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Abstract: Matricaria chamomilla flower essential oils (EOs) blue Egyptian (EO-1), chamomile German
CO2 (EO-2), and chamomile German (EO-3) and the pure compound α-bisabolol were evaluated
against red imported fire ants (RIFA), Solenopsis invicta Buren, black imported fire ants, S. richteri
Forel (BIFA), and hybrid imported fire ants (HIFA) for their repellency and toxicity. A series of serial
dilutions were tested starting from 125 µg/g until the failure of the treatment. Based on the amount
of sand removed, EO-1 showed significant repellency at dosages of 7.8, 7.8, and 31.25 µg/g against
RIFA, BIFA, and HIFA, respectively. EO-3 was repellent at 3.9, 7.8, and 31.25 µg/g against BIFA, RIFA,
and HIFA, whereas α-bisabolol was active at 7.8, 7.8, and 31.25 µg/g against BIFA, HIFA, and RIFA,
respectively. DEET (N, N-diethyl-meta-toluamide) was active at 31.25 µg/g. Toxicity of EOs and
α-bisabolol was mild to moderate. For EO-1, LC50 values were 93.6 and 188.11 µg/g against RIFA
and BIFA; 98.11 and 138.4 µg/g for EO-2; and 142.92 and 202.49 µg/g for EO-3, respectively. The
LC50 of α-bisabolol was 159.23 µg/g against RIFA. In conclusion, M. chamomilla EOs and α-bisabolol
offer great potential to be developed as imported fire ant repellents.

Keywords: chamomiles; essential oils; α-bisabolol; invasive ants; repellents; toxicants

1. Introduction

Red imported fire ants (RIFA; Solenopsis invicta Buren), black imported fire ants (BIFA;
S. richteri Forel) (Hymenoptera: Formicidae), and hybrid imported fire ants are notorious
pests, impacting humans, wildlife, pets, and livestock through their venomous stings [1,2].
Imported fire ants damage planted field crops [3–5] and deteriorate circuitry and electrical
poles/sign boards because of mound buildings [6]. Their increasing infestations have
shown negative ecological impacts, including predation and competition, impacting the
local biodiversity and disturbing ecological processes [7,8]. Imported fire ants invaded
the United States from their native South America in the early 1900s [9]. Currently, RIFA
are present in 13 states and Puerto Rico [10], whereas BIFA are present along the northern
boundary of RIFA’s distribution range [11,12]. Extensive hybridization occurs between
RIFA and BIFA along their population boundaries, resulting in the development of HIFA
in the Southern States [11–13]. Because of their presence in China, Australia, and many
other regions of the world, RIFA are considered to be one of the most serious invaders
that has spread through global trade and transportation. In the United States, the to-
tal cost associated with imported fire ants is estimated at USD 6 billion, annually [14].
The United States has a federal quarantine law in effect to limit fire ants spread to non-
infested areas (http://www.aphis.usda.gov/ppq/ispm/fireants/index.html), accessed on
29 October 2022.

Currently, the common methods used for control of imported fire ants include bait-
ing [15] or treating individual mounds with contact synthetic pesticides [16]. Although
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these methods offer potential to control fire ants, repeated, long-term use of these chemicals
tends to create health and safety concerns. It can affect non-target organisms and pollute the
environment. Imported fire ants have the potential to develop detoxification mechanisms
that can promote pesticide resistance [17]. Particle-covering behavior that complicates the
contact toxicity of synthetic pesticides has also been reported in fire ants [18]. Post-treatment
mound relocations warrant multiple applications [15]. Based on these complications, there
is a need to develop alternative insect management tools [15,17–20].

Plant-based natural products as alternatives to synthetic insecticides have been the
major focus of current research. Plant-derived bio-active compounds are renewable, cheap,
rapidly biodegradable, target specific, and environmentally friendly and could be used
as effective alternatives against pests of great medical and veterinary importance as well
as agriculture [21–24]. These compounds can act as attractants, antifeedants, repellents,
oviposition modifiers or indirectly affect insects by changing key metabolic processes that
leads to their rapid death [25–30]. In fire ants, natural repellents can be very useful because
of their ability to inhibit the digging behavior that can potentially be used as an effective
tool in quarantine treatments in sensitive areas, in and around homes, hospitals, laboratory
stock, circuitry, and storage conditions [1,6,31] where use of conventional insecticides is
considered unsafe. For their high target specificity, low quantity usage, and affinity charac-
teristics of the active compounds, natural products are relatively non-toxic as compared to
synthetic chemicals [32] and safe to use in preventing the spread of imported fire ants [33].

Many plant materials have been screened for potential use as natural repellents against
imported fire ants. Fire ant digging/nesting behavior has been focused on for the assess-
ment of repellency [34]. Drenching mound soils with repellent d-limonene from citrus oil
inhibited ant activities [35]. Imported fire ants leave the mounds that were treated with
repellent mint oil granules [36]. Worker ants removed significantly less sand when exposed
to the sand treated with Magnolia grandiflora essential oil and its pure compounds, e.g.,
1-decanol and 1-octanol [37]. Treating flowerpots with methyl isoeugenol prevented ant
nesting for almost over a month [38].

German chamomile, Matricaria chamomilla L., native to Southern and Eastern Europe,
is a herb in the family Asteraceae that is famous for its medicinal values [39]. Several
compounds from M. chamomilla have been identified to show anti-insect activities [40,41]. In
our natural product screening program, Matricaria chamomilla essential oils of various chemo-
types and their major compounds showed toxicity and repellency against mosquitoes [40,41].
Based on repellent data against mosquitoes, different chamomiles essential oils were tested
for their repellency and toxicity against imported fire ants. Out of many essential oil samples
that were tested in our screening program, three essential oils showed repellent activity
and were selected for further testing. This manuscript presents data on toxicity and repel-
lency of three M. chamomilla flower essential oils and α-bisabolol against RIFA, BIFA, and
HIFA workers.

