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ABSTRACT

Within the traditional pharmacopeia, tobacco (Nicotiana spp.) is often cited as an efficient pesticide. This activity
is generally attributed to nicotine, but tobacco plants contain other alkaloids that could potentially contribute to
this effect. In this study, we tested methanolic extracts of N. glutinosa, N. glauca, N. debneyi, and N. tabacum
(putrescine N-methyltransferase line, burley TN90 and Stella, Virginia ITB 683 and K326), selected according to
alkaloid content. Their antiparasitic activity was evaluated in bioassays against adult fleas (Ctenocephalides felis),
blowfly (Lucilia cuprina) larvae, nematodes (Caenorhabditis elegans), and ticks (Rhipicephalus sanguineus larvae
and adults, Ixodes ricinus nymphs). None of the extracts killed fleas and blowfly larvae effectively at the con-
centrations tested. Only N. tabacum K326 and N. glutinosa exhibited moderate anthelmintic activity. All extracts
significantly repelled R. sanguineus ticks, but not I. ricinus, and the nicotine-rich extracts rapidly knocked down
all tick species and stages at high concentrations. The link between nicotine and tick knockdown was confirmed
by successfully testing the pure alkaloid at concentrations found in the tobacco extracts. In contrast, repellent
activity could not be correlated to the individually tested alkaloids (nicotine, nornicotine, anabasine, anatabine),

although anatabine and nornicotine were active in the tick bioassay at high concentrations.

1. Introduction

Tobacco (Nicotiana spp.) leaves, powder, extracts, or fumigants have
been used for centuries to control agricultural pests or parasites of
medical and veterinary importance (McIndoo, 1943). However, because
of safety concerns regarding tobacco's major alkaloid, nicotine, and the
discovery of more specific and potent synthetic pesticides, no nicotine-
based products are currently commercially available (Bradbury, 2008).
Synthetic neonicotinoids are structurally related to nicotine and widely
used as agricultural and veterinary pesticides; however, unlike tobacco-
related alkaloids, synthetic neonicotinoids have a higher selectivity for
the insect nicotinic acetylcholine receptor (nAChR) and reduced
binding to vertebrate nicotinic receptors (Tomisawa and Casida, 2005).
Their unique physicochemical features (photostability, non-volatility,
and hydrophilicity) explain their success as pesticides but also their

excessive use, which led to extensive contamination of the environ-
ment. Neonicotinoids have now become a major concern for the sur-
vival of ecosystems (Hladik et al., 2018). The proven impact on polli-
nators and aquatic and soil communities (Chagnon et al., 2015), and a
more problematic toxicity profile than once perceived (Wang et al.,
2018), pushes forward initiatives to limit or totally ban their use in
agriculture and move away from the worldwide use of synthetic pes-
ticides.

This desire to find alternatives to the use of synthetic pesticides has
rekindled interest in the plant pharmacopeia and identification of more
environmentally friendly solutions for pest control. Moreover, limited
access to expensive chemicals by less-affluent populations has
prompted many groups to review and/or rediscover ethnobotanical
drugs of medicinal, veterinary, and crop protection relevance (Adenubi
et al., 2018; Benelli et al., 2016; Mvine et al., 2011; Niroumand et al.,

Abbreviations: DEET, N,N-diethyl-m-toluamide; DMSO, dimethyl sulfoxide; nAChR, nicotinic acetylcholine receptor; PMT, putrescine N-methyltransferase; UHPLC-
MS, ultra-high-performance liquid chromatography coupled with mass spectrometry
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2016; Rahuman, 2011). As part of the traditional pharmacopeia, to-
bacco is often cited as an effective pesticide and is also used as an insect
or tick repellent to prevent vector-borne diseases (Jufri et al., 2016;
Pavela et al., 2016). Nicotine may not be the sole bioactive molecule in
tobacco; for example, the anabasine-rich N. glauca has been listed as an
arthropod repellent (dos Santos Silva et al., 2014). Anti-trypanosomal
activity attributed to anabasine has also been observed in parasitized
bumble bees feeding on floral nectar containing this alkaloid
(Richardson et al., 2018).

Tobacco leaves contain more than 4,000 components, and crude leaf
methanolic extracts are very complex mixtures (Eich, 2008; Leffingwell,
1999; Rodgman and Perfetti, 2013). As the activity of mixtures may be
quite different from the simple additive effect of individual con-
stituents’ activities, due to the likely chemical multiple interactions
between molecules (synergy, potentiation, inhibition, or coalition),
investigating both mixtures and single major components of the mix-
tures may further help understanding of the observed biological effects
(Hayes et al., 2019).

In the present study, we investigated the bioactivity of extracts of
tobacco leaves of varying alkaloid contents and individual alkaloids,
including minor entities, for which data on activity against parasites are
non-existent. Eight tobacco varieties and species were selected based on
their previously known major alkaloid content (Saitoh et al., 1985):
four N. tabacum nicotine-rich varieties, two grown in the field (burley
Stella and Virginia ITB 683) and two grown in the greenhouse (burley
TN90 and Virginia K326); one burley transgenic strain from the pu-
trescine N-methyltransferase (PMT) lines, used to obtain an anatabine-
enriched extract; and three wild tobacco species containing high levels
of anabasine (N. glauca and N. debneyi) or nornicotine (N. glutinosa).
Methanolic extracts were prepared from mature tobacco leaves and
evaluated for their efficacy against ectoparasites and nematodes in a
panel of bioassays. The selection of organisms was based on their re-
presentativeness of parasites of medical and veterinary importance, the
type of activity (systemic or contact insecticides/acaricides, insect
growth regulators, arthropod repellents, anthelmintics) generally sear-
ched for in anti-parasitic drug discovery programs (Buckingham et al.,
2014; Schorderet Weber et al., 2017), and the availability of bioassays
in multi-well plate formats with those organisms. The systemic and
contact insecticidal activity was evaluated against adult cat fleas (Cte-
nocephalides felis), insect larvicidal or growth-regulating activity was
tested against blowfly (Lucilia cuprina) larvae, the anthelmintic poten-
tial of the extracts was evaluated against nematodes (Caenorhabditis
elegans), and repellence/deterrence and contact acaricidal effects were
measured against ticks of different species and stages (Rhipicephalus
sanguineus larvae and adults and Ixodes ricinus nymphs). The study
aimed at determining: i) whether leaf crude extracts of different to-
bacco varieties containing complex mixtures of alkaloids and non-al-
kaloid components had any effect in the bioassays, ii) whether the
potential effect observed with the tobacco leaf extract mixtures could
be attributed solely to the alkaloids, and iii) and whether a particular
alkaloid could be responsible for the observed effect. For this purpose,
tobacco alkaloids were quantified in each extract, and full dose-re-
sponse curves were generated with pure nicotine, nornicotine, anaba-
sine, and anatabine in a concentration range corresponding to the one
found in the tobacco leaf crude extracts (Fig. 1).

2. Materials and methods
2.1. Organisms

2.1.1. Tobacco plants

Description of the Nicotiana species and varieties are given in
Table 1. Selection was based on their alkaloid content, previously
known from internal data and literature (Saitoh et al., 1985), and on
plant availability at the facility.
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2.1.2. Insects, nematodes, and ticks for bioassays

Adult C. felis fleas, L. sericata blowflies, and C. elegans (wild-type)
nematodes were sourced from the in-house colonies and cultures of
INVENesis. R. sanguineus ticks were purchased as fully engorged fe-
males or adult unfed ticks from Ecto Services Inc. (Henderson, NC,
USA). For egg-laying and larval development, females were maintained
at 28 °C and 80% relative humidity. Hatched larvae and adult ticks were
kept under the same environmental conditions until use. I ricinus
nymphs were purchased at Insect Service GmbH (Berlin, Germany) and
kept at 28 °C and 80% relative humidity until use.

