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Abstract

This study investigated the in vitro efficacy of the essential oil of Minthostachys mollis,
Origanum vulgare, and Salvia rosmarinus against monogeneans from the gills of Piaractus
brachypomus and the tolerance of this fish to these oils. In vitro concentrations of M. mol-
lis (80, 200, 400, 600, 800, and 1000 mg L™, o. vulgare, S. rosmarinus (80, 200, 400,
600, 800, 1000, and 1500 mg L") and two control groups (one containing only water from
the growing tank and the other water from the tank+70% alcohol) were evaluated at dif-
ferent exposure times. The concentrations were prepared at a proportion of 1:10 w/v with
70% alcohol, and after the in vitro tests, tolerance tests were carried out on fish with these
oils. In the in vitro test, essential oil from M. mollis, O. vulgare, and S. rosmarinus showed
dose-dependent efficacy against Anacanthorus spathulatus, Anacanthorus penilabiatus,
and Mymarothecium viatorum. However, M. mollis caused the mortality of monogeneans
in a shorter exposure time. In the two control groups using water from the growing tank
and water from the growing tank 4 alcohol, the monogeneans showed similar behavior dur-
ing the 6 h of exposure. In the tolerance tests with 80 mg L' of essential oil from M. mol-
lis, O. vulgare, and S. rosmarinus during 1 h of exposuse, it was observed that P. brachy-
pomus showed irregular swimming and tolerance without causing death. Fish exposed to
the other concentrations showed opercular acceleration, irregular swimming, lethargy, loss
of mobility, and death after 1 h of exposure. Therefore, these essential oils can be tested in
consecutive therapeutic baths at concentrations that have efficacy and exposure times less
than sedation for the control and treatment of P. brachypomus monogeneans.
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Introduction

Global aquaculture is a highly productive activity that has grown rapidly in recent
years (FAO 2020). In developing countries like Peru, aquaculture is complementing to
national government’s zero hunger policy, with the purpose of guaranteeing food secu-
rity for communities and vulnerable populations. Continental aquaculture in Peru is
growing and uses several species of fish, but especially Piaractus brachypomus (Cuvier
1818), one of the most important Amazonian species kept in captivity in several Latin
American countries. This species adapts easily to confinement and balanced food
(Negreiros and Tavares-Dias 2019).

Monogenean parasites affect several freshwater fish in productive systems (Valladdo
et al. 2016), and are considered pathogenic to hosts due to the lesions they cause in the
gills and high infection levels, which can cause fish mortality and lead to economic
losses to fish farmers (Tavares-Dias and Martins 2017). Thus, there is a need for the
control and treatment of these fish parasites in cultivation. It has been reported that the
gills of P. brachypomus can be infested by parasites of the Class Monogenean, such
as Anacanthorus spathulatus Kritsky et al. (1979); Anacanthorus penilabiatus Boeger
et al. (1995); Mymarothecium viatorum Boeger et al. (2002); and Notozothecium
Jjanauachensis Belmont-Jégu et al. (2004) (Oliveira and Tavares-Dias 2016; Negreiros
and Tavares-Dias 2019). However, nowadays, alternative therapies such as the use of
essential oils, which are environmentally friendly, non-accumulative, and biodegrad-
able, have become popular (Valentim et al. 2018; Tavares-Dias 2018; Gonzales et al.
2019; 2020; Malheiros et al. 2020). Thus, essential oils obtained from plants have been
used in aquaculture, as they have bioactive properties that act against monogeneans that
parasitize fish (Soares et al. 2016; Barriga et al. 2020; Gonzales et al. 2020). In recent
years, different essential oils have been used in therapeutic baths, added to feed or
applied through nanoemulsions and nanocapsules to obtain greater effectiveness against
monogeneans (Valentim et al. 2018; Tavares-Dias 2018; Gonzales et al. 2019; 2020;
Malheiros et al. 2020). Herbal medicine such as essential oils has been shown to be an
effective alternative for controlling and treating diseases caused by monogeneans that
affect fish, with the purpose of improving productivity in fish farming, but there is still
a lack of regulation on its use in the field, commercialization, and its impacts. Although
more than 3000 essential oils obtained from medicinal plants are known, less than 0.4%
of these oils have been evaluated in fish anti-parasitic studies (Tavares-Dias 2018).