2. Results
2.1. Chemical Composition

Chemical compositions of the three chamomiles EOs are given in Table 1, while their
GC-MS chromatograms are shown in Figures 1–3. GC-MS analysis identified 30 com-
pounds. We studied the retention indices (RI) of the components experimentally by using
a homologous series of n-alkanes from C8–C20 and C21–C40 standards. Oil constituent’s
identification involved comparisons of retention indices (RIExp.) with those already avail-
able in the literature (RILit.) and their mass spectra matched with the NIST2014 library.
The percentage composition of a particular component in each EO was assessed using
automatically integrated peak areas of the GC-FID signal.
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Table 1. Chemical composition of three chamomile essential oils.

S. No RT a RI b

(Exp.)
RI c

(Lit.) Compound Name
Content%

ID d
EO-1 EO-2 EO-3

1 12.74 1039 1044 β-Ocimene − − 0.80 RI, MS

2 12.89 1045 1,5-Heptadien-4-one,
3,3,6-trimethyl- − − 0.33 RI, MS

3 12.89 1045 1056 Artemisia ketone 0.30 − − RI, MS

4 13.88 1083 1086 α-Terpinolene − − 0.26 RI, MS

5 20.13 1342 5,9,9-Trimethyl-spiro [3,5]
non-5-en-1-one − − 0.99 RI, MS

6 20.13 1342 1335 Elemene isomer 0.22 − − RI, MS

7 22.48 1450 1454 (E)-β-Farnesene 13.98 1.39 16.56 RI, MS

8 23.16 1481 3H-Pyrazol-3-one,
2,4-dihydro-2-methyl-5-phenyl- − − 2.98 RI, MS

9 23.28 1487 1430 (-)-β-Copaene 1.11 − − RI, MS

10 23.29 1488 1480 Germacrene D − 2.93 RI, MS

11 23.51 1498 1505 α-Farnesene 0.67 − 4.06 RI, MS

12 23.61 1503 3,6-Dihydrochamazulene 1.15 − − RI, MS

13 23.62 1503 1500 Bicyclogermacrene − 2.84 RI, MS

14 23.91 1516 1478 γ-Muurolene 0.25 − − RI, MS

15 24.05 1522 1522 Cadinene − 0.53 RI, MS

16 25.27 1575 1577 Spathulenol 0.69 − 0.53 RI, MS

17 26.75 1633 1-epi-Bicyclosesquiphellandrene 0.86 − − RI, MS

18 26.76 1633 Bicyclo [4.4.0] dec-1-ene, 2-
isopropyl-5-methyl-9-methylene − − 0.57 RI, MS

19 27.17 1648 1656 α- Bisabolol Oxide B 7.55 1.46 8.80 RI, MS

20 27.30 1653 Cyclofenchene − 0.96 RI, MS

21 27.75 1670 1684 Bisabolone oxide A 7.38 7.13 RI, MS

22 27.88 1674 1685 α-Bisabolol − 81.85 − RI, MS

23 27.96 1677 7-Methoxycoumarin − 2.60 − RI, MS

24 29.13 1717 1730 Chamazulene 3.30 − 6.89 RI, MS

25 29.73 1735 1748 α-Bisabolol oxide A 49.19 − 27.83 RI, MS

26 32.92 1827
(Z)-2-(Hexa-2,4-diyn-1-ylidene)-

1,6-dioxaspiro [4,4]
non-3-ene

6.84 6.98 6.73 RI, MS

27 46.11 2106 2132 9,12-Octadecadienoic acid (Z,Z)- − 1.39 RI, MS

28 65.52 2500 2000 Eicosane 0.71 1.02 1.35 RI, MS

29 71.12 2753 Methacrylic acid,
2,2,2-trichloroethyl ester − − 1.03 RI, MS

30 71.51 2771 2-Methyl-5,5-diphenyl-4-
(methylthio) imidazole − − 1.26 RI, MS

a Retention time in minutes; b experimental value for retention index; c literature values for retention index;
d identification method; “−” represents trace amount or not detected.
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EO-2 contained α-bisabolol (81.85%), (Z)-2-(hexa-2,4-diyn-1-ylidene)-1,6-dioxaspiro [4,4]
non-3-ene (6.98%), 7-methoxycoumarin (2.60%), α- bisabolol oxide B (1.45%), (E)-β-farnesene
(1.39%), and 9,12-octadecadienoic acid (Z, Z)-(1.39%) as major compounds. EO-1 and EO-3
had similar major metabolites except that bisabolol oxide A was 49.19% and 27.83%, in EO-1
and EO-3, respectively.

2.2. Digging Bioassay

Mean weight (g) of sand removed by the workers in a digging bioassay treated with
different concentrations of M. chamomilla EOs, its selected pure compound, and the positive
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control DEET is presented are Table 2. Based on the amount of sand removed, EO-1 showed
significantly higher repellency than ethanol at dosages of 125–7.8 µg/g against RIFA and
BIFA, whereas the activity at 62.5–31.25 µg/g was similar to ethanol against HIFA. EO-2
showed significantly higher repellency than ethanol at dosages of 125–15.6 µg/g against
RIFA, whereas the activity at 15.6–3.9 µg/g was similar to ethanol against BIFA and HIFA.
EO-3 showed significantly higher repellency than ethanol at dosages of 125–3.9 µg/g
against BIFA, whereas the activity was similar to ethanol at 3.9 µg/g against RIFA and at
31.25 µg/g against HIFA. α-Bisabolol showed significantly higher repellency than ethanol
at dosages of 125–7.8 µg/g against BIFA and HIFA, whereas the activity was similar to
ethanol at 15.6–3.9 µg/g against RIFA. Against BIFA and RIFA, DEET treatments showed
significantly higher repellency than ethanol at dosages of 125–62.5 µg/g, whereas the
repellency at 31.25 µg/g was similar with ethanol. In HIFA, the repellency of DEET was
significantly higher at dosages of 125–62.5 µg/g, whereas the repellency at 31.25 µg/g was
similar to ethanol.