2.2. Plant cultivation

Seeds of N. tabacum TN90 and K326 cultivars as well as N. glauca, N.
glutinosa, and N. debneyi were obtained from internal seed storage. The
transgenic TN90 PMT line (06TN2048) was obtained from Altria Client
Services LLC (Richmond, VA, USA). PMT lines were produced using
Agrobacterium-mediated transformation, as described in patent
WO02015157359A1 (Kudithipudi et al., 2015). Seeds were sown into
soil-containing floating trays. Well-developed plantlets were transferred
to 5L pots and cultivated under a 16/8-h artificial light/dark photo-
period until fully grown.

At the time of flowering, all plants were topped. Two weeks after
topping, representative, fully grown leaves were sampled from each
plant. All samples were immediately used for crude extract preparation
in methanol.

For field cultivation, seeds of N. tabacum Stella (burley tobacco) and
N. tabacum ITB 683 (Virginia tobacco) were obtained from a local
source and sown into soil-containing floating trays, grown in the
greenhouse, and transplanted to the field according to tobacco agri-
cultural practices. Plantlets were planted at a density of 24,000 per
hectare in western Switzerland (canton de Vaud). Leaf samples were
collected from fully mature plants two weeks after topping and im-
mediately transported to the laboratory for crude methanol extract
preparation.

2.3. Crude extract preparation

All plant leaves were oven-dried at 60 °C for 24 h and disrupted by
shaking with glass beads at 400 rpm for 8 h. For each selected tobacco
variety/species, 2 g of ground leaf powder were placed in 50 mL glass
bottles. Twenty mL of methanol (high-performance liquid chromato-
graphy-grade, = 99.9% purity, Sigma-Aldrich, St. Louis, MO, USA)
were added to the ground leaves. The mixture was then sonicated
(Branson 3510-DTH Ultrasonic Cleaner; Danbury, CT, USA) for 30 min
and decanted into a filter column holding a Whatman® filter paper
(125 mm @, cellulose paper; Maidstone, UK). The filtrate was sonicated
with 20 mL of methanol and filtered again. The resulting filtrate was
then placed into a rotary evaporator to remove the solvent, and the
remaining extract was further lyophilized (Labconco cat. no. 7934030;
Kansas City, MO, USA) for 16 h until all water was removed. Methanolic
leaf extracts were prepared at either AnalytiCon Discovery GmbH
(Potsdam, Germany) or internally, following the same extraction pro-
cedure.

2.4. Alkaloid quantification in tobacco crude extracts

Samples for pyridine alkaloid (nicotine, nornicotine, anatabine,
anabasine, cotinine, and myosmine) analysis by ultra-high-performance
liquid chromatography coupled with mass spectrometry (UHPLC-MS)
were prepared by dissolving approximately 25 mg of crude extract in
water/methanol (3:7, with 500 ng/mL quinoline as internal standard;
5 mL), filtering (Fisherbrand™ Sterile PES Syringe Filter with pore size
of 0.2 pm; Thermo Fisher Scientific, Waltham, MA, USA), and diluting
1:200 with the extraction mixture. A simultaneous determination of all
six alkaloids was performed on an Ultimate 3000 UHPLC system
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Fig. 1. Tobacco leaf extract and synthetic alkaloid testing in parasite bioassays. In a first step, tobacco species and varieties were selected according to their tobacco
alkaloid content. In a second step, methanolic extracts were prepared and evaluated against cat flea, blowfly larva, nematode, and tick bioassays. In a third step, pure
synthetic tobacco alkaloids were tested against ticks at similar concentrations than those found in the tobacco leaf extracts to determine whether a particular alkaloid

could be solely responsible for the observed effect.

coupled to a Q Exactive™ mass spectrometer (Thermo Fisher Scientific).
Chromatographic separation was performed on an Acquity HSS T3
column (1.7 pm, 100 X 2.1 mm; Waters, Milford, MA, USA); the
column temperature was set to 45 °C. Eluents were ammonium acetate
in water (10 mM; pH 8.9; eluent A) and ammonium acetate in methanol
(10 mM; eluent B) applied as a gradient (0 min 10% B; 0.25 min 10% B;
4.25 min 98% B; 5.25 min 98% B; flow: 0.5 mL/min). The injection
volume was 5 pL. Nicotine, nornicotine, anabasine, anatabine, cotinine,
and myosmine were eluted for 3.89 min, 2.76 min, 3.27 min, 3.36 min,
2.62 min, and 3.47 min, respectively, and detected as [M+H]+
pseudomolecular ions after positive electrospray ionization. No further
analysis was conducted to separate and quantify S and R enantiomers of
nicotine, nornicotine, anabasine, anatabine, and cotinine in the ex-
tracts. The concentration of each target alkaloid was expressed in mg
per gram of dry weight. The molar concentration of the target alkaloids
in the crude extract was calculated for the concentrations of the crude
extracts used in the tick repellent test and was expressed in pmol/m?
(see section 2.5.6), according to the following formula:

Concentration of target alkaloid (umol/m?) = (concentration ex-
tract [mg/m?] X concentration of target alkaloid in extract [ug
target alkaloid/mg extract])/molecular weight of target alkaloid [pg/

Table 1
Plant characteristics and related crude extract denomination.

umol]
2.5. Compounds

2.5.1. Tobacco alkaloids

Tobacco pure alkaloids were used in the tick repellent/knockdown
contact test to characterize the activity observed with the tobacco leaf
extracts. (S)-Nicotine, (S)-nornicotine, (S)-anabasine, (S)-cotinine, and
myosmine standards were purchased from Sigma-Aldrich. (S)-anatabine
and (R)-anatabine enantiomers were synthesized by WuXi AppTec Co.,
Ltd. (Shanghai, China) (Fig. 2).

Racemic anatabine was obtained according to a modified procedure
(Deo and Crooks, 1996). The (S)-anatabine and (R)-anatabine en-
antiomers were separated by chiral supercritical fluid chromatography
and converted into hydrochloride salts for improved alkaloid stability.

Stock solutions of the alkaloids were prepared as 20 mM solutions in
ethanol immediately prior to use. Stock solutions were kept at 22 °C in
the dark for longer-term storage.

2.5.2. Bioassay positive controls
Positive controls (thiamethoxam, dicyclanil, ivermectin, and N,N-

Plant species Strain Origin Major alkaloid Tobacco leaf extract ID
Nicotiana tabacum PMT Greenhouse Anatabine PMT

N. tabacum Stella (burley) Field Nicotine Stella

N. tabacum K326 (Virginia) Greenhouse Nicotine K326

N. tabacum TNO9O (burley) Greenhouse Nicotine TN90

N. tabacum ITB 683 (Virginia) Field Nicotine ITB 683

N. glutinosa Wild species Greenhouse Nornicotine Glutinosa

N. glauca Wild species Greenhouse Anabasine Glauca

N. debneyi Wild species Greenhouse Anabasine Debneyi
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chemical name MW
structure
1 e dl (S)-nicotine 16223
| =N
2 u = ‘ (S)-nornicotine  148.21
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3 H = | (S)-anabasine  162.23
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=
(S)-anatabine
N
4 H - | dihydrochloride 233.14
SN
=
(R)-anatabine
S N dihydrochloride 2314
SN
6 O?Q\@ (S)-cotinine  176.22
| =N
7 myosmine 146.19

Fig. 2. Selected tobacco alkaloids. MW, molecular weight.

diethyl-m-toluamide [DEET]) used in the bioassays were obtained from
Merck (Kenilworth, NJ, USA).

