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Abstract

The efficacy of Allium sativum and Cannabis sativa against Rhipicephalus microplus ticks
was evaluated using the adult immersion and the larval packet test. In addition, an in silico
approach was utilized by performing a docking study in order to identify the active ingredi-
ents from both plants. Results showed a comparatively high lethal effect of A. sativum and
C. sativa on egg laying (index of egg laying=0.26 and 0.24, respectively), egg hatching
(33.5 and 37.1, respectively), and total larval mortality (100%, both), at 40 mg/mL. When
applied to cattle which had been inoculated with larvae ticks, it was observed that a 45%
solution of both herbal extracts significantly reduced the number of ticks by 96 h post treat-
ment. We analyzed in silico 27 known active molecules from both plants and identified in
the PubChem database to explore the hypothesis that the effect found on ticks was based on
inhibition of acetylcholinesterase (AChE). Vitamin E and cannabidiol are the most potent
ACHhE inhibitors with docking scores of -15.85 and -14.38, respectively. Based on these
findings, we conclude that A. sativum and C. sativa may potentially be used for the control
of R. microplus, and should be further investigated as a potential supplement to or replace-
ment of synthetic acaricides.
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Introduction

Ticks and tick-borne diseases represent a serious economic threat to the global livestock
industry. Globally, cattle ticks cause the loss of approximately 3 billion cattle hides
annually, and the economic impact of ticks and tick-borne diseases has been estimated
at 13.9-18.7 billion USD (Karim et al. 2017). The cattle tick Rhipicephalus (Boophilus)
microplus is the principal vector of Babesia bovis, Babesia bigemina, and Anaplasma
marginale, which cause babesiosis and anaplasmosis worldwide, also in Pakistan (Bhat
et al. 2017).

For the last 6 decades, acaricides such as macrocyclic lactones, pyrethroids and
organophosphates have been used to manage tick populations (Abbas et al. 2014).
However, the indiscriminate use of these chemicals has resulted in the emergence of
acaricide resistance in tick populations (Abbas et al. 2014). The detrimental effects of
these acaricides on various tick species and concerns regarding contamination of meat
and milk have led to increased interest in novel and less noxious methods to manage
tick populations. Herbal remedies have historically been utilized to control veterinary
ectoparasites, especially in developing countries (Martins et al. 2016), and the increas-
ing demand for less toxic bio-insecticides has renewed interest in the use of these rem-
edies. In the traditional agricultural community of Pakistan, numerous herbs are used
by farmers in an effort to control ticks in dairy animals, but with a few exceptions, their
efficacy has yet to be tested in a formal scientific setting (Zaman et al. 2012).

Garlic, Allium sativum (Amaryllidaceae), has been effectively used by farmers in
Brazil, Canada, India and Pakistan for tick management (Lans et al. 2007; Sindhu et al.
2010; Silva et al. 2014; Jagadeeswary et al. 2014). Naturally occurring compounds
in this herb with potential therapeutic uses include diallyl thiosulfinate (allicin), allyl
methyl thiosulfinate, methyl allyl thiosulfinate, alliin, ajoene, diallyl disulphide, deoxy-
alliin, and diallyl trisulfide. Among these compounds, allicin is thought to be the most
effective in controlling tick infestations (Martins et al. 2016).

Cannabis sativa (Cannabaceae) is known as hemp, marijuana, or ganja and has been
used as an insect repellent. The terpenes, ketones, and ester compounds which are pre-
dominant in the leaf glands give a characteristic odour to this species which may be
partially responsible for its use as an insect repellent (Bonini et al. 2018). Cannabis
leaves contain numerous volatile compounds such as limonene and several pinenes, and
approximately 75% of these volatile compounds have been demonstrated to be effec-
tive insect repellents (Elzinga et al. 2015). Methyl ketones occurring in C. sativa have
also been demonstrated effective and are widely used to control crop pests (Andre et al.
2016). Given their demonstrated efficacy against insects and other arthropod pests of
plants, it is possible that a synergistic action of these compounds may make C. sativa
effective against arthropod pests of livestock as well.