Table 2. Mean weights (g) of treated sand removed by the workers of red imported hybrid fire ant,
released in digging bioassays, with different concentrations of Matricaria chamomilla essential oils and
a pure compound.

Conc. (µg/g) Mean ± SE † F-Value p-Value Mean ± SE † F-Value p-Value Mean ± SE † F-Value p-Value

RIFA BIFA HIFA

EO-1
Control 1.66 ± 0.17 a 11.74 0.003 1.54 ± 0.37 a 8.36 0.008 -
15.6 0.00 ± 0.00 bc 0.00 ± 0.00 c -
7.8 0.39 ± 0.16 b 0.50 ± 0.27 bc -
3.9 0.94 ± 0.35 ab 0.92 ± 0.19 ab -
Control 1.05 ± 0.04 a 86.18 <0.001 2.02 ± 0.14 a 180.09 <0.001 2.33 ± 0.21 a 4.15 0.023
125 0.00 ± 0.00 b 0.00 ± 0.00 b 1.01 ± 0.20 b
62.5 0.00 ± 0.00 b 0.01 ± 0.01 b 0.93 ± 0.45 ab
31.25 0.10 ± 0.10 b 0.06 ± 0.06 b 1.16 ± 0.35 ab
EO-2
Control 1.70 ± 0.11 a 7.33 0.011 1.68 ± 0.26 a 2.99 0.096 2.60 ± 0.17 a 2.79 0.109
15.6 0.60 ± 0.15 b 0.68 ± 0.33 a 1.65 ± 0.29 a
7.8 1.05 ± 0.25 ab 0.83 ± 0.27 a 2.00 ± 0.30 a
3.9 1.31 ± 0.13 a 1.25 ± 0.13 a 1.94 ± 0.13 a
Control 1.71 ± 0.18 a 29.95 <0.001 1.85 ± 0.40 a 21.36 <0.001 2.19 ± 0.12 a 38.97 <0.001
125 0.01 ± 0.01 b 0.02 ± 0.02 b 0.37± 0.15 c
62.5 0.32 ± 0.22 b 0.02 ± 0.02 b 0.28 ± 0.14 c
31.25 0.27 ± 0.02 b 0.13 ± 0.08 b 0.93± 0.15 b
EO-3
Control - 1.12 ± 0.21 a 1.265 0.35 -
1.95 - 0.28 ± 0.28 a -
0.97 - 0.53 ± 0.33 a -
0.48 - 0.55 ± 0.42 a -
Control 1.40 ± 0.41 a 6.166 0.018 1.52 ± 0.22 a 10.06 0.004 -
15.6 0.08 ± 0.08 b 0.03 ± 0.03 b -
7.8 0.43 ± 0.16 b 0.56 ± 0.28 b -
3.9 0.62 ± 0.03 ab 0.21 ± 0.21 b -
Control 1.14 ± 0.21 a 29.45 <0.001 1.78 ± 0.19 a 73.35 <0.001 2.45 ± 0.13 a 14.3 0.0014
125 0.00 ± 0.00 b 0.00 ± 0.00 b 1.05 ± 0.18 b
62.5 0.00 ± 0.00 b 0.02 ± 0.02 b 0.88 ± 0.21 b
31.25 0.02 ± 0.02 b 0.06 ± 0.06 b 1.89 ± 0.24 ab
α-bisabolol
Control 1.57 ± 0.11 a 2.235 0.162 1.55 ± 0.22 a 2.07 ± 0.08 a 21.91 <0.001
15.6 0.66 ± 0.29 a 0.27 ± 0.27 b 0.80 ± 0.06 c
7.8 1.01 ± 0.20 a 0.39 ± 0.19 b 1.36 ± 0.02 b
3.9 0.85 ± 0.37 a 0.90 ± 0.15 ab 1.70 ± 0.05 ab
Control 1.97 ± 0.22 a 36.49 <0.001 1.63 ± 0.29 a 29.65 <0.001 2.36 ± 0.07 a 70.63 <0.0001
125 0.05 ± 0.03 b 0.03 ± 0.03 b 0.37 ± 0.15 c
62.5 0.01 ± 0.00 b 0.00 ± 0.00 b 0.45 ± 0.06 c
31.25 0.52 ± 0.21 b 0.06 ± 0.05 b 0.86 ± 0.13 b
DEET
Control - - 1.26 ± 0.19 a 0.24 0.87
15.6 - - 0.98 ± 0.49 a
7.8 - - 1.37 ± 0.28 a
3.9 - - 1.16 ± 0.29 a
Control 1.43 ± 0.19 a 16.24 0.001 1.38 ± 0.25 a 8.9 0.006 1.58 ± 0.11 a 9.71 0.005
125 0.08 ± 0.04 c 0.00 ± 0.00 b 0.42 ± 0.25 b
62.5 0.74 ± 0.18 b 1.22 ± 0.04 a 0.87 ± 0.13 b
31.25 1.14 ± 0.10 ab 0.79 ± 0.33 ab 0.84 ± 0.04 b

† Sand removed is measured in grams. Means within a column, in an experiment, not sharing common letters are
significantly different at a level of p ≤ 0.05, according to Ryan–Einot–Gabriel–Welsch multiple range test.
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2.3. Toxicity Bioassay

Toxicity data of M. chamomilla EOs, its pure compound, and bifenthrin at 24 h post-
treatment against RIFA, BIFA, and HIFA workers are given in Table 3. EO-1 showed toxicity
with LC50 values of 93.60 and 188.11 µg/g against RIFA and BIFA workers, respectively.
LC50 values of EO-2 were 98.11 and 138.40 µg/g against RIFA and BIFA, respectively. EO-3
showed LC50 of 142.92 and 202.49 µg/g against RIFA and BIFA workers, respectively,
whereas LC50 value of α-bisabolol was 159.23 µg/g against RIFA workers. α-Bisabolol
gave 30% mortality against BIFA at the highest screening dose of 250 µg/g. EO-1, EO-2,
EO-3, and α-bisabolol gave 73%, 20%, 40%, and 80% mortality at the highest screening
dose of 250 µg/g against HIFA. Bifenthrin with LC50 values of 0.03, 0.032, and 0.018 µg/g
against RIFA, BIFA, and HIFA workers, respectively, at 24 h post treatment was more toxic
than the essential oils. Based on LC50 values, toxicity of M. chamomilla EOs and α-bisabolol
was significantly higher in RIFA as compared to BIFA.