2.6. Bioassays

All bioassays were performed by INVENesis Sarl, Neuchéitel,
Switzerland. Concentrations of the extracts in the bioassays were se-
lected according to the organisms’ upper limit of dimethyl sulfoxide
(DMSO) tolerance or specific bioassay constraints. Positive controls
were tested at their minimum effective concentration.

2.6.1. C. elegans development test (egg to larval stage 4)

This assay was used as a primary screen to evaluate the anthel-
minthic potential of a test compound or extract. Plant extracts diluted
in DMSO were mixed with the C. elegans culture medium at con-
centrations of 150 pg/mL, 47.5pug/mL, 15ug/mL, 4.8 ug/mL, 1.5ug/
mL, and 0.48ug/mL and distributed into 384-well plates.
Approximately 100 eggs of C. elegans were deposited in each well of a
384-well plate together with a bacterial suspension of Escherichia coli as
a food supply. Plates were sealed and incubated at 25 °C for 48 h to
allow the development of the nematodes up to the L4 stage. Positive
(ivermectin, commercial anthelmintic) and negative (DMSO) controls
were evaluated in parallel. The minimum effective concentration of
ivermectin was determined using a 12 dilutions range based on data
previously obtained in the laboratory. Concentrations of 41.5pg/mlL,
13.1 pg/mlL, 4.1 ug/mL, 1.3 pg/mL, 0.41 pg/mL, 0.13 ug/mL, 0.041 ug/
mL, 0.013 ug/mL, 0.0041 pg/mL, 0.0013 ug/mL, 0.00041 pg/mL, and
0.00013 pg/mL were used. In the negative control, DMSO alone was
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mixed with the C. elegans culture medium at the same concentration
found in the highest plant extract concentration (0.75%). For all plant
extracts, positive and negative controls, each concentration tested was
run in triplicate. The effect of the treatment was measured by mon-
itoring nematode motility with an automated data acquisition system.
Efficacy was expressed as the percent motility reduction compared with
motility in the negative controls. An 80% reduction in nematode mo-
tility was considered significant.

2.6.2. L. sericata development test (egg to L3 stage)

The assay was used as a primary screen to evaluate the insect
growth regulator potential of a test compound or extract, targeting
insects that are pests or parasites during their larval stage.

A protein-rich artificial medium treated with the plant extracts di-
luted in DMSO was distributed into 96-well plates at concentrations of
65ug/mL, 20.6ug/mL, 6.5ug/mL, 2.1pg/mL, 0.65pg/mL, and
0.21 pg/mL. Approximately 10 freshly laid L. sericata eggs were de-
posited in each well on top of the treated food and left to develop for
three days under conditions optimal for larval development. Positive
(dicyclanil, commercial insect growth regulator) and negative (DMSO)
controls were evaluated in parallel. The minimum effective con-
centration for dicyclanil was determined using a 6 dilutions range based
on data previously obtained in the laboratory. Concentrations of
3.96 ug/mL, 1.25pg/mL, 0.40 ug/mL, 0.13ug/mL, 0.04 pg/mL, and
0.013 pg/mL were used. In the negative control, DMSO alone was
mixed with the medium at the same concentration found in the highest
plant extract concentration (0.33%). For all plant extracts, positive and
negative controls, each concentration tested was run in triplicate. The
effect of the treatment on development and survival was automatically
assessed by motility quantification. Efficacy was expressed as the ca-
tegorical percent motility reduction compared with motility in the ne-
gative controls, with values of 0%, 60%, 80%, and 100%. An 80% re-
duction in motility was considered significant.

2.6.3. C. felis adult oral test

The assay was used as a primary screen to evaluate the systemic
insecticidal potential of a test compound or extract. Approximately 10
C. felis of a mixed sex adult population are placed per well in a suitably
formatted 96-well plate, allowing the fleas to access and feed on blood
treated with the plant extracts diluted in DMSO at concentrations of
200 pg/mL, 63.3 pg/mL, 20 pg/mL, 6.33 ug/mL, 2 ug/mL, and 0.63 ug/
mL via an artificial feeding system. Fleas were fed on treated blood for
24 h. Positive (thiamethoxam, a commercial neonicotinoid insecticide
with systemic and contact activity) and negative (DMSO) controls were
evaluated in parallel. The minimum effective concentration for thia-
methoxam was determined using a 6 dilutions range based on data
previously obtained in the laboratory. Concentrations of 1.85 pug/mlL,
0.58 ug/mL, 0.18 pg/mL, 0.058 ug/mL, 0.018 ug/mlL, and 0.0058 ug/
mL were used. In the negative control, DMSO alone was mixed with the
blood at the same concentration found in the highest plant extract
concentration (1%). For all plant extracts, positive and negative con-
trols, each concentration tested was run in triplicate. The effect of the
treatment was assessed by monitoring flea motility by machine vision.
Efficacy was expressed as the percent motility reduction compared with
motility in the negative controls, with 100% meaning no movement
recorded. An 80% reduction in motility was considered significant.

2.6.4. C. felis adult contact test

The assay was used as a primary screen to evaluate the contact in-
secticidal potential of a test compound or extract. Plant extracts diluted
in methanol were deposited onto the bottoms of wells in a 96-well plate
and the solvent left to evaporate. The final concentration of the test
compound was, therefore, expressed in mg/m? and set at 565 mg/m?,
179 mg/m?, 56.6 mg/m?, 17.9 mg/m?, 5.65mg/m?, and 1.79 mg/m>.
Approximately five fleas of a mixed-sex adult population are placed in
each well and left in contact with the treated surface for 24 h. Positive
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(thiamethoxam) and negative (DMSO) controls are evaluated in par-
allel. The minimum effective concentration for thiamethoxam was de-
termined using a 6 dilutions range based on data previously obtained in
the laboratory. Concentrations of 3.84 mg/m?, 1.21 mg/m?, 0.39 mg/
m?, 0.122mg/m?, 0.038 mg/m?, and 0.012 mg/m? were used. For all
plant extracts, positive and negative controls, each concentration tested
was run in triplicate. The effect of the treatment was assessed by ma-
chine vision and monitoring flea motility after 24h of exposure.
Efficacy was expressed as the percent motility reduction compared with
motility in the negative controls, with 100% meaning no movement
recorded. An 80% reduction in motility was considered significant.

2.6.5. Tick repellent/knockdown contact test

The assay is used to evaluate the repellent/deterrent potential of a
test compound or extract. The test includes a preliminary assessment of
knockdown efficacy as a secondary endpoint. Knockdown can be de-
fined as a state of intoxication and paralysis that usually precedes death
(Wickham et al., 1974). The test relies on the questing behavior of ticks
that explore their habitat to find a suitable host hunting site and their
propensity to avoid areas treated with repellent or irritating substances.
Tick knockdown is expressed as a reduction in total motility over a
defined period of time and not by collecting and counting the number of
dead and live ticks at the end of the exposure period.