In Peru, there are more than 19,500 species of medicinal plants registered, includ-
ing native, endemic, and introduced species (Brako and Zarucchi 1993), and this great
diversity is related to variations in the microclimates of the regions of the country. Most
human uses of these plants involve traditional methods of combatting different diseases,
through leaves and mixtures for the preparation of folk remedies (Rehecho et al. 2011).

The Lamiaceae family comprises a set of 12 subfamilies, 230 genera, and more than
7000 species, and is considered of great importance for its aromatic essential oils (Zhao
et al. 2021). This family contains Minthostachys mollis, a sub-shrub native to Peru, Ori-
ganum vulgare, and Salvia rosmarinus which are cosmopolitan sub-shrubs. The leaves
of these plants are used by the population for infusions to treat digestive diseases (gas-
tritis, diarrhea, and colic), and as anthelmintic, diuretic, cold, aphrodisiac, stimulant,
expectorant, and analgesic medicines. In addition, populations from Andean communi-
ties use leaves on food to protect against spoilage (Hammond et al. 1998; Rehecho et al.
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2011). However, these essential oils have different major chemical constituents (Castro-
Alayo et al. 2019; Leporini et al. 2020).

Based on the premise of use in ethnobotany and the bioactive capacities of M. mollis, O.
vulgare, and S. rosmarinus, it is important to study the safe applicability of these medicinal
plant species in aquaculture, since misuse can lead to toxicities and mortality of the fish, as
there is little evidence of optimal concentrations that can be used in the control and treat-
ment of parasitic diseases in fish. Thus, the present study aimed to evaluate the in vitro
anti-parasitic efficacy of M. mollis, O. vulgare, and S. rosmarinus essential oils against P.
brachypomus monogeneans, as well as the tolerance of this fish to such oils.

Materials and methods
Obtaining and chemical composition of essential oils

The essential oils of M. mollis, O. vulgare, and S. rosmarinus were obtained by steam dis-
tillation of dried leaves (Collected in the Cuzco region, La Convencién Province) from a
commercial supplier (Q’api, Tacna, Pert). The chemical composition of the essential oils
was analyzed through qualitative and semi-quantitative analysis using gas chromatography
coupled to liquid injection (GC-MS-Shimadzu QP210, Japan) mass spectrometry (Adams,
2007).

Fish and monogenean maintenance

Juveniles of P. brachypomus were obtained through hormonal induction in the artificial
reproduction of the Amazonian fish laboratory of the Peruvian Amazon Research Institute,
Madre de Dios office. The post-larvae were kept in a 100-cm-deep excavated earthen pond
at a density of 100 post-larvae per m® and fed with an extruded commercial feed (Aquat-
ech, Naltech, Lima, Pert; proximal composition: 40% protein, 10% lipids, 12% ash; 10%
moisture) and in the juvenile stage (from 7 cm approximately) were fed a commercial feed
(Aquatech, Naltech, Lima, Pert) of 40% protein, 8% lipids, 10% ash, and 10% moisture.
The excavated earthen ponds have a water replacement flow of 3 L/min from a water res-
ervoir and by precipitation. The chemical and physical parameters of the water were moni-
tored daily, twice a day (09:00-16:00 h), measuring dissolved oxygen (3.5+0.5 mg L), pH
(7.1+0.2), and temperature (31.3 + 1.0 °C) with a multi-parameter meter (model HI98194,
Hanna Instruments, USA) and photoperiod of 12 h light and 12 h dark. The juveniles used
for the testing in this study were naturally parasitized on the gills by monogeneans. The
monogenean class presents a simple and direct life cycle with a single host, they present an
oncomiracid larvae that hatch from freely deposited aquatic eggs, and most monogeneans
inhabit the skin and gills of the hosts (Kearn 1986).