Table 3. Toxicity of Matricaria chamomilla essential oils, a selected pure compound, and bifenthrin
against workers of imported fire ants at 24 h post-treatment.

E. oil/Compound n † Slope ± SE LC50 (95% CI) ‡ LC90 (95% CI) ‡ χ2 df

RIFA
EO-1 30 1.42 ± 0.19 93.60 (76.50–113.29) 230.75 (180.47–336.06) 7.44 13
EO-2 30 1.64 ± 0.22 98.11 (81.98–117.46) 213.63 (169.94–304.02) 12.25 13
EO-3 30 1.75 ± 0.24 142.92 (119.80–169.81) 296.88 (239.67–411.08) 11.46 13

α-bisabolol 30 1.27 ± 0.17 159.23 (129.74–196.81) 434.90 (326.84–679.06) 16.84 13
Bifenthrin 40 1.21 ± 0.18 0.03 (0.023 ± 0.04) 0.09 (0.06 ± 0.16) 42 19

BIFA
EO-1 30 1.29 ± 0.17 188.11 (153.61–234.68) 504.74 (375.77–800.96) 13.02 13
EO-2 30 1.59 ± 0.21 138.40 (115.23–166.04) 309.21 (245.52–438.35) 4.74 13
EO-3 30 2.78 ± 0.47 202.49 (176.09–233.29) 320.83 (271.53–427.61) 4.28 13

α-bisabolol § 30 - 30% - - -
Bifenthrin 40 1.36 ± 0.23 0.032 (0.023 ± 0.044) 0.08 (0.06 ± 0.15) 34 19
HIFA ***
EO-1 § - - 73% - - -
EO-2 § - - 20% - - -
EO-3 § - - 40% - - -

α-bisabolol § - - 80% - - -
Bifenthrin 40 0.86 ± 0.13 0.018 (0.013 ± 0.024) 0.07 (0.05 ± 0.17) 42.4 22

† n is the number of workers used in each treatment. ‡ LC50 and LC90 values are in µg/g and CIs are confidence
intervals. § Highest mortalities caused at the highest screening dose of 250 µg/g. *** The dose–response curves
could not be developed because all the samples showed less than 100% mortality at the highest screening dose of
250 µg/g and abruptly dropped to 0 % at the next serial dose at 24 h post-treatment.

3. Discussion

The chemical composition of chamomile EOs is complex and varies with differ-
ences in genetics, geographical distribution, harvest season, and the methods used for
extraction [42,43]. α-Bisabolol and its oxides (α-bisabolol oxide-A and -B) are generally
their major constituents and, based on the contents of these three compounds, chamomile
EOs can be classified as chemotype A (bisabolol oxide A dominant), chemotype B (bisabolol
oxide B dominant), chemotype C (α-bisabolol dominant), and chemotype D (α-bisabolol
and bisabolol oxide A and B present in 1:1 ratio approx.) [39]. Extraction methods may
also affect the chemical compositions of EOs. For example, the chamomile EOs when ob-
tained by steam distillation, can be colored intensive blue (as observed for EO-1 and EO-3)
due to the presence of chamazulene, which originates from pro-azulenes (matricin and
matricarin) at the increased temperatures and in the presence of organic acids contained
in the flowers [44]. Likewise, extracts or EOs prepared from chamomile using supercrit-
ical carbon dioxide (CO2) extraction can be yellow (as observed for EO-2) because they
lack chamazulene [44].

Numerous biological activities of chamomile EOs have been reported, and each biolog-
ical activity is closely associated with a specific active constituent(s) [39]. Antioxidant and
anti-inflammatory activities of chamomile EOs depend on the amount of α-bisabolol and
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its oxides [45]. The antioxidant effect of α-bisabolol oxides is stronger than α-bisabolol [46].
However, the anti-inflammatory activity of α-bisabolol is better than its oxides. In the
current study, EO-1 and EO-3 belong to chemotype A due to the dominance of bisabolol
oxide A, while EO-2 is a characteristic chemical type C with an extremely high content
(81.85%) of α-bisabolol. Analysis of the repellent activities and chemical compositions of
the three chamomiles EOs indicated that α-bisabolol may be the primary active constituent
responsible for the repellent activity observed for EO-2, which was confirmed by subse-
quent evaluation of α-bisabolol showing better repellency than EO-2. For the current study,
we did not select bisabolol oxide A because this compound failed to show any significant
repellency against mosquitoes in our natural product screening program [47].

Chamomile oils have been reported to show repellency against different species of
insect pests. Höferl et al. [40] reported biting deterrent and repellent activities of the EOs
from M. chamomilla against female Aedes aegypti. Aqueous and methanolic extracts of
M. chamomilla were strong repellents against Tribolium castaneum (Herbst) (Coleoptera:
Tenebrionidae) in stored wheat [48]. Al-Jabr [49] reported that M. chamomilla essential
oil at 1% concentration in acetone repelled 81.94% of the Oryzaephilus surinamensis (L.)
(Coleoptera: Silvanidae) for 48 h, and this essential oil at a concentration of 15% repelled
67% of T. castaneum adults for 180 min [50]. Cineole and d-camphor isolated from sweet
wormwood (Artemisia annua L.) at concentrations of 100, 10, and 1 mg/kg were significant
repellents against RIFA [51]. Camphor essential oil from Cinnamonum camphora Siebold
were repellents to RIFA [52]. Hashimoto et al. [53] proved that microencapsulated allyl
isothiocyanate could be used as repellents against RIFA. He et al. [38] reported that methyl
isoeugenol could be used as a promising repellent against RIFA because treating flowerpot
sand with methyl isoeugenol prevents the workers from nesting these flowerpots for over
a month. The current study demonstrated repellency of M. chamomilla EOs against RIFA,
BIFA, and HIFA. Higher repellency of these natural products as compared to DEET in the
present study corroborates the findings of Ali et al. [37] who reported higher repellency
of Magnolia grandiflora seed EO, and its pure compounds as compared to DEET in HIFA.
There were differences among the repellency against RIFA, BIFA, and HIFA workers, which
demonstrated that the repellency of various natural products could vary among imported
fire ant species. These findings corroborate the findings of Chen et al. [54] who reported
that repellency of callicarpenal and intermedeol varied among fire ant species. Our findings
suggest that EO-3 is the most active repellent against BIFA, and EO-1 and α-bisabolol are
promising against RIFA, whereas α-bisabolol was active against HIFA. This study is the first
detailed report on the repellency of M. chamomilla EOs and α-bisabolol against imported
fire ants.

