia vogelii against larvae of Aedes albopictus (Diptera:
Culicidae) and non-target aquatic organisms. Acta Trop. 146, 36-41. https://doi.
org/10.1016/j.actatropica.2015.02.004.

Lilius, H., Hastbacka, T., Isomaa, B., 1995. Short Communication: a comparison of the
toxicity of 30 reference chemicals to Daphnia Magna and Daphnia Pulex. Environ.
Toxicol. Chem. 14, 2085-2088. https://doi.org/10.1002/etc.5620141211.

Liu, X., Cao, A., Yan, D., Ouyang, C., Wang, Q., Li, Y., 2021. Overview of mechanisms and
uses of biopesticides. Int. J. Pest Manag. 67, 65-72. https://doi.org/10.1080/
09670874.2019.1664789.

Luz, T.R.S.A., de Mesquita, L.S.S., Amaral, F.M.M.d., Coutinho, D.F., 2020. Essential oils
and their chemical constituents against Aedes aegypti L. (Diptera: Culicidae) larvae.
Acta Trop. 212, 105705. https://doi.org/10.1016/j.actatropica.2020.105705.

Ma, J., Ugya, Y.A,, Isiyaku, A., Hua, X., Imam, T.S., 2019. Evaluation of Pistia stratiotes
fractions as effective larvicide against Anopheles mosquitoes. Artificial Cells,
Nanomedicine and Biotechnology 47, 945-950. https://doi.org/10.1080/
21691401.2019.1582538.

Mektrirat, R., Yano, T., Okonogi, S., Katip, W., Pikulkaew, S., 2020. Phytochemical and
safety evaluations of volatile terpenoids from Zingiber cassumunar Roxb. On mature
carp peripheral blood mononuclear cells and embryonic zebrafish. Molecules 25.
https://doi.org/10.3390/molecules25030613.

Montassir, L., Berrebaan, 1., Mellouki, F., Zkhiri, F., Boughribil, S., Bessi, H., 2017. Acute
toxicity and reprotoxicity of aqueous extract of a Moroccan plant (Tetraclinis
articulata) on freshwater cladoceran Daphnia magna. J. Mater. Environ. Sci. 8,
770-776.

Neagu, A.F., Costea, T., Nencu, ., Dutu, L.E., Popescu, M.L., Olaru, O.T., Gird, C.E., 2018.
Obtaining and characterization of a selective Pelargonium graveolens L'Hér. Dry
extract with potential therapeutic activity in metabolic diseases. FARMACIA 66,
592-596. https://doi.org/10.31925/farmacia.2018.4.5.

OECD, 1984. Test No. 207: Earthworm, Acute Toxicity Tests. https://doi.org/10.1787/
9789264070042-en.

OECD, 2004. Test No. 202: Daphnia Sp. Acute Immobilisation Test. https://doi.org/
10.1787/9789264069947-en.

21

Environmental Pollution 292 (2022) 118319

OECD, 2006. Test No. 221: Lemna Sp. Growth Inhibition Test. https://doi.org/10.1787/
9789264016194-en.

OECD, 2011. Test No. 201: Freshwater Alga and Cyanobacteria, Growth Inhibition Test.
https://doi.org/10.1787/9789264069923-en.

OECD, 2013a. Test No. 210: Fish, Early-Life Stage Toxicity Test. https://doi.org/
10.1787/9789264203785-en.

OECD, 2013b. Test No. 236: Fish Embryo Acute Toxicity (FET) Test. https://doi.org/
10.1787/9789264203709-en.

OECD, 2016. Test No. 222: Earthworm Reproduction Test (Eisenia fetida/Eisenia
andrei). https://doi.org/10.1787/9789264264496-en.

OECD, 2019. Test No. 203: Fish, Acute Toxicity Test. https://doi.org/10.1787/
9789264069961-en.

Ogunwande, I.A., Osunsami, A.A., Sotubo, S.E., Lawal, O.A., 2017. Chemical constituents
and insecticidal activity of essential oil of Paullinia Pinnata L (Sapindaceae). Bol.
Latinoam. Caribe Plantas Med. Aromat. 16, 455-462.

Olaru, O.T., Nitulescu, G.M., Ortan, A., Babeanu, N., Popa, O., lonescu, D., Dinu-Pirvu, C.
E., 2016. Polyphenolic content and toxicity assessment of Anthriscus sylyestris
Hoffm. Roman. Biotechnol. Lett. 22, 12054.

