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Abstract
In order to control the Solenopsis invicta (S.invicta) in a safe and ecofriendly manner, this study evaluated
the fumigating activity of garlic and the effect of behavior of S. invicta. The volatile compounds and
chemical constituents from garlic were collected by solid phase micro-extraction and identi�ed by gas
chromatography–mass spectrometry (GC-MS). The results showed that the garlic contains 21
compounds, diallyl disul�de (46.51%) and (E) - 1 - Allyl - 2 - (prop - 1 - en - 1 - yl) disulfane (34.68%) were
the main ingredients in garlic. In addition, the garlic showed strong fumigate activity and behavioral
inhibition against workers. The LC50 of diallyl disul�de and methyl allyl disul�de against S.invicta at 12h
is 0.05 and 0.07μl/L, respectively. The grasping and walking abilities of ants were signi�cantly
suppressed. Moreover minor workers were more susceptible than major workers. Thus S.invicta can be
controlled with garlic and some of its compounds as an eco-friendly approach. Results from the study
could provide valuable advances for future fumigant development and possible utility in fumigant use.

1. Introduction
Solenopsis invicta Buren (Myrmicinae), natived from Parana River basin of south America (Ascunce MS
et al. 2011), is a severe invasive pest of quarantine signi�cance. As a start-off region in mainland China,
Guangdong has experienced a long history of S. invicta invasion with a wide and serious spread ( Zhang
B et al. 2015). Native ant species had reduced by up to 90% in highly infested areas as a result of
invading ant displacement (Porter SD and Savignano DA 1990). Furthermore, an increase in S. invicta has
a deleterious impact on arthropods that S. invicta preys on at all life stages, including eggs, larvae, pupae,
and adults (Stiles JH and Jones RH 2001). It wreaks havoc on the environment, reducing population
variety and local biodiversity in invaded regions. Furthermore, it endangers human health and in extreme
circumstances, human life, as well as social and public safety.

Fire ants also degrades public infrastructure, resulting in signi�cant losses in agricultural productivity and
the national economy. It was reported that S. invicta caused approximately US $5 billion in annual losses
in urban and rural regions (Zhang et al. 2007; Cheng et al. 2008). More than $250 million has been spent
by state and federal authorities to manage or eradicate the �re ant (Collins and Scheffrahn 1969).

In order to control the �re ants, traditional insecticides and baits were widely used worldwide.
Nevertheless long-term excessive use of these products has adverse effects on the environment and non-
target organisms due to the highly toxic and di�cult to degrade. Additionally, it will promote pest
resistance. Given that these problems, it is of great signi�cance to search for a new effective control
methods for ants. The natural substances which is non-toxic and can degraded rapidly in natural
environment is necessary to ecological environment and humans security (Xiao et al. 2020)

For the past few years, alternative to synthetic insecticides or soft insecticidal chemicals have generated
widespread interest. Plants or secondary metabolites, the source of bio-active chemicals, are renewable,
cheap, biodegradable and environment friendly and could be used as safe alternatives (Singh et al. 1978;
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Pereira 1983; Mahfuz and Khalequzzaman 2007). There are plenty of plant extracts have been found to
have anti-insect properties (Singh et al. 1978; Pereira 1983). These substances impact insects by
disrupting main metabolic processes, which resulting in fast mortality; they may also operate as
attractants, antifeedants, oviposition modi�ers.

Garlic (Allium sativum) is one of the most promising natural product sources. It’s the best well known
medicinal plants which has several medicinal properties, such as immunoregulation, hypolipidemic
effects, anticoagulation, antioxidant and antimicrobial potential (Calvo-Gómez et al. 2004; Molina-Calle et
al. 2016). Organosulfur molecules, the majority of which are volatile, are primarily responsible for these
health bene�ts (Molina-Calle et al. 2016). Early studies indicated Most of these properties have been
attributed to volatile sulfur-containing chemicals, which do not exist in entire plants in nature but can be
created by enzymatic reaction after tissue disruption (Mondy et al. 2001; Chen et al. 2007).

Its widespread use implies that it is quite safe for mammals. Garlic is generally considered to be
harmless, biodegradable, and widely available in many regions of the world. In addition, it was discovered
that garlic contains insecticidal, repellant, antifeedant, and acarocidal characteristics. It also has anti-
avoidance, contact killing, population inhibition on numerous key stored grain pests, notably fumigation
(Amonkar and Reeves 1970; Wei KX et al. 2009). Singh (2017) found that the active component in garlic,
methyl allyl disul�de and diallyl trisul�de were shown to be effective toxicants and fumigants against S.
zeamais and T. castaneum. And T. castaneum eggs, larvae, and adults died as a result of exposure to
fresh garlic clove essential oil obtained by steam distillation (Ho et al. 1996). In this study, the volatile
compounds were extracted from garlic by solid phase microextraction and identi�ed by gas
chromatography-mass spectrometry. And evaluate the garlic and two main constituent compounds of
garlic against red imported �re ants and the behavior inhibition.