Insecticidal activity of Matricaria chamomilla EOs has been reported against many
species of insect pests. The EOs of M. chamomilla at a concentration of 0.75% (w/w) showed
100% mortality against Oryzaephilus surinamensis L. (Coleoptera: Silvanidae) when exposed
to the treated wheat for 2 weeks [49]. Wheat grain treated with aqueous and methanolic
extracts of M. chamomilla at a dosage of 1000 ppm/kg of grain caused 57% mortality in
adult T. castaneum after 7 days of exposure [48]. EOs of Matricaria recutita L., with santolina
alcohol (40.7%) and germacrene D (8.9%) as major contents, showed insecticidal activity
against Callosobruchus maculatus (Fab.) [Coleoptera: Chrysomelidae], and at the dose of
1µL/1 L of air, M. recutita essential oil induced a 70.7% and 60.1% reduction in oviposition
and emergence [55]. EOs from M. chamomilla at a concentration of 15% caused significant
mortality (LC50 = 7.78%) in adults T. castaneum at 24 h post-treatment [50]. Toxicity of EOs
and α-bisabolol differed against three imported fire ant species. Based on LC50 values,
EO-1 and EO-3, and α-bisabolol, were more toxic to RIFA as compared to BIFA. The dose–
response curves could not be developed for HIFA because all the samples showed less
than 100% mortality at the highest screening dose of 250 µg/g and abruptly dropped to
0 % at the next serial dose at 24 h post-treatment. Still, the percent mortality data from
this study can be used to predict the toxicity potential of EOs and the pure compound
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from M. chamomilla against HIFA workers. This is the first detailed report of the toxicity of
M. chamomilla EOs and its pure compound against imported fire ant workers.

4. Materials and Methods
4.1. Chemicals and GC-MS

Chamomile oil Blue Egyptian (EO-1) was purchased from Perfumer Supply House
(Danbury, CT, USA) and chamomile German CO2 essential oil (EO-2) and chamomile
German essential oil (EO-3) were purchased from Eden’s Garden (Blaine, MN, USA). α-
Bisabolol was purchased from Sigma Aldrich (St. Louis, MO, USA). GC-MS analysis of
three EOs was performed in Agilent 7890 B GC system, which was equipped with a 5977A
quadrupole mass spectrometer and with a 7693 autosampler (Agilent Technologies, Santa
Clara, CA, USA). Samples were prepared at 10 mg/mL concentration in GC-MS-grade
methylene chloride (Sigma-Aldrich, St. Louis, MO). The carrier gas Helium at a constant
flow rate of 1.5 mL/min was used. The inlet temperature in split injection mode was set
to 280 ◦C, with a 30:1 split ratio. The initial oven temperature program was set at 60 ◦C
for 2 min, and was increased to 280 ◦C at a rate of 6 ◦C/min. Isothermal was at 280 ◦C for
10 min. The overall run time was 77 min. Agilent MassHunter software (version B.07.06)
was used to perform data acquisition.

4.2. Ants

RIFA, BIFA, and HIFA workers were used in these bioassays. BIFA colonies were
brought from Tunica County, MS-713, Hernando, MS 38632 (34◦49′56.5′′ N 90◦12′55.6′′ W).
RIFA collection was made from Washington County, MS 38748 (33◦9′31.2′′ N 90◦54′56.4′′ W).
HIFA workers were used from the mounds located under natural field conditions at
University Field Station (University of Mississippi, 15 County Road 2078, Abbeville, MS
38601). Ant collection was brought to the laboratory and kept in plastic trays, whose
top inner walls were coated with Insect a Slip (BioQuip Products 2321 Gladwick Street
Rancho Dominguez, Compton, CA, USA) to prevent the escape of ants. Crickets and 25%
honey-water solution were available as food to the ants. A test tube filled with water and
plugged with cotton served as a water source. Moist sand-filled 45 mL fluted aluminum
dishes (Fisher Scientific, 300 Industry Drive, Pittsburgh, PA, USA) were kept inside trays
to serve as a digging substrate. The ants were maintained under laboratory conditions
of 32 ± 2 ◦C temperature and 50 ± 10% relative humidity for one month before starting
the bioassays. The ant species were identified based on venom alkaloid and hydrocarbon
indices of the collected individuals [37,56].