Olaru, O.T., Venables, L., M, V.D.V., Nitulescu, G.M., Margina, D., Spandidos, D.A.,
Tsatsakis, A.M., 2015. Anticancer potential of selected Fallopia Adans species. Oncol.
Lett. 10, 1323-1332. https://doi.org/10.3892/01.2015.3453.

Oliveira, A.E.M.F.M., Duarte, J.L., Amado, J.R.R., Cruz, R.A.S., Rocha, C.F., Souto, R.N.
P., Ferreira, R.M.A., Santos, K., Da Conceigao, E.C., De Oliveira, L.A.R., Kelecom, A.,
Fernandes, C.P., Carvalho, J.C.T., 2016. Development of « larvicidal nanoemulsion
with pterodon emarginatus Vogel oil. PLoS One 11. https://doi.org/10.1371/
journal.pone.0145835.

Oliveira, A.E.M.F.M., Duarte, J.L., Cruz, R.A.S., Souto, R.N.P., Ferreira, R.M.A.,
Peniche, T., Conceicao, E.C., Oliveira, L.A.R., Faustino, S.M.M., Florentino, A.C.,
Carvalho, J.C.T., Fernandes, C.P., 2017. Pterodon emarginatus oleoresin-based
nanoemulsion as a promising tool for Culex quinquefasciatus (Diptera: Culicidae)
control. J. Nanobiotechnol. 15 https://doi.org/10.1186/512951-016-0234-5.

Oz, E., Kog, S., Ginbilgel, 1., Yanikoglu, A., Getin, H., 2018. Chemical composition and
larvicidal activity of essential oils from nepeta cadmea boiss. And pimpinella anisum
L. on the larvae of culex pipiens L. Marmara Pharm. J. 22, 322-327. https://doi.org/
10.12991/mpj.2018.70.

Park, H.-M., Kim, J., Chang, K.-S., Kim, B.-S., Yang, Y.-J., Kim, G.-H., Shin, S.-C., Park, I.-
K., 2011. Larvicidal activity of Myrtaceae essential oils and their components against
Aedes aegypti, acute toxicity on Daphnia magna, and aqueous residue. J. Med.
Entomol. 48, 405-410. https://doi.org/10.1603/mel10108.

Pavela, R., 2016. History, presence and perspective of using plant extracts as commercial
botanical insecticides and farm products for protection against insects - a review.
Plant Protect. Sci. 52 https://doi.org/10.17221/31/2016-PPS.

Pavela, R., 2018. Essential oils from Foeniculum vulgare Miller as a safe environmental
insecticide against the aphid Myzus persicae Sulzer. Environ. Sci. Pollut. Control Ser.
25, 10904-10910. https://doi.org/10.1007/s11356-018-1398-3.

Pavela, R., Benelli, G., Petrelli, R., Cappellacci, L., Lupidi, G., Sut, S., Dall’Acqua, S.,
Maggi, F., 2019. Exploring the insecticidal potential of boldo (Peumus boldus)
essential oil: toxicity to pests and vectors and non-target impact on the
microcrustacean daphnia magna. Molecules 24. https://doi.org/10.3390/
molecules24050879.

Pavela, R., Maggi, F., Mbuntcha, H., Woguem, V., Fogang, H.P.D., Womeni, H.M.,
Tapondjou, L.A., Barboni, L., Nicoletti, M., Canale, A., Benelli, G., 2016. Traditional
herbal remedies and dietary spices from Cameroon as novel sources of larvicides
against filariasis mosquitoes? Parasitol. Res. 115, 4617-4626. https://doi.org/
10.1007/500436-016-5254-4.

Pavela, R., Morshedloo, M.R., Lupidi, G., Carolla, G., Barboni, L., Quassinti, L.,
Bramucci, M., Vitali, L.A., Petrelli, D., Kavallieratos, N.G., Boukouvala, M.C.,
Ntalli, N., Kontodimas, D.C., Maggi, F., Canale, A., Benelli, G., 2020. The volatile oils
from the oleo-gum-resins of Ferula assa-foetida and Ferula gummosa: a
comprehensive investigation of their insecticidal activity and eco-toxicological
effects. Food Chem. Toxicol. 140 https://doi.org/10.1016/].fct.2020.111312.

Pino-Otin, M.R., Ballestero, D., Navarro, E., Gonzélez-Coloma, A., Val, J., Mainar, A.M.,
2019a. Ecotoxicity of a novel biopesticide from Artemisia absinthium on non-target
aquatic organisms. Chemosphere 216, 131-146. https://doi.org/10.1016/j.
chemosphere.2018.09.071.