Acetylcholinesterase (AChE) is a vital enzyme in the nervous system of animals
including all arthropods, where it hydrolyses the neurotransmitter acetylcholine into
choline and acetate. Organophosphate (OP) and carbamate acaricides, which are widely
used against ticks and biting flies (Temeyer et al. 2013), work by inhibiting AChE. How-
ever, a naturally occurring mutation in invertebrates produces a variant of AChE which
is not sensitive to OP pesticides, and the overuse of OP acaricides has resulted in posi-
tive selection of this mutation, which has in turn resulted in diminishing efficacy of OP
in controlling ectoparasite populations (Temeyer et al. 2013). Previous studies exhibit
AChE inhibition caused by essential oils and terpenoids contained in the alchoholic
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fraction obtained from C. sativa (Benelli et al 2018, McPartland and Sheikh 2018) and
A. sativum extracts (Chaubey, 2017).

In order to shed light on which naturally occurring compounds may be used to develop
novel treatments for the control of tick infections, the present research is an in silico study
using computational simulations in order to explore the efficacy of plant-based anti-tick
agents. The goal of this study was to evaluate the acaricidal activity of A. sativum and C.
sativa extracts on the larvae, nymphs and adults of R. microplus and to identify which natu-
rally occurring compounds serve as AChE inhibitors. The present study may help develop
novel methods to prevent infection by ticks and the propagation of tick-borne diseases by iden-
tifying which compounds are detrimental to ticks using a molecular docking approach.

Materials and methods
Plant material and extract preparation

Areal plants and roots of A. sativum and C. sativa were collected from the district of
Mardan, located in the Khyber Pakhtunkhwa (KPK) province of Pakistan in the area around
34° 11" 54.6" N and 72° 01' 37.4" E. The plant material was identified by a taxonomist of the
Botany Department at Abdul Wali Khan University Mardan and deposited in the university’s
herbarium via accession number AN-12735. Plant material was thoroughly washed and dried
for 14 days at room temperature (3040 °C) and subsequently pulverised using a plant grinder
(Albrigi Inhrba). Powdered material (50 g) of each species was dissolved in 100 mL of metha-
nol. This solution was continuously agitated for 10 days in a shaking incubator and was then
filtered through muslin cloth and Whatman filter paper no. 1. To remove the methanol and
obtain a semisolid extract solution, the filtrate was placed in a rotary evaporator (Re-LA100
100L rotary evaporator, Labfreez Instruments, Hunan, China). Consequently, the high viscos-
ity solution was dried in a water bath at 45 °C and the powder yield was weighed in a balance.
Each plant extract was evaluated at a range of concentrations (40, 20, 10, 5 and 2.5 mg/mL)
prepared from the stock solution of 50 g of plants in 100 mL of methanol.

Ticks

Adult engorged female R. microplus (n=300) were collected from various cattle farms in
Mardan district, KPK. All samples were brought to the Parasitology laboratory, Department
of Zoology, Abdul Wali Khan University Mardan, and identified by morphological charac-
teristics following Walker et al. (2007). After identification, the ticks were divided into two
groups. For adult immersion testing (AIT), one group (200 ticks) was placed in biological
oxygen demand (BOD) incubators at 10 °C and the second group (100 ticks) was placed in
a separate incubator to enable optimal conditions for oviposition (10% KOH, 28 +1 °C and
85+ 5% RH). Larvae that emerged from the eggs (2 weeks following oviposition) were subse-
quently used for larval packet test (LPT).

Acaricides used for detection of resistance in ticks

The adult R. microplus collected in the field and their larvae were tested for acaricide
resistance against commercial grades of cypermethrin (Ecofleece, Prix Pharmaceutica) and
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trichlorfon (Neguvon, Bayer). Stock solutions in methanol were prepared for each acari-
cide. Two-fold serial dilutions of these stock solutions were prepared in distilled water such
that the following concentrations were attained for each acaricide tested: 6.25, 12.5, 25, 50
and 100 ppm. All dilutions and the control group (distilled water) were tested in triplicate
with the LPT described below.

Bioassays

The following parameters were evaluated to assess the acaricidal effects of the methanol
extracts of A. sativum and C. sativa: egg laying index, egg hatching rate, and larval mortal-
ity rate. The results for each plant extract were expressed as the percentage change between
the control group and the group treated with the plant extract.