In vitro assays with M. mollis, O. vulgare, and S. rosmarinus and P. brachypomus
monogeneans

To assess the anthelmintic efficacy and resistance of monogeneans to exposed concentra-

tions of essential oils of M. mollis, O. vulgare, and S. rosmarinus, in vitro tests were car-
ried out following the recommendations of Gonzales et al. (2019). A total of 25 juveniles

@ Springer



2248 Aquaculture International (2022) 30:2245-2261

23,000,000

Abundance

Minthostachys mollis

L Al( 1 ’L“_h Lillh.‘“

T
10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0
Time (min)

18,000,000

Abundance

j A 1 Origanum vulgare
Lo x ") A 1| J 1/ L -
1] T T N T T
100 200 300 400 500 60.0 700 800 90.0
Time (min)
26,000,
B
2
k
3
2
z
‘ 1 u Salvia rosmarinus
WLl 1y nan‘llllH1| : :
10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0

Time (min)

Fig. 1 Chromatograms obtained from the GC-MS analysis of the essential oil of Minthostachys mollis, Ori-
ganum vulgare, and Salvia rosmarinus

of P. brachypomus (52.8+13.4 g and 14.1+1.3 cm) were used for this assay and were
naturally parasitized in the gills by monogeneans. The fish were sacrificed through cranial
puncture resulting in instantaneous death and the extracted gills were then placed individu-
ally in Petri dishes. The gills were distributed into two control groups, one with water from
the growing tank and the other with water from the tank + ethyl alcohol (70%), six different
concentrations of M. mollis essential oil (80, 200, 400, 600, 800, and 1000 mg L_l), and
seven different concentrations of the essential oil of O. vulgare and S. rosmarinus (80, 200,
400, 600, 800, 1000, and 1500 mg L_l), with three replicates for each treatment. The con-
centrations of each essential oil were prepared by diluting the essential oil at a proportion
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Table 1 Major chemical compounds of the essential oils of Minthostachys mollis, Origanum vulgare, and
Salvia rosmarinus

Area (%) RT (min) Compound name Formula CAS number

Minthostachys mollis

36.76 45.774 Pulegone C10H160 89-82-7
13.43 40.659 Menthone CIOH180 14,073-97-3
9.19 48.710 Thymol CI10H140 89-83-8
4.94 41.564 Isopulegone C10H160 29,606-79-9
341 51.696 2- (1-Methylethylethylidene) cyclohexanone C9H140 13,747-73-4
3.21 21.084 Eucalyptol CI10H180 470-82-6
2.92 56.711 Cyclohexane, 1-ethenyl-1-methyl-2-(1- C15H24 3242-088
methylethenyl)-4-(1-methylethy
1.96 35.136 Linalool CI0H180 78-70-6
Origanum vulgare
25.69 34.706 Sabinene CI0H180 17,699-16-0
11.51 27.058 y-Terpinene C10H16 99-85-4
11.43 41.760 L-4-terpineol C10H180 20,126-76-5
7.78 46.762 Linalyl acetate C12H2002 115-95-7
6.27 19.152 a-Terpinene CI0H16 99-86-5
4.87 20.394 o0-Cymene C10H14 527-84-4
3.94 48.678 Thymol CI10H140 89-83-8
2.58 42.658 o-Terpinol CI0H180 98-55-5
Salvia rosmarinus
25.53 10.425 a-Pinene C10H16 7785-70-8
24.17 21.499 Eucalyptol C10H180 470-82-6
7.12 11.380 Camphene CI10H16 79-92-5
6.41 38.799 Camphor CI0H160 464-49-3
3.92 16.153 Myrcene CI0H16 123-35-3
3.30 13.920 B-Pinene CI0H16 18,172-67-3
3.13 15.655 3-Octanone C8H160 106-68-3
3.07 40.731 Borneol CI0H180 464-45-9

of 1:10 w/v in ethyl alcohol (70%), and weighed using an analytical balance (Ohaus® Pio-
neer® brand, model PA214). Subsequently, the oil concentrations were added to each of
the three replicates (5.5 cm Petri dish) per treatment (Soares et al. 2016; Gonzales et al.
2020).