Pino-Otin, M.R., Val, J., Ballestero, D., Navarro, E., Sanchez, E., Mainar, A.M., 2019b.
Impact of Artemisia absinthium hydrolate extracts with nematicidal activity on non-
target soil organisms of different trophic levels. Ecotoxicol. Environ. Saf. 180,
565-574. https://doi.org/10.1016/j.ecoenv.2019.05.055.

Pintong, A.R., Ampawong, S., Komalamisra, N., Sriwichai, P., Popruk, S.,
Ruangsittichai, J., 2020. Insecticidal and histopathological effects of ageratum
conyzoides weed extracts against dengue vector, aedes aegypti. Insects 11. https://
doi.org/10.3390/insects11040224.

Prasanna, H., 2018. Botanicals: potential plant protection chemicals: a review. Int. J.
Commun. Syst. 6, 217-222.

Rajamani, M., Negi, A., 2021. Biopesticides for Pest Management, Sustainable
Bioeconomy. Springer, pp. 239-266.

Rana, V.S., Das, M., 2017. Fatty acid and non-fatty acid components of the seed oil of
Celastrus paniculatus willd. Int. J. Fruit Sci. 17, 407-414. https://doi.org/10.1080/
15538362.2017.1333941.

Rapado, L.N., Pinheiro Ade, S., Lopes, P.O., Fokoue, H.H., Scotti, M.T., Marques, J.V.,
Ohlweiler, F.P., Borrely, S.I., Pereira, C.A., Kato, M.J., Nakano, E., Yamaguchi, L.F.,
2013. Schistosomiasis control using piplartine against Biomphalaria glabrata at
different developmental stages. PloS Neglected Trop. Dis. 7, e2251 https://doi.org/
10.1371/journal.pntd.0002251.


https://doi.org/10.1016/j.ecoleng.2014.05.025
https://doi.org/10.1016/j.ecoleng.2014.05.025
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref58
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref58
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref58
https://doi.org/10.1007/s11356-016-7651-8
https://doi.org/10.1007/s11356-016-7651-8
https://doi.org/10.1111/1440-1703.1274
https://doi.org/10.1111/1440-1703.1274
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref61
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref61
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref62
https://doi.org/10.1002/tox.20290
https://doi.org/10.1002/tox.20290
https://doi.org/10.1002/etc.492
https://doi.org/10.1016/j.chemosphere.2018.04.044
https://doi.org/10.1016/j.envpol.2018.01.058
https://doi.org/10.1016/j.tifs.2020.04.025
https://doi.org/10.1016/j.chemosphere.2020.127346
https://doi.org/10.1007/s10340-017-0934-0
https://doi.org/10.1016/j.cbpc.2008.11.006
https://doi.org/10.1021/bk-2014-1172.ch001
https://doi.org/10.1002/etc.5620101014
https://doi.org/10.1016/j.actatropica.2015.02.004
https://doi.org/10.1016/j.actatropica.2015.02.004
https://doi.org/10.1002/etc.5620141211
https://doi.org/10.1080/09670874.2019.1664789
https://doi.org/10.1080/09670874.2019.1664789
https://doi.org/10.1016/j.actatropica.2020.105705
https://doi.org/10.1080/21691401.2019.1582538
https://doi.org/10.1080/21691401.2019.1582538
https://doi.org/10.3390/molecules25030613
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref79
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref79
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref79
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref79
https://doi.org/10.31925/farmacia.2018.4.5
https://doi.org/10.1787/9789264070042-en
https://doi.org/10.1787/9789264070042-en
https://doi.org/10.1787/9789264069947-en
https://doi.org/10.1787/9789264069947-en
https://doi.org/10.1787/9789264016194-en
https://doi.org/10.1787/9789264016194-en
https://doi.org/10.1787/9789264069923-en
https://doi.org/10.1787/9789264203785-en
https://doi.org/10.1787/9789264203785-en
https://doi.org/10.1787/9789264203709-en
https://doi.org/10.1787/9789264203709-en
https://doi.org/10.1787/9789264264496-en
https://doi.org/10.1787/9789264069961-en
https://doi.org/10.1787/9789264069961-en
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref89
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref89
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref89
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref90
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref90
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref90
https://doi.org/10.3892/ol.2015.3453
https://doi.org/10.1371/journal.pone.0145835
https://doi.org/10.1371/journal.pone.0145835
https://doi.org/10.1186/s12951-016-0234-5
https://doi.org/10.12991/mpj.2018.70
https://doi.org/10.12991/mpj.2018.70
https://doi.org/10.1603/me10108
https://doi.org/10.17221/31/2016-PPS
https://doi.org/10.1007/s11356-018-1398-3
https://doi.org/10.3390/molecules24050879
https://doi.org/10.3390/molecules24050879
https://doi.org/10.1007/s00436-016-5254-4
https://doi.org/10.1007/s00436-016-5254-4
https://doi.org/10.1016/j.fct.2020.111312
https://doi.org/10.1016/j.chemosphere.2018.09.071
https://doi.org/10.1016/j.chemosphere.2018.09.071
https://doi.org/10.1016/j.ecoenv.2019.05.055
https://doi.org/10.3390/insects11040224
https://doi.org/10.3390/insects11040224
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref104
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref104
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref105
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref105
https://doi.org/10.1080/15538362.2017.1333941
https://doi.org/10.1080/15538362.2017.1333941
https://doi.org/10.1371/journal.pntd.0002251
https://doi.org/10.1371/journal.pntd.0002251