Plant extracts or synthetic pure alkaloids diluted in methanol (ex-
tracts) or ethanol (alkaloids) were deposited on the bottom of wells in a
six-well plate. Only one quadrant (2.54 cm?) of the bottom surface of
each well was treated. The solvent was left to evaporate. The final
concentration of the plant extracts was, therefore, expressed in mg/m?,
or in umol/m? for the synthetic alkaloids. Final concentrations applied
for plant extracts were 893 mg/m? (R. sanguineus adults only), 446 mg/
m?, 141 mg/m? 44.6mg/m? 14.1mg/m? and 4.46mg/m? and
300 pmol/m?, 100 ymol/m?, 30 pmol/m?, 10 ymol/m?, and 3 pmol/m?
for pure alkaloids. Approximately 50 R. sanguineus tick larvae and ex-
actly five R. sanguineus adults or five I. ricinus nymphs were added to the
untreated area of each well. Positive (DEET, commercial tick repellent)
and negative (100% methanol (leaf extracts) or ethanol (pure alka-
loids)) controls were evaluated in parallel. In the study with plant ex-
tracts, DEET was only tested at the concentration of 8.5mg/m? From
the laboratory history, this concentration always resulted in significant
repellence greater than the 50% threshold, and is used here as bench
mark. In the bioassay with the pure alkaloids, DEET was tested as the
same concentrations as used for the alkaloids, 300 umol/m?, 100 ymol/
m?, 30 umol/m?, 10 umol/m?, and 3 pmol/m? (respectively 57.4 mg/
m?, 19.1 mg/m?, 5.7 mg/m?, 1.9 mg/m?, and 0.57 mg/m?). For all plant
extracts, pure alkaloids, positive and negative controls, each con-
centration tested was run in three or more test replicates. After a 1-min
incubation on a heating plate, the frequency of tick movement in the
treated quadrant and in each of the untreated quadrants was recorded
by machine vision. Tick movement on the untreated surface was com-
puted as the median of movement on the three untreated quadrants. To
estimate deterrence, recordings were performed over a period of 2 min
for R. sanguineus larvae and for 3 min for R. sanguineus adults and L
ricinus nymphs after the 1-min pre-exposure period. To assess knock-
down effect, recording was extended to 9 min (starting at the 1-min pre-
exposure period and lasting an additional 8 min).

Deterrence activity was calculated as follows:

Percent deterrence = 1 — (movements on treated area / movements on
untreated area) X 100

A difference of 50% between total movements recorded in the
treated area versus movements recorded in the untreated area was
considered significant.

The tick knockdown effect was calculated similarly:

Percent knockdown = 1 — (movements at the end of the imaging
period / movements at the beginning of the imaging period) x 100
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A difference of 50% between total movements recorded during the
1-min pre-exposure and total movements measured at 9 min of re-
cording was considered significant.

2.7. Statistical analysis

The median of replicate measurements of the parasiticidal activity
observed with the tobacco crude extracts was used in the statistical
analysis (SAS 9.2, SAS Institute Inc., NC, USA). As a first step, a mul-
ticollinearity analysis was performed and led to the exclusion of coti-
nine in the further statistical analysis. Linear models were then used
with a stepwise inclusion of predictors, as well as their second-order
interaction, to predict the role of the alkaloid in the observed efficacy.

3. Results
3.1. Parasite bioassays with tobacco leaf crude extracts

None of the extracts showed any efficacy against insects (adult cat
fleas, oral and contact bioassays, and blowfly larvae) tested in the
bioassays. No systemic or contact activity was observed, even at the
highest concentration tested (Tables 2-4). The respective positive
controls, dicyclanil and thiamethoxam, were both active at concentra-
tions at least 1,000 times lower than the highest extract concentration
tested (minimum effective concentrations of positive controls: <
0.013 pg/mL for dicyclanil; 0.058 pg/mL (oral flea), and 0.038 pg/mL
(contact flea) for thiamethoxam).

When the tobacco extracts were tested on C. elegans nematodes, two
extracts, Glutinosa and K326, were active at the first (150 pg/mL) and
second (47.5pg/mL) dilutions tested, respectively (Table 5). These
activities remained low compared with the activities of ivermectin,
which was still positive at 0.0013 pg/mL. However, crude extracts are
complex mixtures, and the activity could be attributable to other
compounds present in low quantities, which could exert strong activity
against nematodes at higher concentrations. No further investigation
was conducted with those two extracts.

All eight tobacco leaf extracts showed significant repellent activity
against R. sanguineus larvae over several dilutions (Fig. 3A). Five

Table 2
Percentage of activity and minimum effective concentrations of tobacco ex-
tracts in the primary screen against L. sericata larvae.

Test Item Concentration  Percentage of Minimum effective
activity concentration
[ng/mL] [%] [ng/mL]
PMT 65 5 > 65
Stella 65 2 > 65
K326 65 2 > 65
TN90 65 0 > 65
IBT 683 65 0 > 65
Glutinosa 65 4 > 65
Glauca 65 4 > 65
Debneyi 65 2 > 65
Dicyclanil 3.96 100 < 0.013
1.25 100
0.40 100
0.13 100
0.04 100
0.013 100
DMSO (0.33%) 1 -

The symbol > indicates that the minimum effective concentration exceeded
the highest concentration tested. The minimum effective concentration is the
smaller concentration for which the calculated median of activity is greater
than the limit of activity significance (80%). The median of activity was cal-
culated from three test replicates.
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Table 3
Percentage of oral activity and minimum effective concentrations of tobacco
extracts in the primary screen against adult C. felis.
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Table 5
Percentages of activity and minimum effective concentrations of tobacco ex-
tracts in the primary screen against nematodes.

Test Item Concentration  Percentage of Minimum effective Test Item Concentration  Percentage of Minimum effective
activity concentration activity concentration
[ug/mL] [%] [ug/mL] [ug/mL] [%] [ug/mL]
PMT 200 2 > 200 PMT 150 0 > 150
Stella 200 0 > 200 Stella 150 0 > 150
K326 200 0 > 200 K326 150 97 47.5
TN90 200 0 > 200 47.5 95
IBT 683 200 2 > 200 15 0
Glutinosa 200 2 > 200 TN90 150 0 > 150
Glauca 200 0 > 200 IBT 683 150 0 > 150
Debneyi 200 2 > 200 Glutinosa 150 98 150
Thiamethoxam  1.85 100 0.058 47.5 38
0.58 100 Glauca 565 0 > 150
0.18 100 Debneyi 565 0 > 150
0.058 100 Ivermectin 41.5 98.5 0.0013
0.018 72 13.1 99
0.0058 58 4.10 99
DMSO (1%) 0 - 1.3 99
0.41 99
The symbol > indicates that the minimum effective concentration exceeded 0.13 99
the highest concentration tested. The minimum effective concentration is the 0.041 98.5
smaller concentration for which the calculated median of activity is greater 0.013 98
than the limit of activity significance (80%). The median of activity was cal- 8'88‘1‘; :;
culated from three test replicates. 0.00041 33
0.00013 19
Table 4 DMSO (0.75%) 0 N/A

Percentage of contact activity and minimum effective concentrations of tobacco
extracts in the primary screen against adult C. felis.