4.3. Digging Bioassay

According to Deletre et al. [57], repellent refers to a chemical that causes an organism
to make oriented movement away from its source, while in fire ants repellency refers to
the suppression of digging behavior [34]. Because the inhibition of digging ability is the
result of the contact, the ant workers fail to dig through, remove, or nest the soil/sand
treated with effective repellents. This study used digging behavior of fire ants as a criterion
for assessing repellency [37], assuming that a worker’s digging ability will depend on
the repellent activity of the treatments. We followed the digging bioassay described by
Chen [34] and modified by Ali et al. [37]. The tested arena consisted of a 150 mm × 15 mm
petri dish, which contained four 2-mL Nylgene Cryoware Cryogenic vials glued at equal
spaces on the bottom of the petri dish. To prevent the escape of ants, the inner walls of the
arena were coated with Insect a Slip. Sand (Premium Play Sand, Plassein International,
Longview, TX, USA) of the uniform size (500 microns) was used as a digging substrate.
To remove any prior contamination, the sand was washed with de-ionized water and
oven-dried at 190 ◦C for 6-h. Four g of sand was weighed in fluted aluminum (45 mL
size) dishes (Fisher Scientific, 300 Industry Drive Pittsburgh, PA 15275). Treatments were
applied in a volume of 100 µL/g of sand. Ethanol 100% was used as the solvent to prepare
stocks and dilutions. Treatments were thoroughly mixed with sand. Sand in the control
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treatment received ethanol only. Once the solvent had evaporated completely, sand in
each treatment was moistened by adding a 0.6 µL/g of de-ionized water and filled in the
vials by using small spatulas. Treated sand vials were thoroughly packed to eliminate
any spaces in the vials. Sand-filled vials were screwed to the bottom of the arena. On a
dry weight basis, each vial contained 3.6 g of sand. Using a soft camel hairbrush, fifty
ant workers were released per arena. All experiments were performed under laboratory
settings of 25 ± 2 ◦C temperature and 50 ± 10% relative humidity. At 24 h post-treatment,
sand from the arena vials was collected back into aluminum dishes, oven dried at 190 ◦C
for 1 h, and weighed. EOs of M. chamomilla, a pure compound, and a positive control DEET
(N, N-diethyl-meta-toluamide) were tested. A series of dilutions were tested starting from
125 µg/g until the failure of the treatment. Overall, three sets of the replicates were run on
3 different days. Sand removal data were analyzed by Analysis of Variance (ANOVA) (SAS
9.4, 2012) and means were separated by using Ryan–Einot–Gabriel–Welsch multiple range
test (p ≤ 0.05; SAS 9.4 (2012)).

4.4. Toxicity Bioassay

The toxicity bioassay described by Ali et al. [37] was used for assessing mortality in
imported fire ants. Briefly, this bioassay uses ant digging behavior to promote contact
between ants and treated sand, leading to mortality at lethal dosages. Both the stock and
dilutions were prepared in 100% ethanol. Three g of sand was weighed in fluted aluminum
dishes (42 mL) and treatments were applied in a volume of 100 µL/g of sand. Sand in the
control was treated with ethanol only. Once the solvent had evaporated, 0.6 µL/g of de-
ionized water was added to moisten the sand. The moistened sand was then transferred into
60 × 15 mm Stackable Petri Dishes (KORD-VALMARK, Mfg by Bioplast Manufacturing,
LLC. 128 Wharton Road, Bristol, PA, USA), whose inner walls were coated with Insect a Slip
(BioQuip Products 2321 Gladwick Street Rancho Dominguez, CA 90220, USA). Ten workers
were carefully released in each treatment. Continuous supply of moisture was ensured
in each petri dish by adding a water-soaked cotton swab tip at 1 h post-treatment. The
number of dead workers was recorded at 24 h post-treatment. LC50 values were calculated
by using probit analysis (SAS 2012).

5. Conclusions

In conclusion, this is the first report on the insecticidal and repellent activities of
essential oils of M. chamomilla against red, black, and hybrid imported fire ants. Removal
of treated sand in digging bioassays, which may directly be proportional to inhibition of
digging ability of the fire ants, was used as a criterion for repellency. Based on the above
criterion, essential oils and α-bisabolol showed the potential to be significant repellents
against the imported fire ants. All the natural products tested in this study, especially
EO-1, EO-3, and α-bisabolol showed repellency higher than DEET. Further studies will
be conducted to explore repellent/toxicant potential of these essential oils and the pure
compound by testing in different formulations against imported fire ants in elaborate
laboratory and field trials.

Author Contributions: Conceptualization, A.A., X.-C.L. and I.A.K.; methodology, F.M.S., D.K.G.,
A.A. and P.P.; software, F.M.S. and A.A.; validation, A.A. and X.-C.L.; formal analysis, F.M.S. and A.A.;
investigation, X.-C.L. and A.A.; resources, I.A.K.; data curation, A.A. and X.-C.L.; writing—original
draft preparation, F.M.S., D.K.G. and A.A.; writing—review and editing, F.M.S., D.K.G., A.A., J.C.,
X.-C.L. and P.P.; visualization, A.A.; supervision, A.A.; project administration, I.A.K.; funding acquisi-
tion, I.A.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by USDA-ARS, grant No. 58-6066-1-025.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.



Molecules 2023, 28, 5584 10 of 12

Acknowledgments: We are thankful to Joseph Lee (National Center for Natural Products Research,
The University of Mississippi, USA) for the assistance of GC-MS analysis.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Sample Availability: Not applicable.

References
1. Chen, J.; Oi, D.H. Naturally occurring compounds/materials as alternatives to synthetic chemical insecticides for use in fire ant

management. Insects 2020, 11, 758. [CrossRef]
2. Lofgren, C.S.; Banks, W.A.; Glancey, B. Biology and control of imported fire ants. Annu. Rev. Entomol. 1975, 20, 1–30. [CrossRef]
3. Morrison, J.E., Jr.; Williams, D.F.; Oi, D.H.; Potter, K.N. Damage to dry crop seed by red imported fire ant (Hymenoptera:

Formicidae). J. Econ. Entomol. 1997, 90, 218–222. [CrossRef]
4. Lard, C.; Willis, D.B.; Salin, V.; Robison, S. Economic assessments of red imported fire ant on Texas’ urban and agricultural sectors.