Using light stereoscopes with a field of view containing at least 20 monogeneans each,
gill arches were selected for each repetition and, after submersion in different concentra-
tions of essential oils, were observed every 5 min to quantify the number of alive or dead
monogeneans. Dead parasites were those that had detached from the gill tissue and those
adhered to the gill tissue that had completely lost mobility (Soares et al. 2016). The effec-
tiveness of each treatment was then calculated (Zhang et al. 2014).
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Table 2 In vitro anthelmintic activity of six tested concentrations of the essential oil of Minthostachys mol-
lis against monogeneans of Piaractus brachypomus

Time of exposure Treatments No. of live parasites Mortality (%)
0 min Water control 22.6+1.24 0

3 min Water control 22.6+1.24 0

5 min Water control 22.6+1.24 0

7 min Water control 22.6+1.24 0
30 min Water control 22.6+1.24 0
1h Water control 22.3+1.69 8.2
2h Water control 21.0+£1.63 13.5
2 h 50 min Water control 20.3+0.94 17.6
5h Water control 15.6+0.94 35.8
6 h 40 min Water control 0.0+0.0 100
0 min Alcohol control 243+1.24 0

3 min Alcohol control 243+1.24 0

5 min Alcohol control 243+1.24 0

7 min Alcohol control 243+1.24 0
30 min Alcohol control 23.0+1.63 5.3
1h Alcohol control 21.3+1.88 12.3
2h Alcohol control 19.0+1.41 21.8
2 h 50 min Alcohol control 18.0+2.16 259
5h Alcohol control 10.0+2.44 58.8
6 h 20 min Alcohol control 0.0+0.0 100
0 min 80 mg L™} 20.6+0.57 0

3 min 80mgL~! 20.6+0.57 0

5 min 80 mg L~! 20.6+0.57 0

7 min 80mgL~! 19.6+0.57 4.8
30 min 80 mg L™ 17.6+0.57 24.6
1h 80 mg L™ 13.0+2.0 36.8
2h 80 mg L™ 8.33+2.51 59.5
2 h 50 min 80mgL~! 0.0+0.0 100
0 min 200 mg L™ 20.3+0.47 0

3 min 200 mg L™ 20.3+0.47 0

5 min 200 mg L™ 193+1.24 4.9
7 min 200 mg L 193+1.24 49
30 min 200 mg L! 15.3+0.47 24.6
lh 200 mg L 9.33+2.05 54
2h 200 mg L 0.0+0.0 100
0 min 400 mg L™! 20.3+0.57 0

3 min 400 mg L™! 20.3+0.57 0

5 min 400 mg L! 17.3+3.05 19.9
7 min 400 mg L' 17.3+3.05 19.9
30 min 400 mg L' 8.66+3.29 59.9
1h 400 mg L~! 0.0+0.0 100
0 min 600 mg L~ 23.0+0.0 0

3 min 600 mg L~ 13.0+3.55 43.4
5 min 600 mg L™ 3.66+3.09 84
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Table 2 (continued)

Time of exposure Treatments No. of live parasites Mortality (%)
7 min 600 mg L™ 0.0+0.0 100

0 min 800 mg L' 21.3+0.94 0

3 min 800 mg L' 5.66+3.29 73.4

5 min 800 mg L' 0.0+0.0 100

0 min 1.000 mg L 20.0+0.0 0

3 min 1.000 mg L 0.0+0.0 100

Test of P. brachypomus tolerance to M. mollis, O. vulgare, and S. rosmarinus essential
oil

The tolerance test was carried out with the concentrations used in the in vitro tests, with
the purpose of verifying which concentration was tolerable and safe without compromising
fish survival, to be applied in therapeutic baths. Juveniles of P. brachypomus (31.5+0.3 g
and 11.3+0.5 cm) were distributed in glass aquariums with a 20 L capacity. The essential
oil treatments used were as follows: M. mollis (80, 200, 400, 600, 800, and 1000 mg LY,
O. vulgare, and S. rosmarinus (80, 200, 400, 600, 800, 1000, and 1500 mg L") with three
repetitions for each essential oil concentration and five fish per repetition. Each essential oil
was diluted in ethyl alcohol (70%) at a proportion of 1:10 w/v and placed in the water of
the glass aquariums according to each concentration. Fish were exposed to each concentra-
tion for 1 h, and changes in fish behavior, swimming, and mortality were evaluated similar
to other studies (Gonzales et al. 2020).

Results

Chromatograms for the three EOs are presented in Fig. 1. The major chemical components
of M. mollis are pulegone, menthone, and thymol, for O. vulgare y-terpinene, L-4-terpin-
eol, and linalyl acetate, and for S. rosmarinus o-pinene and eucalyptol. Sharing between
them the compounds thymol and eucalyptol (Table 1).