Test Item Concentration  Percentage of Minimum effective
activity concentration
[mg/m?] [%)] [mg/m?]
PMT 565 21 > 565
Stella 565 12 > 565
K326 565 6 > 565
TN90 565 34 > 565
IBT 683 565 56 > 565
Glutinosa 565 3 > 565
Glauca 565 6 > 565
Debneyi 565 3 > 565
Thiamethoxam  3.84 100 0.038
1.21 100
0.39 100
0.12 99
0.038 95
0.012 2
DMSO 0 -

The symbol > indicates that the minimum effective concentration exceeded
the highest concentration tested. The minimum effective concentration is the
smaller concentration for which the calculated median of activity is greater
than the limit of activity significance (80%). The median of activity was cal-
culated from three test replicates.

extracts (Stella, K326, TN90, ITB 683, and Glauca) had minimum ef-
fective concentrations similar to or lower than those of the positive
control, DEET. Moreover, Stella and TN90 rapidly knocked down 74%
and 77% of tick larvae, respectively, at a concentration of 446 mg/m?.
At same concentration, two other extracts, K326 and ITB 683, knocked
down 42% and 48% of the ticks, respectively.

Concentration curve responses for all extracts were bell shaped, and
the highest concentration (446 mg/m2) was not the most effective.
Although the knockdown activity exhibited by half of the extracts could
have influenced tick motility during repellence recording and biased
the evaluation of repellence, this effect was also observed in extracts
without knockdown activity. In the bioassay, ticks were restricted to a
closed area without possibility to escape. At high concentrations, a

The symbol > indicates that the minimum effective concentration exceeded
the highest concentration tested. The minimum effective concentration is the
smaller concentration for which the calculated median of activity is greater
than the limit of activity significance (80%). The median of activity was cal-
culated from three test replicates.

tobacco extract deposited on one quadrant of the test well could in-
fluence bigger parts of the well and, depending of the vapor pressure of
its multiple constituents, could saturate the total atmosphere of the
well. Exposed ticks would try to escape this irritant environment
without finding an exit, hence generating more movements in the well,
including in the treated surface.

Based on these positive results, the eight tobacco leaf extracts were
further tested against adult R. sanguineus (Fig. 3B) and nymphs of L
ricinus (Fig. 3C) to evaluate their spectrum of activity on other tick
stages and species.

In R. sanguineus adult ticks (Fig. 3B), the repellent activity of the
extracts was generally lower than that observed with larvae (Fig. 3A).
Six extracts (K326, TN90, ITB 683, Glutinosa, Glauca, and Debneyi)
exhibited significant repellence at the highest concentration of 893 mg/
m? The minimum effective concentrations based on the median effi-
cacy was 141 mg/m? for TN90, 44.6 mg/m? for K326 and ITB 683, and
14 mg/m? for Glauca. Tick knockdown was observed with Stella extract
over three concentrations (893 mg/m2 to 44.6 mg/mz) and with TN90
at 893 mg/m? and 446 mg/m> Tick knockdown also occurred with
Glauca and Debneyi extracts at 14 mg/m? and 44.6 mg/m?, respec-
tively.

In the L ricinus nymph tick bioassay (Fig. 3C), few extracts exerted
significant tick repellence. Stella and K326 were active at 446 mg/m?,
and TN9O was active at 44.6 mg/m> In addition, Glutinosa showed
borderline activity over two concentrations (446 mg/m? and 141 mg/
m?). Tick knockdown was, on the contrary, very high (between 89%
and 99.8%) in Stella, K326, TN90, and ITB 683 at the highest tested
concentration of 446 mg/m?, and 70% of the ticks were still affected by
141 mg/m? TN9O leaf extract.
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Fig. 3. Repellent activity of eight tobacco leaf extracts against (A) R. sanguineus tick larvae, (B) R. sanguineus adult ticks, and (C) I ricinus nymphs. For each
concentration, median efficacies of three test replicates are shown. DEET was used as a positive control and tested only at 8.5 ug/m? . *, percent of tick knockdown
activity observed at the tested concentration in addition to repellence. Repellence is monitored for 2 min, starting 1 min after ticks are released into the treated well.
Knockdown is determined as the difference in motility between the first minute and the ninth minute after tick release.
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Table 6

Pyridine alkaloid concentrations in tobacco extracts expressed as mg per gram of crude extract weight.
Extract Alkaloid

Nicotine Nornicotine Anabasine Anatabine Cotinine Myosmine

PMT 3.95 (18.12) 0.3 (1.37) 0.78 (3.56) 16.68 (76.55) 0.04 (0.2) 0.04 (0.2)
Stella 108.38 (93.47) 1.88 (1.62) 1.01 (0.87) 4.55 (3.92) 0.1 (0.09) 0.03 (0.02)
K326 48.93 (92.87) 0.96 (1.82) 0.55 (1.04) 2.16 (4.09) 0.07 (0.14) 0.02 (0.04)
TN90 90.9 (92.67) 1.45 (1.48) 1.1 (1.12) 4.48 (4.57) 0.11 (0.11) 0.06 (0.06)
ITB 683 38.82 (87.8) 0.47 (1.07) 1.65 (3.73) 3.18 (7.19) 0.06 (0.13) 0.04 (0.08)
Glutinosa 11.02 (65.24) 4.78 (28.32) 0.27 (1.6) 0.55 (3.23) 0.22 (1.31) 0.05 (0.31)
Glauca 4.67 (46.76) 0.15 (1.47) 5.02 (50.28) 0.09 (0.95) 0.03 (0.26) 0.03 (0.28)
Debneyi 6.57 (81.25) 0.37 (4.59) 0.88 (10.93) 0.07 (0.92) 0.1 (1.19) 0.09 (1.11)

Values in parentheses denote the percentage composition of all measured alkaloids. The value of the major pyridine alkaloid in each plant extract is in bold.

3.2. Quantification of selected alkaloids in tobacco extracts

The species in genus Nicotiana, including N. tabacum varieties, ac-
cumulate alkaloids to various extents (Saitoh et al., 1985; Sisson and
Severson, 1990). Among the multitude of tobacco constituents (carbo-
hydrates, amino acids, pyridine alkaloids, pigments, isoprenoids, ter-
penoids, carboxylic acids, polyphenols, sterols, and inorganic com-
pounds (Leffingwell, 1999)), alkaloids trigger particular interest due to
the antiparasitic history of nicotine. To understand if alkaloids would
play a role in the biological activity observed against ticks and which
alkaloid may be responsible for this efficacy, we quantified the main
pyridine alkaloids in the selected tobacco plants (nicotine, nornicotine,
anabasine, anatabine, cotinine, and myosmine) using UHPLC-MS
(Table 6).

Nicotine was the major alkaloid in crude extracts of N. tabacum
field-grown Stella and ITB 683 varieties and greenhouse-grown TN90
and K326 varieties. Anatabine was the major alkaloid in the crude ex-
tract of the transgenic N. tabacum TN90 PMT line, but nicotine also
constituted a sizable portion of the alkaloid pool in this variety (18.1%).
The highest concentration of nornicotine (4.78 mg/g) was measured in
the N. glutinosa extract (Glutinosa), but nicotine (11.02 mg/g) was the
major alkaloid in this extract. The highest concentration of anabasine
was found in the N. glauca extract (Glauca, 5.02 mg/g), but nicotine was
present in this extract at a similar quantity and proportion. Anabasine
was also relatively highly concentrated as a portion of total measured
alkaloids in the N. debneyi extract (Debneyi, 0.88 mg/g), although ni-
cotine was the major compound (6.57 mg/g).