Southwest. Entomol. 2002, 25, 123–137.
5. Wu, D.; Zeng, L.; Lu, Y.; Xu, Y. Effects of Solenopsis invicta (Hymenoptera: Formicidae) and its interaction with aphids on the seed

productions of mungbean and rapeseed plants. J. Econ. Entomol. 2014, 107, 1758–1764. [CrossRef] [PubMed]
6. Vinson, S.B. Impact of the invasion of the imported fire ant. Insect Sci. 2013, 20, 439–455. [CrossRef] [PubMed]
7. Gibbons, L.; Simberloff, D. Interaction of hybrid imported fire ants (Solenopsis invicta × S. richteri) with native ants at baits in

southeastern Tennessee. Southeast. Nat. 2005, 4, 303–320. [CrossRef]
8. Siddiqui, J.A.; Bamisile, B.S.; Khan, M.M.; Islam, W.; Hafeez, M.; Bodlah, I.; Xu, Y. Impact of invasive ant species on native fauna

across similar habitats under global environmental changes. Environ. Sci. Pollut. Res. 2021, 28, 54362–54382. [CrossRef]
9. Taber, S.W. Fire Ants; Texas A&M University Press: College Station, TX, USA, 2000.
10. Callcott, A. Range expansion of the imported fire ant—1918–2001. In Proceedings of the 2002 Annual Imported Fire Ant Research

Conference, Athens, GA, USA, 24–26 March 2002.
11. Oliver, J.B.; Vander Meer, R.K.; Ochieng, S.A.; Youssef, N.N.; Pantaleoni, E.; Mrema, F.A.; Vail, K.M.; Parkman, J.P.; Valles, S.M.;

Haun, W.G. Statewide survey of imported fire ant (Hymenoptera: Formicidae) populations in Tennessee. J. Entomol. Sci. 2009,
44, 149–157. [CrossRef]

12. Streett, D.; Freeland, T.B., Jr.; Vander Meer, R.K. Survey of imported fire ant (Hymenoptera: Formicidae) populations in Mississippi.
Fla. Entomol. 2006, 89, 91–92. [CrossRef]

13. Pandey, M.; Addesso, K.; Archer, R.; Valles, S.; Baysal-Gurel, F.; Ganter, P.; Youssef, N.; Oliver, J. Worker size, geographical
distribution, and introgressive hybridization of invasive Solenopsis invicta and Solenopsis richteri (Hymenoptera: Formicidae) in
Tennessee. Environ. Entomol. 2019, 48, 727–732. [CrossRef]

14. Tschinkel, W. The Fire Ants; The Belknap Press of Harvard University Press: Cambridge, MA, USA, 2006.
15. Drees, B.M.; Calixto, A.A.; Nester, P.R. Integrated pest management concepts for red imported fire ants Solenopsis invicta

(Hymenoptera: Formicidae). Insect Sci. 2013, 20, 429–438. [CrossRef] [PubMed]
16. Banks, W. Chemical Control of the Imported Fire Ants; CRC Press: Boca Raton, FL, USA, 2019; pp. 596–603.
17. Siddiqui, J.A.; Zhang, Y.; Luo, Y.; Bamisile, B.S.; Rehman, N.U.; Islam, W.; Qasim, M.; Jiang, Q.; Xu, Y. Comprehensive

detoxification mechanism assessment of red imported fire ant (Solenopsis invicta) against indoxacarb. Molecules 2022, 27, 870.
[CrossRef] [PubMed]

18. Wen, C.; Shen, L.; Chen, J.; Zhang, J.; Feng, Y.; Wang, Z.; Chen, X.; Cai, J.; Wang, L.; He, Y. Red imported fire ants cover the
insecticide-treated surfaces with particles to reduce contact toxicity. J. Pest Sci. 2022, 95, 1135–1150. [CrossRef]

19. Pan, F.; Lu, Y.; Wang, L. Toxicity and sublethal effects of sulfoxaflor on the red imported fire ant, Solenopsis invicta. Ecotoxicol.
Environ. Saf. 2017, 139, 377–383. [CrossRef]

20. Zhang, B.-Z.; Kong, F.-C.; Wang, H.-T.; Gao, X.-W.; Zeng, X.-N.; Shi, X.-Y. Insecticide induction of O-demethylase activity and
expression of cytochrome P450 genes in the red imported fire ant (Solenopsis invicta Buren). J. Integr. Agric. 2016, 15, 135–144.
[CrossRef]

21. Rehman, J.U.; Ali, A.; Khan, I.A. Plant based products: Use and development as repellents against mosquitoes: A review.
Fitoterapia 2014, 95, 65–74. [CrossRef] [PubMed]

22. George, D.R.; Finn, R.D.; Graham, K.M.; Sparagano, O.A. Present and future potential of plant-derived products to control
arthropods of veterinary and medical significance. Parasites Vectors 2014, 7, 28. [CrossRef]

23. Shah, F.M.; Razaq, M.; Ali, A.; Han, P.; Chen, J. Comparative role of neem seed extract, moringa leaf extract and imidacloprid in
the management of wheat aphids in relation to yield losses in Pakistan. PLoS ONE 2017, 12, e0184639. [CrossRef]

24. Shah, F.M.; Razaq, M.; Ali, Q.; Ali, A.; Shad, S.A.; Aslam, M.; Hardy, I.C.W. Action threshold development in cabbage pest
management using synthetic and botanical insecticides. Entomol. Gen. 2020, 40, 157–172. [CrossRef]

25. Isman, M.B. Botanical insecticides, deterrents, and repellents in modern agriculture and an increasingly regulated world. Annu.
Rev. Entomol. 2006, 51, 45–66. [CrossRef]

https://doi.org/10.3390/insects11110758
https://doi.org/10.1146/annurev.en.20.010175.000245
https://doi.org/10.1093/jee/90.1.218
https://doi.org/10.1603/EC14162
https://www.ncbi.nlm.nih.gov/pubmed/26309264
https://doi.org/10.1111/j.1744-7917.2012.01572.x
https://www.ncbi.nlm.nih.gov/pubmed/23955940
https://doi.org/10.1656/1528-7092(2005)004[0303:IOHIFA]2.0.CO;2
https://doi.org/10.1007/s11356-021-15961-5
https://doi.org/10.18474/0749-8004-44.2.149
https://doi.org/10.1653/0015-4040(2006)89[91:SOIFAH]2.0.CO;2
https://doi.org/10.1093/ee/nvz023
https://doi.org/10.1111/j.1744-7917.2012.01552.x
https://www.ncbi.nlm.nih.gov/pubmed/23955939
https://doi.org/10.3390/molecules27030870
https://www.ncbi.nlm.nih.gov/pubmed/35164134
https://doi.org/10.1007/s10340-021-01474-0
https://doi.org/10.1016/j.ecoenv.2017.02.014
https://doi.org/10.1016/S2095-3119(15)61072-3
https://doi.org/10.1016/j.fitote.2014.03.002
https://www.ncbi.nlm.nih.gov/pubmed/24631763
https://doi.org/10.1186/1756-3305-7-28
https://doi.org/10.1371/journal.pone.0184639
https://doi.org/10.1127/entomologia/2020/0904
https://doi.org/10.1146/annurev.ento.51.110104.151146