C.A. Ferraz et al.

Ratcliff, A.W., Busse, M.D., Shestak, C.J., 2006. Changes in microbial community
structure following herbicide (glyphosate) additions to forest soils. Appl. Soil Ecol.
34, 114-124.

Rawani, A., Ghosh, A., Chandra, G., 2014a. Laboratory evaluation of molluscicidal &
mosquito larvicidal activities of leaves of Solanum nigrum L. Indian J. Med. Res.
140, 285-295.

Rawani, A., Ghosh, A., Laskar, S., Chandra, G., 2014b. Glucosinolate from leaf of
Solanum nigrum L. (Solanaceae) as a new mosquito larvicide. Parasitol. Res. 113,
4423-4430. https://doi.org/10.1007/500436-014-4120-5.

Rawani, A., Ray, A.S., Ghosh, A., Sakar, M., Chandra, G., 2017. Larvicidal activity of
phytosteroid compounds from leaf extract of Solanum nigrum against Culex vishnui
group and Anopheles subpictus. BMC Res. Notes 10, 135. https://doi.org/10.1186/
$13104-017-2460-9.

Rawlings, J.M., Belanger, S.E., Connors, K.A., Carr, G.J., 2019. Fish embryo tests and
acute fish toxicity tests are interchangeable in the application of the threshold
approach. Environ. Toxicol. Chem. 38, 671-681.

Reid, A., Oosthuizen, C.B., Lall, N., 2020. In vitro antimycobacterial and adjuvant
properties of two traditional South African teas, Aspalathus linearis (Burm.f.) R.
Dahlgren and Lippia scaberrima Sond. South Afr. J. Bot. 128, 257-263. https://doi.
0rg/10.1016/j.sajb.2019.11.007.

Rios, J.-L., 2016. Chapter 1 - essential oils: what they are and how the terms are used and
defined. In: Preedy, V.R. (Ed.), Essential Oils in Food Preservation, Flavor and Safety.
Academic Press, San Diego, pp. 3-10. https://doi.org/10.1016/B978-0-12-416641-
7.00001-8.

Rombke, J., Jansch, S., Didden, W., 2005. The use of earthworms in ecological soil
classification and assessment concepts. Ecotoxicol. Environ. Saf. 62, 249-265.
https://doi.org/10.1016/j.ecoenv.2005.03.027.

Roohinejad, S., Koubaa, M., Barba, F.J., Leong, S.Y., Khelfa, A., Greiner, R., Chemat, F.,
2017. Extraction Methods of Essential Oils from Herbs and Spices, Essential Oils in
Food Processing: Chemistry. Safety and Applications, pp. 21-55. https://doi.org/
10.1002/9781119149392.ch2.

Saccd, M.L., Caracciolo, A.B., Di Lenola, M., Grenni, P., 2017. Ecosystem Services
provided by Soil Microorganisms, Soil Biological Communities and Ecosystem
Resilience. Springer, pp. 9-24.

Sackey, L.N., Koci, V., van Gestel, C.A., 2020. Ecotoxicological effects on Lemna minor
and Daphnia magna of leachates from differently aged landfills of Ghana. Sci. Total
Environ. 698, 134295.