To understand the potential role of the major alkaloids in the to-
bacco crude extracts tested for anti-tick activities, we analyzed full
dose-response curves with the pure alkaloids (S)-nicotine, (S)-nornico-
tine, (S)-anabasine, (S)-anatabine, and (R)-anatabine in the tick re-
pellent/knockdown bioassay. To establish an appropriate concentration
range for this assay, the quantity of each alkaloid measured in each
extract dilution (4.46-893 mg/mz) was transformed into molar con-
centrations. Alkaloid concentration ranges in the crude extracts were
1-596 pmol,/m?> nicotine, 0.14-28.8 ymol/m? nornicotine,
0.024-27.6 umol/m? anabasine, and 0.5-93 pmol/m? anatabine.

3.3. Tick repellent/knockdown efficacy of selected pure alkaloids against R.
sanguineus larvae

(S)-nicotine, (S)-nornicotine, (S)-anabasine, (S)-anatabine, and (R)-
anatabine were tested at 300 pmol/m?, 100 umol/m?, 30 umol/m?
10 umol/m?, and 3umol/m? covering most of the concentrations
measured in the eight tobacco leaf extracts. Cotinine and myosmine
were not considered for testing, as they constituted no more than 1.3%
of the total alkaloid content of the extracts (see Table 6). Three in-
dependent test sets with triplicates were generated (Table 7). All pure
alkaloids, with the exception of (S)-anabasine, exhibited repellent ac-
tivity against R. sanguineus larvae at 300 umol/m?. Interestingly, (S)-
anabasine was more active at 100 pmol/m?, with a median of 58%

activity. (S)-nornicotine was only active at the highest tested con-
centration of 300 umol/m? (81% activity). The best tick repellent ef-
fects were observed with (R)-anatabine (62% at 30 pmol/m?, 84% at
100 pmol/mz) and (S)-anatabine (54% at 30 umol/mz, 86% at
100 pmol/m?). At 30 pmol/m?, (S)-nicotine and (R)-anatabine still ex-
erted 55% and 62% repellence, respectively. These results were com-
parable with the effects of the positive control, DEET, at same con-
centration, the median percentage of activity for DEET being 64% at
30 umol/m?. DEET, however, remained more active at 10 pmol/m?
than the two isomers of anatabine, with a median of 57% (versus
medians of 34% and 38% for (R)- anatabine and (S)-anatabine, re-
spectively).

(S)-nicotine and (R)-anatabine effectively knocked down R. sangui-
neus larvae at 300 pmol/m? (medians of 95% and 53%, respectively)
(Table 7). At 100 umol/m?, the median activity of (R)-anatabine was
still 55% but dropped down below the limit of significance for nicotine,
with a median of 37%. No other significant tick knockdown effect could
be observed with the other pure alkaloids.

3.4. Contribution of the tobacco major alkaloids in tick repellence/
knockdown activity of the leaf extracts, statistical analysis

Tobacco plant alkaloid content is influenced by many factors, such
as plant variety, batch, growing conditions in greenhouse, location, air
pollution and weather conditions for field varieties, and storage and
drying conditions. Crude leaf extracts derived from those plants are
very complex mixtures with unknown interactions between con-
stituents. All contribute to the variability observed in the bioassays,
making an assessment of the role of individual constituents of the leaf
extracts very difficult. Keeping in mind those limitations, we in-
vestigated the hypothetical contribution of the major alkaloids quan-
tified in the eight different tobacco leaf extracts in the activity observed
in the tick repellent/knockdown bioassay. Bioassay data from R. san-
guineus larvae and adults and from I. ricinus nymph ticks were combined
and analyzed using linear statistical models. Tick species and stage
influence on the activity of the leaf extracts was also evaluated. Due to
variability within the three replicates, the median was used in the
statistical analysis for tick repellence and knockdown.

In the linear model used to predict knockdown activity, nicotine
explained 35% of the variance of the model and was significantly cor-
related with the knockdown activity of the leaf extracts (p < 0.0001).
Tick species and stage modestly influenced the model, explaining only
2.3% of the variance (p < 0.05). In the linear model used to predict
repellence, no alkaloid could be identified as predominantly influencing
the activity observed with the extracts tested. However, tick species and
stage significantly impacted the repellent activity of the extracts, being
responsible for 51% of the variance of the model (p < 0.0001).

For nicotine, the outcome of the model was in accordance with the
results obtained with the pure alkaloid, although only tested against R.
sanguineus tick larvae (see Table 6). Pure (S)-nicotine knocked down
95% of the tick larvae at 300 pumol/m? (48.7 mg/m?®) and 37% at
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Table 7
Repellent and knockdown activity of pure tobacco alkaloids against R. sanguineus tick larvae.
Compound Concentration [umol/  Repellence Knockdown
m?]
Median (Q1-Q3) N  Minimum effective Median (Q1-Q3) N Minimum effective
[%] concentration [umol/mz] [%] concentration [umol/mz]
(S)-nicotine 300 56.2 (36.5-81.9) 9 300-30 94.5 (80.3-100) 9 300
100 27.8 (0-67.9) 6 37.1 (10.2-73.9) 6
30 55.0 (13.6-85.0) 9 26.4 (2.1-42.4) 9
10 41.8 (36.7-53.0) 6 1.3 (0.2-18.1) 6
3 18.1 (3.2-27.3) 6 3.4 (0-9.9) 6
(S)-nornicotine 300 81.1 (70.1-93.1) 9 300 18.7 (8.8-48.6) 9 > 300
100 42.2 (20.4-68.3) 6 9 (6.45-18.7) 6
30 27.9 (4.5-81.9) 9 9.9 (6.4-13.3) 9
10 35.3 (27.3-48.5) 6 0.4 (0-17.2) 6
3 12.3 (2.2-18.4) 6 0.7 (0.1-7.8) 6
(S)-anabasine 300 40.5 (11.1-65.1) 9 > 300-100 9.5 (6.7-14.4) 9 > 300
100 58.0 (55.2-63.1) 6 6.0 (0.9-9.0) 6
30 46.9 (30.4-92.6) 9 10.4 (7.5-24.4) 9
10 42.4 (28.8-60.8) 6 6.9 (0.9-13.2) 6
3 6.6 (0.7-18.0) 6 0 (0-0) 6
(S)-anatabine dihydrochloride 300 79.8 (72.6-83.8) 9 30 14.2 (0-24.0) 9 > 300
100 86.2 (66.5-99.3) 6 23.8 (18.6-32.8) 6
30 54.4 (34.7-58.5) 9 14.7 (3.2-21.2) 9
10 38.1 (28.1-49.4) 6 4.2 (2.4-12.6) 6
3 38.4 (26.3-46.9) 6 0 (0-10.1) 6
(R)-anatabine dihydrochloride 300 88.3 (79.6-94) 9 30 52.7 (32.8-60.1) 9 100
100 84.3 (77.5-87.8) 6 54.5 (35.2-61.2) 6
30 62.0 (37.8-69.1) 9 11.1 (1.3-16.8) 9
10 34.4 (24.3-49.2) 6 7.5 (0-26.0) 6
3 20.8 (3.5-32.8) 6 0 (0-0) 6
DEET 300 100 (100-100) 9 10 11.1 (3.1-17.7) 9 > 300
100 75.7 (67.5-86.8) 6 5.2 (0.8-17.3) 6
30 63.9 (55.3-94.5) 9 2.4 (0-6.4) 9
10 57.3 (42.6-65.1) 6 10.0 (4.4-15.2) 6
3 31.1 (28.1-32.2) 6 0.7 (0-17.2) 6
Ethanol Solvent control 9.7 (0-24.5) 27 nd 13.4 (5.4-26.6) 28 nd

Q1, first quartile (25%) of the dataset. Q3, third quartile (75%) of the dataset. N, number of test replicates. nd, not determined. The minimum effective concentration
is the smaller concentration for which the calculated median of activity is greater than the limit of activity significance (50%). The percentage values exceeding the

limit of activity significance are bolded.