The essential oil concentrations of M. mollis, O. vulgare, and S. rosmarinus showed
efficacy in vitro against the monogeneans A. spathulatus, A. penilabiatus, and M. viatorum,
but the exposure time varied among the species of these oils. At the highest concentration
of M. mollis essential oil (1000 mg LY, total immobilization (100%) of the monogeneans
occurred in just 3 min of exposure, while for O. vulgare and S. rosmarinus, a higher con-
centration was required (1500 mg L™") for total immobilization in 4 and 8 min respectively.
The gills subjected to the alcohol control showed similar behavior to the water control
group (Tables 2, 3, 4 and Fig. 2).

During the tolerance test in the exposure of essential oils of M. mollis, O. vulgare, and
S. rosmarinus at a concentration of 80 mg L™!, a tolerance was observed among fish, which
only presented irregular swimming at 15, 17, and 20 min respectively (Table 5). All fish
recovered after 60 min of exposure, with no record of mortality, but among the clinical
signs, eye dilation was observed. At the following doses of essential oil exposure, fish initi-
ated irregular swimming and lethargy between 2 and 7 min for M. mollis (1000-200 mg
L"), between 2 and 12 min for O. vulgare (1500 to 200 mg L™'), and between 4 and

@ Springer



2252 Aquaculture International (2022) 30:2245-2261

Table 3 In vitro anthelmintic activity of six tested concentrations of the essential oil of Origanum vulgare
against monogeneans of Piaractus brachypomus

Time of exposure Treatments No. of live parasites Mortality (%)
0 min Water control 22.6+1.24 0

3 min Water control 22.6+1.24 0

5 min Water control 22.6+1.24 0

7 min Water control 22.6+1.24 0

30 min Water control 22.6+1.24 0

60 min Water control 22.3+1.69 8.2
1h Water control 21.0+1.63 13.5
2 h 50 min Water control 20.3+0.94 17.6
5h Water control 15.6+0.94 35.8
6 h 40 min Water control 0.0+0.0 100
0 min Alcohol control 243+1.24 0

3 min Alcohol control 243+1.24 0

5 min Alcohol control 243+1.24 0

7 min Alcohol control 243+1.24 0
30 min Alcohol control 23.0+1.63 5.3
1h Alcohol control 21.3+1.88 12.3
2h Alcohol control 19.0+1.41 21.8
2 h 50 min Alcohol control 18.0+2.16 259
5h Alcohol control 10.0+2.44 58.8
6 h 20 min Alcohol control 0.0+0.0 100
0 min 80 mg L™} 20.0+0.0 0

4 min 80mgL~! 20.0+0.0 0

8 min 80 mg L~! 20.0+0.0 0

25 min 80mgL~! 20.0+0.0 0
40 min 80 mg L™ 20.0+0.0 0
1h 80 mg L™ 20.0+0.0 0

1 h 50 min 80 mg L™ 16.0+0.8 20
3h 80mgL~! 0.0+0.0 100
0 min 200 mg L™ 20.0+0.0 0

4 min 200 mg L™ 20.0+0.1 0

8 min 200 mg L™ 20.0+0.2 0

25 min 200 mg L 19.5+0.5 25
40 min 200 mg L! 185+0.5 75
lh 200 mg L 13.0+2.0 35
1 h 50 min 200 mg L 0.0+0.0 100
0 min 400 mg L™! 20.0+0.0 0

4 min 400 mg L™! 20.0+0.0 0

8 min 400 mg L' 20.0+0.0 0

25 min 400 mg L' 16.0+1.0 20
40 min 400 mg L' 7.0+£4.0 65
lh 400 mg L~! 0.0+£0.0 100
0 min 600 mg L~ 20.0+0.0 0

4 min 600 mg L~ 17.0+£1.0 15
8 min 600 mg L™ 150+1.0 25
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Table 3 (continued)

Time of exposure Treatments No. of live parasites Mortality (%)
25 min 600 mg L™ 55+15 72.5
40 min 600 mg L™ 0.0+£0.0 100
0 min 800 mg L' 20.0+0.0 0

4 min 800 mg L' 125+3.5 37.5
8 min 800 mg L' 75+15 62.5
25 min 800 mg L' 0.0+£0.0 100
0 min 1.000 mg L™ 20+0.0 0

4 min 1.000 mg L™ 25+05 87.5
8 min 1.000 mg L! 0.0+£0.0 100
0 min 1.500 mg L™} 20.7+0.5 0

4 min 1.500 mg L™! 0.0+£0.0 100

13 min for S. rosmarinus (1500 to 200 mg LY. Loss of balance and mobility (anesthesia)
in fish occurred between 3 and 11 min of exposure with M. mollis, between 3 and 14 min
of exposure with O. vulgare, and between 6 and 15 min of exposure with S. rosmarinus.
After the water change, there was no recovery of the fish, which is considered mortality,
and body discoloration was observed in all doses higher than 200 mg L™".