Saleh, A.M., Al-Qudah, M.A., Nasr, A., Rizvi, S.A., Borai, A., Daghistani, M., 2017.
Comprehensive analysis of the chemical composition and in vitro cytotoxic
mechanisms of pallines spinosa flower and leaf essential oils against breast cancer
cells. Cell. Physiol. Biochem. 42, 2043-2065. https://doi.org/10.1159/000479900.

Salehi, F., Behboudi, H., Kavoosi, G., Ardestani, S.K., 2020. Incorporation of Zataria
multiflora essential oil into chitosan biopolymer nanoparticles: a nanoemulsion
based delivery system to improve the in-vitro efficacy, stability and anticancer
activity of ZEO against breast cancer cells. Int. J. Biol. Macromol. 143, 382-392.
https://doi.org/10.1016/j.ijbiomac.2019.12.058.

Samada, L.H., Tambunan, U.S.F., 2020. Biopesticides as promising alternatives to
chemical pesticides: a review of their current and future status. Online J. Biol. Sci.
20, 66-76.

Sankey, T.T., Glenn, N., Ehinger, S., Boehm, A., Hardegree, S., 2010. Characterizing
western juniper expansion via a fusion of landsat 5 thematic mapper and lidar data.
Rangel. Ecol. Manag. 63, 514-523. https://doi.org/10.2111/REM-D-09-00181.1.

Santos, L.L., Brandao, L.B., Martins, R.L., Rabelo, E.M., Rodrigues, A.B.L., Aratjo, C.M.C.
V., Sobral, T.F., Galardo, A.K.R., de Ameida, S.S.M.S., 2019. Evaluation of the
larvicidal potential of the essential oil pogostemon cablin (Blanco) benth in the
control of aedes aegypti. Pharmaceuticals 12. https://doi.org/10.3390/
ph12020053.

Sarawaneeyaruk, S., Krajangsang, S., Pringsulaka, O., 2015. The effects of neem extract
and azadirachtin on soil microorganisms. J. Soil Sci. Plant Nutr. 15, 1071-1083.

Seo, S.-M., Park, H.-M., Park, I.-K., 2012. Larvicidal activity of ajowan (Trachyspermum
ammi) and Peru balsam (Myroxylon pereira) oils and blends of their constituents
against mosquito, Aedes aegypti, acute toxicity on water flea, Daphnia magna, and
aqueous residue. J. Agric. Food Chem. 60, 5909-5914. https://doi.org/10.1021/
j£301296d.

Seo, S.-M., Shin, J., Lee, J.-W., Hyun, J., Park, I.-K., 2021. Larvicidal activities of Piper
kadsura (Choisy) Ohwi extract and its constituents against Aedes albopictus, toxicity
to non-target organisms and development of cellulose nanocrystal-stabilized
Pickering emulsion. Ind. Crop. Prod. 162, 113270. https://doi.org/10.1016/j.
indcrop.2021.113270.

Seremet, O.C., Olaru, O.T., Gutu, C.M., Nitulescu, G.M., Ilie, M., Negres, S., Zbarcea, C.E.,
Purdel, C.N., Spandidos, D.A., Tsatsakis, A.M., Coleman, M.D., Margina, D.M., 2018.

22

Environmental Pollution 292 (2022) 118319

Toxicity of plant extracts containing pyrrolizidine alkaloids using alternative
invertebrate models. Mol. Med. Rep. 17, 7757-7763. https://doi.org/10.3892/
mmr.2018.8795.

Sharma, A., Tripathi, P., Kumar, S., 2020. One-pot synthesis of silver nanocomposites
from Achyranthes aspera: an eco-friendly larvicide against Aedes aegypti L. Asian
Pacific J. Tropical Biomed. 10, 54. https://doi.org/10.4103/2221-1691.275420.

Singh, A., Bhardwaj, R., Singh, LK., 2019. Biocontrol Agents: Potential of Biopesticides
for Integrated Pest Management, Biofertilizers for Sustainable Agriculture and
Environment. Springer, pp. 413-433.

Tavares, C.S., Martins, A., Faleiro, M.L., Miguel, M.G., Duarte, L.C., Gameiro, J.A.,
Roseiro, L.B., Figueiredo, A.C., 2020. Bioproducts from forest biomass: essential oils
and hydrolates from wastes of Cupressus lusitanica Mill. and Cistus ladanifer L. Ind.
Crop. Prod. 144, 112034. https://doi.org/10.1016/j.indcrop.2019.112034.