100 pmol/m? (16.2 mg/mz), as was also observed in the crude extracts
exerting lethal effects at 446 mg/m? against the same tick species and
stage (TN9O: 77%, 40.5 mg/m? nicotine; Stella: 74%, 48.3 mg/m? ni-
cotine; K326: 42%, 21.8 mg/m? nicotine; ITB 683: 48%, 17.3 mg/m>
nicotine). The knockdown effect of the leaf extracts containing high
levels of nicotine was also observed at 446 mg/m? against R. sanguineus
adults (Stella and TN90) and I. ricinus nymphs (Stella, K326, TN90, and
ITB 683).

Although (R)-anatabine as a pure compound displayed significant
knockdown activity at 300 umol/m? and 100 ymol/m?, anatabine was
not identified in the model to have an influence on the effect observed
with the leaf extracts. Anatabine was not analyzed in the statistical
model as two separate enantiomers but rather as a racemate; this al-
kaloid only accounted for 13.1 umol/m? in Stella, 11.1 ymol/m? in
TN90, 7.9 umol/m? in ITB 683, and 5.35pumol/m? in K326 at a leaf
extract concentration of 893 mg/m?, 10 times below the minimum ef-
fective concentration limit of the pure alkaloid. In addition, no parti-
cular knockdown effect could be observed in the anatabine-rich PMT
leaf extract for the same reasons.

In terms of repellence, the minimum effective concentrations of the
extracts ranged from under 4.7 mg/m? to 44.6 mg/m? for R. sanguineus
larvae. Alkaloids tested as pure compounds were generally not active at
concentrations equivalent to those measured in the crude extracts
(molarity of the corresponding alkaloid at crude extract minimum

inhibitory concentration: 3 umol/m? nicotine, 0.45umol/m? nornico-
tine, 0.14 umol/m? anabasine, and 4.7 pmol/m? anatabine). As re-
pellence exerted by the leaf extracts was lower by a factor of 3-10
against R. sanguineus adults and almost never reached the bioassay
significance limit against I ricinus nymphs, no comparison of activity
could be drawn between leaf extracts and pure alkaloids. This differ-
ence in sensitivity between tick species and stages was also strongly
pointed out by the statistical model.

4. Discussion

In N. tabacum burley (TN90 and Stella) and Virginia (K326, ITB
683) varieties, nicotine is the most predominant alkaloid, as frequently
reported in agricultural cultivation. In this study, the transgenic N. ta-
bacum TN90 PMT line accumulated anatabine as the major alkaloid,
confirming previously reported effects of transformation (Kudithipudi
et al., 2015). The concentrations of alkaloids in the crude extracts of
wild species were similar to those reported earlier in the literature
(Eich, 2008; Saitoh et al., 1985; Sisson and Severson, 1990). Anabasine
is rarely the major alkaloid in species of the genus Nicotiana, and par-
ticularly not in leaves (Kaminski, personnal communication). Apart
from genetic factors, growing environment may also affect alkaloid
accumulation and composition (Saitoh et al., 1985; Sisson and
Severson, 1990), and studies on these factors are lacking. Targeting
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nornicotine in wild species is difficult, as it rarely occurs in leaves as a
major alkaloid. From previous studies, N. glutinosa was selected as re-
presenting a good alkaloid mixture, with nornicotine accounting for 5%
of the total alkaloid content. N. tabacum converter plants could be used
in future experiments, because almost all nicotine is converted to nor-
nicotine during leaf senescence.

Although tobacco extracts have been used for centuries to control
insect pests (Bradbury, 2008), in this study, all of the tobacco leaf ex-
tracts were inactive against cat fleas and blowflies at the concentrations
tested. Claims for the efficacy of nicotine against Diptera and Sipho-
naptera often mention highly concentrated nicotine or tobacco leaf
extract preparations (McIndoo, 1943). It is likely that the concentra-
tions used in this study were not sufficient to exert effects. Nonetheless,
significant activity of aqueous tobacco extract against Musca domestica
fly larvae within 48 h has been reported at 3 ug/mL (Ogbalu et al.,
2014). Different test species, bioassay setups, and extraction methods
may account for this discrepancy in results. In addition, nicotine is
known to be fairly selective, and not all insect species are affected by
this alkaloid at low concentrations (El-Wakeil, 2013).

Nicotiana spp. have been reported to exhibit anthelmintic activity
(Igbal et al., 2006; Sastya et al., 2017). Aqueous or methanolic extracts
of powdered leaves were successfully tested off-host and in vivo against
gastrointestinal nematodes in sheep. Similarly, two of our leaf extracts,
Glutinosa and K326, were active against C. elegans at 150 pg/mL and
47.5 ug/mlL, respectively. C. elegans and parasitic nematodes both ex-
press nAChRs in their central nervous systems (Holden-Dye et al.,
2013), suggesting that the observed anthelmintic activity may be at-
tributable to nicotine and related tobacco alkaloids. However, in our
study, the two extracts effective against C. elegans differed in their ni-
cotine and nornicotine contents, while other extracts with higher ni-
cotine yields were completely inactive at the concentrations tested
(e.g., Stella and TN90). Non-alkaloid tobacco constituents, such as
tannins, saponins, reducing sugars, flavonoids, and triterpenes, were
not investigated in our study and may be responsible for the observed
activity (Sastya et al., 2017).

The most striking findings of this study were obtained when tobacco
crude extracts were tested against R. sanguineus tick larvae. In the scope
of revisiting traditional pharmacopeia and identifying alternatives to
synthetic acaricides, N. tabacum and N. glauca have been investigated
with success against the cattle ticks R. (Boophilus) microplus
(Castelblanco Sepulveda et al., 2013; dos Santos Silva et al., 2014;
Mansingh and Williams, 1998) and R. appendiculatus (Dipeolu and
Ndungu, 1991). Our results confirmed these observations and high-
lighted nicotine as the alkaloid predominantly responsible for rapid tick
knockdown. The nicotine-rich Stella, K326, TN90, and ITB 683 extracts
knocked down ticks efficiently within minutes at a concentration of
446 ug/m>. This effect was also observed when these leaf extracts were
tested against R. sanguineus adults and I ricinus nymph ticks. Although
the major nicotine-derived synthetic neonicotinoids targeting insect
nAChRs are inactive against ticks (Meinke, 2001), nicotine appears to
be less specific and, in our case, more active against ticks than against
insects. Although less investigated, ticks do possess nAChRs in their
synganglion that appear to differ from insect nAChRs, hence their in-
sensitivity to neonicotinoids (Erdmanis et al., 2012). A functional
nAChR has now been characterized in the R. sanguineus synganglion,
opening perspectives for new targets in the tick central nervous system
(Lees et al., 2014). The knockdown effect obtained with the two ana-
basine-enriched extracts Glauca and Debneyi at 14 mg/m?> and
44.6 mg/m? against R.sanguineus adults are more difficult to interpret
and may only be false positives. The two extracts previously had no
knockdown activity on the more sensitive R. sanguineus larvae, and the
effect was not observed at higher concentrations. Additional testing
would be necessary to verify those results.