Discussion

Essential oils are complex hydrophobic and volatile aromatic mixtures that are synthe-
sized in different parts of medicinal plants. They are known as secondary metabolites that
are divided into two chemical classes: terpenoids and phenylpropanoids. The chemical
composition, production, and yield of essential oils depend on several physiological, bio-
chemical, environmental, genetic, and geographic factors (Sangwan et al. 2001; Ertas et al.
2015; Tavares-Dias 2018). Essential oils are widely used around the world in the areas of
food, cosmetics, perfumery, and human medicine (Hernandes et al. 2017), but also in the
cultivation of fish and other larger animals such as cattle and poultry, due to their bacteri-
cidal, anti-fungal, anthelmintic, acaricide, growth-promoting, anti-oxidant, and immuno-
stimulant actions (Tavares-Dias 2018; Alimi et al. 2021; Ning et al. 2021). The chemical
compounds obtained have been reported in another study of M. mollis essential oil as are
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Table 4 In vitro anthelmintic activity of six tested concentrations of the essential oil of Salvia rosmarinus
against monogeneans of Piaractus brachypomus

Time of exposure Treatments No. of live parasites Mortality (%)
0 min Water control 22.6+1.24 0

3 min Water control 22.6+1.24 0

5 min Water control 22.6+1.24 0

7 min Water control 22.6+1.24 0

30 min Water control 22.6+1.24 0
1h Water control 22.3+1.69 8.2
2h Water control 21.0+1.63 13.5
2 h 50 min Water control 20.3+0.94 17.6
5h Water control 15.6+0.94 35.8
6 h 40 min Water control 0.0+0.0 100
0 min Alcohol control 243+1.24 0

3 min Alcohol control 243+1.24 0

5 min Alcohol control 243+1.24 0

7 min Alcohol control 243+1.24 0

30 min Alcohol control 23.0+1.63 5.3
1h Alcohol control 21.3+1.88 12.3
2h Alcohol control 19.0+1.41 21.8
2 h 50 min Alcohol control 18.0+2.16 259
5h Alcohol control 10.0+2.44 58.8
6 h 20 min Alcohol control 0.0+0.0 100
0 min 80 mg L™} 23.5+0.6 0

8 min 80mgL~! 23.5+0.6 0

20 min 80 mg L~! 23.5+0.6 0

1 h 5 min 80mgL~! 23.5+0.6 0
1h 15 min 80 mg L™ 21.3+2.9 9.36
1 h 50 min 80 mg L™ 18.0+0.0 23.4
2 h 55 min 80 mg L™ 4.0+1.0 82.9
4h 80mgL~! 0.0+0.0 100
0 min 200 mg L™ 22.0+0.0 0

8 min 200 mg L™ 22.0+0.0 0

20 min 200 mg L™ 22.0+0.0 0
1h 5 min 200 mg L 22.0+0.0 0

1 h 15 min 200 mg L! 21.0+1.0 4.54
1 h 50 min 200 mg L 16.0+3.0 27.7
2 h 55 min 200 mg L 0.0+0.0 100
0 min 400 mg L™! 20.0+0.0 0

8 min 400 mg L™! 20.0+0.0 0

20 min 400 mg L! 20.0+0.0 0
1h 5 min 400 mg L' 12.0+6.0 40
1h 15 min 400 mg L' 11.0+6.0 45
1 h 50 min 400 mg L~! 0.0+£0.0 100
0 min 600 mg L~ 22.7+0.6 0

8 min 600 mg L~ 22.7+0.6 0

20 min 600 mg L™ 20.5+5.8 9.69
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Table4 (continued)