Torbati, M., Asnaashari, S., Afshar, F.H., 2016. Essential oil from flowers and leaves of
Elaeagnus angustifolia (Elaeagnaceae): composition, radical scavenging and general
toxicity activities. Adv. Pharmaceut. Bull. 6, 163-169. https://doi.org/10.15171/
apb.2016.023.

Tortella, G.R., Mella-Herrera, R.A., Sousa, D.Z., Rubilar, O., Briceno, G., Parra, L.,
Diez, M.C., 2013. Carbendazim dissipation in the biomixture of on-farm
biopurification systems and its effect on microbial communities. Chemosphere 93,
1084-1093. https://doi.org/10.1016/j.chemosphere.2013.05.084.

Tortella, G.R., Rubilar, O., Duran, N., Diez, M.C., Martinez, M., Parada, J., Seabra, A.B.,
2020. Silver nanoparticles: toxicity in model organisms as an overview of its hazard
for human health and the environment. J. Hazard Mater. 390 https://doi.org/
10.1016/j.jhazmat.2019.121974.

Tougeer, S., Saeed, M.A., Ajaib, M., 2013. A review on the phytochemistry and
pharmacology of genus Tephrosia. Phytopharmacology 4, 598-637.

Trinel, M., Jullian, V., Le Lamer, A.C., Mhamdi, L., Mejia, K., Castillo, D., Cabanillas, B.J.,
Fabre, N., 2018. Profiling of Hura crepitans L. latex by ultra-high-performance liquid
chromatography/atmospheric pressure chemical ionisation linear ion trap Orbitrap
mass spectrometry. Phytochem. Anal. 29, 627-638. https://doi.org/10.1002/
pca.2776.

UN, 2019. Globally Harmonized System of Classification and Labelling of Chemicals
(GHS). https://doi.org/10.18356/f8fbb7cb-en. United Nations.

Vasantha-Srinivasan, P., Senthil-Nathan, S., Thanigaivel, A., Edwin, E.S., Ponsankar, A.,
Selin-Rani, S., Pradeepa, V., Sakthi-Bhagavathy, M., Kalaivani, K., Hunter, W.B.,
Duraipandiyan, V., Al-Dhabi, N.A., 2016. Developmental response of Spodoptera
litura Fab. to treatments of crude volatile oil from Piper betle L. and evaluation of
toxicity to earthworm, Eudrilus eugeniae Kinb. Chemosphere 155, 336-347. https://
doi.org/10.1016/j.chemosphere.2016.03.139.

Vassallo, A., Armentano, M.F., Miglionico, R., Caddeo, C., Chirollo, C., Gualtieri, M.J.,
Ostuni, A., Bisaccia, F., Faraone, L., Milella, L., 2020. Hura crepitans L. Extract:
phytochemical characterization, antioxidant activity, and nanoformulation.
Pharmaceutics 12, 1-14. https://doi.org/10.3390/pharmaceutics12060553.

Vivekanandhan, P., Venkatesan, R., Ramkumar, G., Karthi, S., Senthil-Nathan, S.,
Shivakumar, M.S., 2018. Comparative analysis of major mosquito vectors response
to seed-derived essential oil and seed pod-derived extract from Acacia nilotica. Int. J.
Environ. Res. Publ. Health 15. https://doi.org/10.3390/ijerph15020388.

Zahir, A.A., Rahuman, A.A., 2012. Evaluation of different extracts and synthesised silver
nanoparticles from leaves of Euphorbia prostrata against Haemaphysalis bispinosa
and Hippobosca maculata. Vet. Parasitol. 187, 511-520. https://doi.org/10.1016/].
vetpar.2012.02.001.

Zaka, S.M., Igbal, N., Saeed, Q., Akrem, A., Batool, M., Khan, A.A., Anwar, A., Bibi, M.,
Azeem, S., Rizvi, D.E.N., Bibi, R., Khan, K.A., Ghramh, H.A., Ansari, M.J., Latif, S.,
2019. Toxic effects of some insecticides, herbicides, and plant essential oils against
Tribolium confusum Jacquelin du val (Insecta: Coleoptera: tenebrionidae). Saudi J.
Biol. Sci. 26, 1767-1771. https://doi.org/10.1016/j.5jbs.2018.05.012.