Adult immersion test (AIT)

To assess the acaricidal effectiveness of the two plant extracts, modified AITs were per-
formed (Drummond et al. 1973; Sharma et al. 2012). Engorged adult female R. microplus
were washed thoroughly with purified water and dried on filter paper. Two hundred ticks
were randomly selected and measured per replicate. A dose—response assay was performed
using 2.5-40 mg/mL concentrations of the methanolic extracts, and for each concentration,
5 ticks for group with three replicates were fully immersed in the preparation for 5 min.
Similarly, the negative control group (N=5) was immersed in distilled water for 5 min.
After immersion, the ticks were retained in separate clean Petri dishes and kept in an incu-
bator at 28 + 1 °C and 85+ 5% RH. Mortality in adult ticks was assessed daily for 15 days
post treatment based on lack of mobility and pedal reflex following exposure to light fol-
lowing the methods outlined by Shyma et al. (2014).

Egg laying index (IE) was measured following the methods of Sabatini et al. (2001).
Briefly, each female was weighed prior to oviposition, and the eggs laid by each female
were weighed following oviposition. The average weights of the females and eggs were
then used to calculate IE as: mean weight of eggs laid/mean weight of females. After being
weighed, eggs were retained in glass tubes and allowed to hatch for 21 days. The percent-
age inhibition of oviposition (% 10) was calculated as: (IE IE )x 100/
IE

control group — -“treated group:

‘control group*

Larval packet test (LPT)

The preparations of methanolic plant extracts were also used in LPT assays to assess the
acaricidal effects on tick larvae. One mL of each dilution (2.5-40 mg/mL) of each plant
extract was evenly distributed on a portion of filter paper. The filter paper was air-dried
and then folded to form a packet containing 100 R. microplus larvae (14 days old). These
closed packets were incubated at 28 +1 °C and 85+5% RH for 24 h. Immediately there-
after dead larvae were counted and the larval mortality rate was calculated (Luguru et al.
1984). All dilutions of both plant extract and the control group (distilled water) were tested
in triplicate.
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In vivo experiment for herbal extracts

In vivo experiments using the ear bag method were also conducted in order to evalu-
ate the efficacy of C. sativa and A. sativum plant extracts (synergistic assay) on ani-
mals, as described by Ghosh et al. (2007) and Zaman et al. (2012). Briefly, three herbal
extracts were prepared at 15, 35 and 45% by diluting the methanolic extracts in distilled
water. Twelve tick-free calves of similar height, weight and breed (Zebu-Sahiwal) were
selected from a herd, separated, and placed in tick-free sheds. The sheds were regularly
maintained and checked for the presence of ticks. All sheds had walls free of crevices
and were placed in fresh air for proper aeration. The ears of each animal were shaved
and inoculated with around 100 unfed 14-day-old R. microplus larvae. Ear bags were
then tied closed to the pinna (outer ear) in order to facilitate tick attachment. Attachment
of the larvae was observed after 24 h. Following confirmation of successful attachment
(with at least 40 ticks attached), herbal extract suspension was topically applied to three
randomly selected animals for each dilution of each plant extract. For six consecutive
days, diluted plant extracts were poured on a clean cloth which was then wiped over the
infected area twice (see Kaaya et al. 1995). A control group of animals was treated with
pure distilled water using the same procedure. For each animal, the ticks were counted
24 h after each treatment exposure.

Identification of inhibitor enzyme

Protein sequences of AChE were retrieved from the database of the National Center
for Biotechnology Information (NCBI) (www.ncbi.nlm.nih.gov) in FASTA format.
The retrieved FASTA files were then converted into 3D structures. The Phyre? Protein
Homology/Analogy Recognition Engine v.2.0 (https://www.sbg.bio.ic.ac.uk/~phyre2/
html/page.cgi?id=index) was used to evaluate homology between sequences. The struc-
tures of all protein sequences were modeled using the Phyre?> Engine, downloaded and
saved as PDB files.

PubChem

A search was conducted using the PubChem database (https://pubchem.ncbi.nlm.nih.
gov/) to identify compounds from of A. sativum and C. sativa which potentially act as
AChE inhibitors. In total, 27 compounds were identified.