Time of exposure Treatments No. of live parasites Mortality (%)
1 h 5 min 600 mg L™ 35+25 84.5
1h 15 min 600 mg L™ 0.0+£0.0 100
0 min 800 mg L' 23.0+2.0 0

8 min 800 mg L' 22.5+2.0 2.17
20 min 800 mg L' 75405 67.3
1 h5 min 800 mg L™! 0.0+0.0 100
0 min 1.000 mg L™ 21+1.0 0

8 min 1.000 mg L™ 7.0+£0.0 66.6
20 min 1.000 mg L! 0.0+£0.0 100
0 min 1.500 mg L™} 20.7+0.5 0

8 min 1.500 mg L™! 0.0+£0.0 100

B-phellandrene, D-limonene, linalool, a-pinene, pulegone, and L-menthone (Castro-Alayo
et al. 2019), for O. vulgare are cis-p-terpineol, thymol, and L-4-terpineol (Carhuallanqui-
Pérez et al. 2020), and for S. rosmarinus are 1,8-cineole, a-pinene, B-pinene, and camphor
as main chemical compounds (Leporini et al. 2020). The chemical composition of essen-
tial oils can vary even in the same species depending on the time of collection, extrac-
tion method, and geographical location (Barra 2009). The essential oils of M. mollis, O.
vulgare, and S. rosmarinus showed 100% in vitro efficacy against monogeneans, but this
efficacy was dependent on concentration and exposure time. Other studies also reported
dose-dependent effects for in vitro exposure on essential oils from Cymbopogom citratus
(Gonzales et al. 2020), Lippia grata (Barriga et al. 2020), Piper callosum, Piper adun-
cum, and Piper marginatum (Alves et al. 2021). The M. mollis essential oil showed 100%
efficacy within a few minutes against parasites at a lower concentration (1000 mg L™})
compared to the essential oil of O. vulgare and S. rosmarinus (1500 mg L™"). The in vitro
efficacy of essential oils may differ among plants of the same genera due to their chemical
composition (Barra 2009), as reported in in vitro assays with essential oil from P. callo-
sum, P. marginatum, and P. hispidum (Alves et al. 2021). This anti-parasitic effectiveness
is mainly related to the synergistic bioactive effects of the main chemical compounds of the
essential oil species (Tavares-Dias 2018; Alves et al. 2021; Luz et al. 2021). Essential oils
cause extensive damage and perforation of the integument, leading to death to the parasite
and has been evidenced through scanning electron microscopy (Gonzales et al. 2020; Mal-
heiros et al. 2020).

In the tolerance tests of the three essential oils tested, the concentration of 80 mg
L~! did not cause sedation or mortality in fish during 1 h; however, this dose has very
low effectiveness (0-36%) in 1 h, requiring more hours to reach 100%. The use of doses
higher than 200 mg L™ in therapeutic baths has shown sedation in fish at different times
(2 to 15 min) depending on the concentration. Similar results have been reported in
other studies with essential oils for the control of monogeneans in fish (Barriga et al.
2020; Gonzales et al. 2020; Alves et al. 2021; Luz et al. 2021). Therefore, some essen-
tial oils may have limited use for therapeutic baths, due to the sedative action in high
concentrations, which would hinder the control of parasites in fish, as they can compro-
mise the survival of exposed fish (Malheiros et al. 2016; Soares et al. 2016). However,
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Fig.2 In vitro anthelmintic efficacy of the essential oil of Minthostachys mollis (a), Origanum vulgare (b),
and Salvia rosmarinus (¢) against monogeneans from the gills of Piaractus brachypomus

studies have evaluated the alternative of using repeated short baths with low doses to
improve efficiency without affecting fish survival (Gonzales et al. 2020), as long as they
present efficacy greater than 50% to be used in the field (Soares et al. 2016).
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Essential oils emerge as an alternative to treat monogenean diseases as opposed to
widely used chemicals such as formalin, which is highly carcinogenic and allergenic
in humans, toxic to fish, and environmentally hazardous due to residues (Hoque et al.
2016; Tavares-Dias 2021). However, further experiments should be conducted with
other doses of essential oil or using new technologies such as nanoemulsion to reduce
the toxicity and quantity of essential oils without losing their effectiveness against fish
parasites as a sustainable strategy in aquaculture.
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