Molecules 2023, 28, 5584 11 of 12

26. Isman, M.B. Botanical insecticides in the twenty-first century—Fulfilling their promise? Annu. Rev. Entomol. 2020, 65, 233–249.
[CrossRef] [PubMed]

27. Regnault-Roger, C.; Vincent, C.; Arnason, J.T. Essential oils in insect control: Low-risk products in a high-stakes world. Annu. Rev.
Entomol. 2012, 57, 405–424. [CrossRef] [PubMed]

28. Razaq, M.; Shah, F.M. Biopesticides for management of arthropod pests and weeds. In Biopesticides; Rakshit, A., Meena, V.S.,
Abhilash, P.C., Sarma, B.K., Singh, H.B., Fraceto, L., Parihar, M., Singh, A.K., Eds.; Elsevier: Amsterdam, The Netherlands, 2022;
pp. 7–18.

29. Shah, F.M.; Razaq, M.; Ali, Q.; Shad, S.A.; Aslam, M.; Hardy, I.C.W. Field evaluation of synthetic and neem-derived alternative
insecticides in developing action thresholds against cauliflower pests. Sci. Rep. 2019, 9, 7684. [CrossRef] [PubMed]

30. Sparks, T.C.; Sparks, J.M.; Duke, S.O. Natural product-based crop protection compounds– origins and future prospects. J. Agric.
Food Chem. 2023, 71, 2259–2269. [CrossRef]

31. Kemp, S.F.; DeShazo, R.D.; Moffitt, J.E.; Williams, D.F.; Buhner II, W.A. Expanding habitat of the imported fire ant (Solenopsis
invicta): A public health concern. J. Allergy Clin. Immunol. 2000, 105, 683–691. [CrossRef]

32. Singh, B.; Singh, P.R.; Mohanty, M.K. Toxicity of a plant based mosquito repellent/killer. Interdiscip. Toxicol. 2012, 5, 184–191.
[CrossRef]

33. Chen, S.; Chen, H.; Xu, Y. Safe chemical repellents to prevent the spread of invasive ants. Pest Manag. Sci. 2019, 75, 821–827.
[CrossRef]

34. Chen, J. Assessment of repellency of nine phthalates against red imported fire ant (Hymenoptera: Formicidae) workers using ant
digging behavior. J. Entomol. Sci. 2005, 40, 368–377. [CrossRef]

35. Vogt, J.T.; Shelton, T.G.; Merchant, M.E.; Russell, S.A.; Tanley, M.J.; Appel, A.G. Efficacy of three citrus oil formulations against
Solenopsis invicta buren (Hymenoptera: Formicidae), the red imported fire ant. J. Agric. Urban Entomol. 2002, 19, 159–171.

36. Appel, A.G.; Gehret, M.J.; Tanley, M.J. Repellency and toxicity of mint oil granules to red imported fire ants (Hymenoptera:
Formicidae). J. Econ. Entomol. 2004, 97, 575–580. [CrossRef]

37. Ali, A.; Chen, J.; Khan, I.A. Toxicity and repellency of Magnolia grandiflora seed essential oil and selected pure compounds against
the workers of hybrid imported fire ants (Hymenoptera: Formicidae). J. Econ. Entomol. 2022, 115, 412–416. [CrossRef]

38. He, Y.; Zhang, J.; Shen, L.; Wang, L.; Qian, C.; Lyu, H.; Yi, C.; Cai, J.; Chen, X.; Wen, X. Eugenol derivatives: Strong and long-lasting
repellents against both undisturbed and disturbed red imported fire ants. J. Pest Sci. 2022, 96, 327–344. [CrossRef]

39. Singh, O.; Khanam, Z.; Misra, N.; Srivastava, M.K. Chamomile (Matricaria chamomilla L.): An overview. Pharmacogn. Rev. 2011,
5, 82. [CrossRef] [PubMed]

40. Höferl, M.; Wanner, J.; Tabanca, N.; Ali, A.; Gochev, V.; Schmidt, E.; Kaul, V.K.; Singh, V.; Jirovetz, L. Biological activity of
Matricaria chamomilla essential oils of various chemotypes. Planta Medica Int. Open 2020, 7, e114–e121. [CrossRef]

41. Tabanca, N.; Demirci, B.; Avonto, C.; Wang, M.; Ali, A.; Bernier, U.R.; Raman, V.; Khan, I. Mosquito repellent activity of essential
oils and extracts from Chamomile flowers. Planta Med. 2014, 80, PD53. [CrossRef]

42. El Mihyaoui, A.; Esteves da Silva, J.C.; Charfi, S.; Candela Castillo, M.E.; Lamarti, A.; Arnao, M.B. Chamomile (Matricaria
chamomilla L.): A review of ethnomedicinal use, phytochemistry and pharmacological uses. Life 2022, 12, 479. [CrossRef]

43. Stanojevic, L.P.; Marjanovic-Balaban, Z.R.; Kalaba, V.D.; Stanojevic, J.S.; Cvetkovic, D.J. Chemical composition, antioxidant and
antimicrobial activity of chamomile flowers essential oil (Matricaria chamomilla L.). J. Essent. Oil Bear. Plants 2016, 19, 2017–2028.
[CrossRef]
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