Zanfirescu, A., Nitulescu, G., Stancov, G., Radulescu, D., Trif, C., Nitulescu, G.M.,
Negres, S., Olaru, O.T., 2020. Evaluation of topical anti-inflammatory effects of a gel
formulation with plantago lanceolata, achillea millefolium, aesculus hippocastanum
and taxodium distichum. Sci. Pharm. 88 https://doi.org/10.3390/
scipharm88020026.

Zarybnicky, T., Bousova, 1., Ambroz, M., Skdlova, L., 2018. Hepatotoxicity of
monoterpenes and sesquiterpenes. Arch. Toxicol. 92 https://doi.org/10.1007/
500204-017-2062-2.

Zhang, W.J., Guan, W., Geng, Z.F., Wang, Y., Pang, X., You, C.X., Dy, S.S., 2020. Two
new coumarins from Zanthoxylum dimorphophyllum spinifolium and their feeding
deterrent activities against Tribolium castaneum. Ind. Crop. Prod. 143 https://doi.
org/10.1016/j.indcrop.2019.111889.


http://refhub.elsevier.com/S0269-7491(21)01901-1/sref108
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref108
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref108
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref109
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref109
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref109
https://doi.org/10.1007/s00436-014-4120-5
https://doi.org/10.1186/s13104-017-2460-9
https://doi.org/10.1186/s13104-017-2460-9
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref112
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref112
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref112
https://doi.org/10.1016/j.sajb.2019.11.007
https://doi.org/10.1016/j.sajb.2019.11.007
https://doi.org/10.1016/B978-0-12-416641-7.00001-8
https://doi.org/10.1016/B978-0-12-416641-7.00001-8
https://doi.org/10.1016/j.ecoenv.2005.03.027
https://doi.org/10.1002/9781119149392.ch2
https://doi.org/10.1002/9781119149392.ch2
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref117
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref117
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref117
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref118
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref118
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref118
https://doi.org/10.1159/000479900
https://doi.org/10.1016/j.ijbiomac.2019.12.058
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref121
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref121
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref121
https://doi.org/10.2111/REM-D-09-00181.1
https://doi.org/10.3390/ph12020053
https://doi.org/10.3390/ph12020053
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref124
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref124
https://doi.org/10.1021/jf301296d
https://doi.org/10.1021/jf301296d
https://doi.org/10.1016/j.indcrop.2021.113270
https://doi.org/10.1016/j.indcrop.2021.113270
https://doi.org/10.3892/mmr.2018.8795
https://doi.org/10.3892/mmr.2018.8795
https://doi.org/10.4103/2221-1691.275420
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref129
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref129
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref129
https://doi.org/10.1016/j.indcrop.2019.112034
https://doi.org/10.15171/apb.2016.023
https://doi.org/10.15171/apb.2016.023
https://doi.org/10.1016/j.chemosphere.2013.05.084
https://doi.org/10.1016/j.jhazmat.2019.121974
https://doi.org/10.1016/j.jhazmat.2019.121974
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref134
http://refhub.elsevier.com/S0269-7491(21)01901-1/sref134
https://doi.org/10.1002/pca.2776
https://doi.org/10.1002/pca.2776
https://doi.org/10.18356/f8fbb7cb-en
https://doi.org/10.1016/j.chemosphere.2016.03.139
https://doi.org/10.1016/j.chemosphere.2016.03.139
https://doi.org/10.3390/pharmaceutics12060553
https://doi.org/10.3390/ijerph15020388
https://doi.org/10.1016/j.vetpar.2012.02.001
https://doi.org/10.1016/j.vetpar.2012.02.001
https://doi.org/10.1016/j.sjbs.2018.05.012
https://doi.org/10.3390/scipharm88020026
https://doi.org/10.3390/scipharm88020026
https://doi.org/10.1007/s00204-017-2062-2
https://doi.org/10.1007/s00204-017-2062-2
https://doi.org/10.1016/j.indcrop.2019.111889
https://doi.org/10.1016/j.indcrop.2019.111889

	Ecotoxicity of plant extracts and essential oils: A review
	1 Introduction
	2 Toxicity towards microalgae
	3 Toxicity towards crustaceans
	4 Toxicity towards fish
	5 Toxicity towards plants and soil organisms
	6 Plants
	7 Earthworms
	8 Soil microbiome
	9 New perspectives on the use of essential oils and plants extracts
	10 Conclusions
	Author statement
	Declaration of competing interest
	Acknowledgments
	References