Molecular docking

For each of the 27 compounds identified, structures were drawn using ChemDraw soft-
ware, and the structures were saved in mol format. A molecular docking simulation was
then performed for each of these compounds against AChE using Molecular Operat-
ing Environment (MOE) software. Isolated metabolites were then checked in literature,
and those not present are suggested for docking. Following the docking simulation, the
docked files were analyzed in MOE. Energy minimization and 3D protonation were
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performed using MOE, and protein—ligand interaction, 2D structures, and 3D structures
analyzed in MOE were saved.

Statistical analysis

Statistical analysis was conducted using Ldp Line and GraphPad Prism (v.7) and dose mor-
tality data were fit using a probit model (Finney 1952). The lethal concentrations LCs;, and
LC,, for trichlorfon and cypermethrin were estimated using the probit model. For both
plant extracts, IE values were tested against the control group using one-way ANOVA
(SPSS software). The dose-response mortality data were used to estimate the slope of the
log-transformed dose-response curve, as well as the LCs,, LCq, and their respective con-
fidence intervals (95% CI) for each plant extract using Ldp Line software. In the in-vivo
test the reduction of ticks was calculated on each animal during the period of 6 days post
treatment exposure to herbal plant extract compared with negative control using distilled
water. One-way ANOVA with Dunnett’s multiple comparison test was conducted to com-
pare means among control and treated groups. For all tests a=0.05.

Results
Acaricides

The mortality of ticks increased with increasing doses of cypermethrin and trichlorofon
(Fig. 1a). LCs, and LCy values of the two commercial acaricides were extracted from the
regression equations and were shown to not differ significantly, based on overlap of the
95% confidence intervals (Table 1).

Efficacy of plant extracts
For both A. sativum and C. sativa (Table 2), IE generally decreased, and % IO and

larval mortality generally increased in response to higher concentrations of the plant
extracts. For all concentrations of both plant extracts, IE was significantly lower

A B 150+
1004 o Cypermethrin -
goJ —® Trichlorfon &=
> T ® 1004
= )
g 60 £
g 3
E 40 - ] 50
g 50 o - A satium
2 - C saliva
n- 0 T . -Al T T 1 0 T T T 1
05 10 15 20 25 0.0 05 1.0 15 20
-20- Log concentration Log concentration

Fig.1 Dose-dependent mortality against Rhipicephalus microplus larvae of a the two commercial acari-
cides cypermethrin and trichlorfon, and b methanol extracts of Allium sativum and Cannabis sativa
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Table1 LCs, and LCy, (ppm/mL; in parentheses the 95% confidence limits) for the commercial acaricides
trichlorfon and cypermethrin on Rhipicephalus microplus larvae—i.e., the concentrations necessary to kill
50 and 90% of ticks, respectively

Acaricides LCs, LCy Slope+SE ¥ (df) R?

Trichlorfon 46.28 (23.30-91.92) 503.42 (253.45-999.94) 1.25+0.15 0.66 (6) 0.96
Cypermethrin 44.89 (20.51-98.26) 752.11 (343.62-1646.20) 1.07+0.17 0.24 (6) 0.87

Table 2 Effect of Allium sativum and Cannabis sativa extracts (2.5-40 mg/mL) on mean (+ SE) egg laying
ability of engorged females of Rhipicephalus microplus compared with controls (water), and larval mortal-
ity (%) at 24 h post exposure

Treatments Index of egg laying (IE)* % inhibition of oviposi- % dead larvae®
tion (% 10)

A. sativum 2.5 - - 47.3+0.67
5 0.3502+£0.0015 8.94 85.3+0.33%
10 0.2896+0.0038 24.71 94 +0.58%*
20 0.2653 +£0.0035 31.01 100*
40 0.2556 +£0.0032 33.54 100*

C. sativa 2.5 - - 42+0.58
5 0.3521+£0.0021 8.45 86+1.73*
10 0.3011+£0.0018 21.70 93+1.15%
20 0.2699 £0.0029 29.99 100%*
40 0.2420+0.0046 37.08 100*

Control, water 0.3846+0.0000 0 0

*JE =mean weight of egg masses / mean weight of females. Each treatment consisted of three replicates of
five adult female ticks

®One hundred larvae were obtained from three replicates

Asterisks indicate significant difference compared with control (one-way ANOVA: p <0.0001)

Table3 LC, and LCy, (mg/mL; in parentheses the 95% confidence limits) for extracts of Allium sativum
and Cannabis sativa on Rhipicephalus microplus larvae—i.e., the concentrations necessary to kill 50 and
90% of ticks, respectively

Plant extracts LCy LCyq Slope +SE ¥2 (df) R?
A. sativum 2.52(3.11-1.28) 6.95 (13.82-5.66) 2.91+0.20 7.03 (6) 0.73
C. sativa 2.74 (3.17-1.30) 8.34 (13.97-5.96) 2.65+0.19 16.66 (6) 0.74

compared to the controls, whereas % IO and larval mortality were significantly higher,
with 100% mortality achieved at 20 and 40 mg/mL (Table 2).