All tobacco extracts were repellent against R. sanguineus tick larvae,
sometimes at concentrations equivalent to or lower than the positive
control, DEET (Stella, K326, TN90, and Glauca). However, the repellent
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effect exerted by leaf extracts was 3-10 times lower in R. sanguineus
adults and almost never reached the bioassay significance limit against
L ricinus. Repellent efficacy on other tick species and stages has been
reported previously, with a 40% ethyl acetate extract of N. tabacum
being active against Hyalomma marginatum rufipes adult ticks (Magano
et al.,, 2011). The minimum evaluation time was 10 min, and the mg
concentration of the extract was not specified. In our study, repellence
was measured only for 2 min, and we do not know if the concentrations
used were equivalent to those used by Magano et al. or lower. Addi-
tional assays, with higher concentrations and/or designed for longer
exposure, may be worth conducting with some of the eight tobacco
extracts, in particular the nornicotine-containing Glutinosa, to under-
stand why they did not respond more positively in our bioassay against
I. ricinus nymphs, as this tick species and stage are the principal vector
of Lyme disease to humans in Europe (Foldvari, 2016).

Unlike nicotine and tick knockdown, repellence could not be cor-
related to any of the major tobacco alkaloids. When tested as pure al-
kaloids against R. sanguineus larvae in the tick bioassay, significant
repellence was observed for all compounds, but at much higher con-
centrations than measured in the extracts at their minimal effective
concentrations. Molecular interactions resulting in synergy or po-
tentiation between some or all alkaloids, together with other non-al-
kaloid tobacco plant constituents, could be responsible for the repellent
activity recorded with the extracts. However, the same leaf extracts
were clearly less effective on R. sanguineus adults and I. ricinus nymphs,
and molecular potentiation could become debatable in this case. As the
pure alkaloids were not tested against R. sanguineus adults and . ricinus
nymphs, attempting further comparison with the results obtained with
the tobacco leaf extracts was considered to be unsound.

Assessing repellence is related to the questing behavior of ticks and
to their host specificity. For example, all instars of R. sanguineus pro-
minently feed on dogs and occasionally on other mammals, including
humans (Dantas-Torres, 2010). I ricinus nymphs are more ubiquitous
and feed on a wide variety of hosts, such as birds, reptiles, and mam-
mals, including humans (Foldvari, 2016). It may be envisaged that both
species of ticks do not react similarly to the same olfactory stimuli. In
addition, a same species and stage may react differently to various
molecules, as observed in a study testing commercial repellents and
natural products against I ricinus nymphs (Krober et al., 2013). The
physicochemical properties of single repellent molecules and their
biological effect on ticks and other blood-feeding arthropods are still
subject to various controversial hypotheses (Del Fabbro and Nazzi,
2013). Assessing very complex extract mixtures and not individual
molecules complicates the picture to its maximum. Nonetheless, a very
low vapor pressure seems to be an important feature for triggering re-
pellence, and tobacco alkaloids would fulfill this requirement. More-
over, the molecular structure itself and the steric and chemical inter-
actions with the tick olfactory receptors could be the most important
parameter (Del Fabbro and Nazzi, 2013). Nothing has been yet in-
vestigated on most alkaloids or complex leaf extract mixtures.

Among the tested pure alkaloids, (S)-anatabine and (R)-anatabine
exhibited the lowest minimum effective concentration against R. san-
guineus larvae, close to that of DEET. (R)-anatabine also significantly
knocked down ticks at 300 pmol/m2?and 100 pmol/m2. However, the
PMT extract containing the highest levels of anatabine was also the one
with the highest minimum effective concentration for repellence, and
no knockdown activity was recorded with this leaf extract. Although
enriched in the PMT tobacco variety, the quantity of anatabine con-
tained in the corresponding extract remained 10 times below the
minimum effective concentration of the pure alkaloid. (R)-anatabine
only accounted for about 15% of total anatabine, as previously mea-
sured in burley tobacco leaves (Armstrong et al., 1999). Therefore, it is
not surprising that no knockdown activity could be observed with the
PMT leaf extract. Nonetheless, our study is the first report of a sig-
nificant activity of anatabine on arthropods of medicinal and veterinary
importance. Its mode of action, likely to be related to nAChRs, remains
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to be confirmed in ticks. In addition, preliminary results with Aedes
aegypti mosquitoes confirm and broaden the repellent potential of
anatabine (results not shown). However, additional testing on other
arthropod species and stages is still required to further characterize its
spectrum of action.

Anatabine is known to exert beneficial effects on the mammalian
central nervous system, improving memory and cognition (Ferguson
et al., 2017), and displays anti-inflammatory properties by regulating
the nuclear factor-kappa B pathway and pro-inflammatory cytokine
production (Paris et al., 2013). In a recent study performed on human
a7 and a4f2 nAChRs (Alijevic et al., submitted), (S)-anatabine and (R)-
anatabine showed a different receptor affinity profile than nicotine. (R)-
anatabine (ECsp 3.4 UM, I .« 21.6%) was a more potent a432 nAChR
partial agonist than (S)-anatabine (ECsy 7.7 UM, L.y 8.3%). Unlike ni-
cotine, however, none of the enantiomers activated the a7 nAChR.
Moreover, ticks utilize monoamine oxidase as an important metabolic
pathway for biogenic amines (Kaufman and Sloley, 1996). Substantial
monoamine oxidase inhibition by anatabine and nornicotine (Williams
et al., 1999) might contribute into the observed tick repellent effect. A
better safety profile than nicotine due to differentiated mode of action
could promote this minor tobacco alkaloid as a candidate for vector-
borne disease prevention by repelling ticks and mosquitoes away from
their potential hosts.

In summary, the antiparasitic activity of tobacco leaf extracts was
confirmed against nematodes and ticks, but surprisingly not against the
insect species tested. All tobacco extracts containing high levels of ni-
cotine efficiently and rapidly knocked down ticks in a similar way to
when pure nicotine was tested. All our extracts, including field varieties
and wild species, showed strong repellence against ticks, justifying their
ethnobotanical use in many countries where synthetic commercial
acaricides and repellents are too expensive (Pavela et al., 2016). As the
effect could not be solely attributed to the presence of one particular
alkaloid and was stage- and species-specific, further studies are needed
to understand the mechanism of repellence against ticks effected by the
tobacco leaf extracts and to unravel the difference in sensitivity be-
tween stages and species. The pure alkaloids, particularly anatabine,
were also active in the tick bioassay, but attributing complex mixture
effects to individual chemical entities was not possible with the subset
of alkaloids and tobacco leaf extracts tested at the experimental stage.
Nevertheless, new repellents of natural origin that are safer than the
current standard DEET remain a topic of great interest, especially in the
scope of vector-borne disease prevention (Bissinger and Roe, 2010;
Schorderet Weber et al., 2017).
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