For larval mortality, estimated LCs, and LC,, values, respectively, were 2.52 and
6.95 mg/mL for A. sativum and 2.74 and 8.34 mg/mL for C. sativa (Table 3, Fig. 1b).
For % 10, estimated LCs, and LCy, values, respectively, were 94 and 2510 mg/mL for
A. sativum and 83 and 1532 mg/mL for C. sativa (Table 4, Fig. 2).
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Table4 LCs, and LCy, (mg/mL; in parentheses the 95% confidence limits) for Allium sativum and Canna-
bis sativa extracts on egg inhibition (% 10) in Rhipicephalus microplus—i.e., the concentrations necessary
to kill 50 and 90% of eggs, respectively

Plant extracts LCs, LCy, Slope+SE  »* (df) R?

Allium sativum 93.97 (61.08-149.34)  2510.05 (930.25-8456.88) 0.90+0.12  13.99(6) 0.94
Cannabis sativa ~ 82.96 (58.07-145.12)  1532.28 (622.75-6644.78)  1.01+0.13  5.34 (6) 0.99

Fig.2 Oviposition inhibition (% 60+ 1
10) of Rhipicephalus microplus - A sativum
treated with various doses of - O sativa
methanol extracts of Allium 40 '
sativum and Cannabis sativa 7
o
= 204
a2
0 = :." = T T 1
05 1.0 15 2.0
-20- LOQ concentrafion
Fig.3 Survival (no. ticks) of 40 -
infested Rhipicephalus microplus
on calves treated with 5-45% 35 4
of methanol extracts of Allium
sativum and Cannabis sativa 9 30
combined or pure water (control) 2 25
over time. The asterisks indicate el
significant differences compared % 20 -
to the control group at the same k= === control
time point (one-way ANOVA o 15 4 —f=5%
followed by Dunnett’s multiple Z = 15%
comparison test: P<0.05) 10 1 300/0
* 0
8 == 45%
O T T T T T 1
24 48 72 96 120 144

Time (h) post treatment

In vivo analysis

Three calves per replicate were used to detect the efficacy of herbal extract on tick infes-
tation. There were 100 larvae confined in each bag which was attached to the ear of
calves but only 40 were successful to get attached in and around the ear region. At 96 h
(4 days) post exposure, the number of live ticks treated with 30 and 45% concentrations
was significantly lower than in the control group, but not when treated with 5 or 15%
(Fig. 3). At 144 h (6 days) post exposure, calves treated with the 15, 30 and 45% con-
centrations had significantly fewer live ticks compared to the control group, whereas the
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number of ticks at 5% concentration was not significantly lower than that of the control
(Fig. 3).

In silico analysis

A selection of 27 phytochemical compounds from A. sativum and C. sativa were used as
ligands and docked in MOE with active sites of AChE to test for inhibition. The most potent
ACHhE inhibitor in A sativum was vitamin E, with a docking score of — 15.8534, whereas
the most potent AChE inhibitor in C. sativa—and second-most potent AChE inhibitor
overall—was cannabidiol, with a docking score of — 14.3793 (Table 5). When modeled
in MOE, the amino acid in AChE to which vitamin E binds was found to be Glu255 with
a bond length of 2.96 A and energy of — 2.9 kcal/mol (Fig. 4a). Similarly, cannabidiol
was found to bind to Vall23 with a bond length of 2.57 A and energy of — 2.2 kcal/mol
(Fig. 4b). Of the other 25 compounds tested, all but delta-9-tetrahydrocannabivarin bound
to AChE, with docking scores ranging from — 5.6624 (acenaphthol) to — 13.9115 (can-
nabinol) (Table 5).

Discussion

Due to poverty and other constraints, most of the farming community in rural Pakistan con-
sists of small livestock holders. In this community, native plants and their derivatives are
frequently used as treatments against parasitic infections, particularly against ticks (Zaman
et al. 2012). The current study on A. sativum and C. sativa was undertaken to evaluate their
efficacy as alternatives to commercial acaricides, for resistance has evolved in strains of R.
microplus.

Resistance to synthetic acaricides and the need for biological agents to supplement or
replace them is increasingly a global concern (Prichard and Tait 2001). The most common
acaricides used in Pakistan against R. microplus are Ecofleece (Prix Pharmaceutica; active
ingredient cypermethrin) and Neguvon (Bayer; a.i. trichlorfon) (Muhammad et al. 2008;
Abbas et al. 2014). Despite the growing problem of acaricide-resistant ticks in Pakistan,
only a handful of scientific studies have been conducted on this topic (Abbas et al. 2014).
In this study, the experimentally derived LCs, values for both cypermethrin and trichlorfon
were higher than the doses recommended on the label. This outcome aligns with previous
studies conducted on the emergence of resistance to cypermethrin and trichlorfon in strains
of R. microplus across the globe.

The in vitro and in vivo portions of this study demonstrate that the methanolic extract
of A. sativum has acaricidal effects on two development stages of R. microplus. In a pre-
vious study, a 100 mg/mL methanolic extract of A. sativum produced the highest mor-
tality rate in adult R. microplus (85%) whereas larval mean mortality was 69% (Shyma
et al. 2014). Muraleedharan et al. (2008) observed that application of an aqueous extract
of A. sativum caused 30% of ticks to fall from infected sheep. In addition to ticks, A.
sativum is thought to negatively affect adult and larval stages of other arthropod pests,
such as mosquitoes. It has also been suggested that A sativum has other antiparasitic,
antifungal, anticancer and antioxidant effects (Mikaili et al. 2013). The results of our
study also align with those of Shyma et al. (2014), who demonstrated the ability of A.
sativum to cause larval mortality and inhibit egg hatching in R. microplus. In the current
study, extracts from C. sativa caused a decrease of R. microplus larvae and inhibited egg
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Fig.4 2D and 3D renditions of binding in acetylcholinesterase (AChE) of a vitamin E to Glu255, and b
cannabidiol to Val123

production. For both A. sativum and C. sativa, both larval mortality and % IO increased
with concentrations of methanolic extract.

To the best of our knowledge, the acaricidal effects of C. sativa have not previously
been studied. However, C. sativa has been shown to be an effective agent against seven
bacterial strains, as well as an effective antipsychotic agent when prescribed to patients
suffering from anxiety (Basile et al. 2000; Zuardi et al. 2006; Appendino et al. 2008).
The in vitro, in vivo and in silico methods used in the current study offer an interest-
ing opportunity to investigate the acaricidal effects by combining various disciplines of
assessment (Pavithra et al. 2016). The current study highlights the use of whole-plant
extracts of A. sativum and C. sativa as acaricidal agents against R. microplus.

Part of the acaricidal properties of A. sativum and C. sativa may be attributed to the
compounds vitamin E and cannabidiol, respectively, as the in silico analysis indicated
that both are inhibitors of AChE. As such, it is likely that the cause of mortality in ticks
exposed to vitamin E and cannabidiol is excessive impulse conduction caused by acetyl-
choline accumulation.

Although extracts of both plants are cost effective, easily manufactured, and have
demonstrated potential as acaricidal agents, further research must be done before A.
sativum and C. sativa extracts can be widely adopted in the field. To ensure the efficacy
and safety of these plant extracts, it is essential to study their long-term stability and
their sensitivity to extreme temperature and humidity differences expected in the field,
as well as their possible side effects. Also the economic viability of A. sativum and C.
sativa as acaricidal agents must be studied.
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Conclusions

This study revealed that extracts of A. sativum and C. sativa have significant acaricidal
effects on field collected resistant strains of R. microplus. A phytochemical in silico analy-
sis identified 27 compounds contained in the alcoholic extracts of both plants, among these
compounds we found that vitamin E and cannabidiol act as AChE inhibitors. As such,
these plants may be used to develop new acaricidal treatments which are ecologically sus-
tainable, cost effective, and effective against strains of R. microplus which have developed
resistance to synthetic acaricides.
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