2 Materials And Methods

2.1 Insects
S. invicta colonies were collected from a suburb in Guangzhou, China. Then the ants were maintained in
the laboratory at a temperature of 25 ± 2 ℃ and a relative humidity of 65% ±5% relative humidity (RH).
The ants were placed in a plastic box (40 cm × 50 cm × 15 cm) which was coated with Te�on emulsion
(Guangzhou Xingshengjie Science and Technology Co., Ltd., China) in the top 5 cm to prevent ants from
escaping. A 12:12(L: D) photoperiod was used with the plastic box. The ants were fed with a mixture of
10% honey and mealworms (Tenebrio molitor). A test tube (25 mm×200 mm), which was �lled with water
and plugged with cotton, was used as a water source. The lengths of the major and minor workers
utilized in the experiment were roughly 5 mm and 3 mm, respectively.

2.2 Materials and reagents
Fresh garlic was purchased from Changban Market in Guangdong Province, China. The garlic was peeled,
washed and homogenized in a homogenizer for 5 minutes. Diallyl disul�de (CAS number: 2179-57-9)and
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methyl allyl disul�de (CAS number:2179-58-0) were purchased from Gaojiaoyan Technology Co.,
LTD(Beijing, China).

2.3 Analysis of Volatile Components in Garlic

2.3.1 Extraction of volatiles via solid-phase microextraction
Approximately 5 g fresh peeled garlic were mashed in a homogenizer, then immediately transferred to a
50 mL headspace container and sealed. After that, keep it in a water bath at 40°C for 20 minutes. In this
investigation, a manual solid-phase microextraction device equipped with an 85µm polydimethylsiloxane
�ber (Supelco) was used. Before usage, the �ber was activated at a steady temperature (250°C) for 30
minutes. The activated �ber was pushed into the headspace container containing mashed garlic to
absorb the volatiles at 30°C for 30 minutes. The �ber was poured into the injection port of the gas
chromatography–mass spectrometry (GC–MS). The injection was done by desorping the �ber with a
temperature of 220 ℃ for 15 min, while the injector operated with splitless mode for 1 minute during the
injection for an additional 14 minutes of exposure time and the volatiles were analyzed by GC–MS.

2.3.2 Gas Chromatography–Mass spectrometry (GC-MS)
The sample was detected by a gas chromatograph (Agilent 7890B, Agilent Technologies. México, D.F)
equipped with a mass spectrometer detector (5977A, Agilent Technologies. México, D.F). A HP-5MS
capillary column (30.00 m × 0.25 mm × 0.25 um) was used for gas chromatography mass spectrometry
(GC-MS). The oven temperature was held at 40 ℃ for 5 min, raised to 220 ℃ at the rate of 5℃/min (held
for 5 min). Helium was used as a carrier gas at a �ow rate of 1 ml/min at a split ratio of 50:1. Mass
spectra were obtained by electron ionization at 70 eV with a spectral range of 30–500 m/z. And the ion
source was at 230 ℃ and selected ion monitoring (SIM) mode. The detector was operated at 280 ℃. The
injection and transfer line temperature was set at 260, 250℃, respectively. The compounds were
identi�ed by retention times and mass spectra and compared the spectra with the computer mass
libraries.

2.4 Fumigation toxicity bioassay
Peeled garlic cloves were mashed completely in a blender for 3 minutes before being placed in a 5-mL
centrifuge tube (Axygen Biosciences, USA) with eight pinholes to allow them to evaporate outside. The
centrifuge tube was hung 3 cm above the bottom of a glass cylinder (7-cm diameter, 10-cm height) by a
rope. To keep the ants from escaping, the inside vertical wall of the glass cylinder was covered with
Te�on emulsion. The ants were placed in the glass cylinder which was sealed with plastic wrap and
rubber band for stopping the smell from spreading. Four concentrations (16, 8, 4 and 2 µg/ml) of garlic
sauce were applied to 20 large and small workers, respectively. Workers were considered to be dead if
they did not move when probed with bamboo stick. The mortality of ants was observed after 2, 4, 6, 8, 10,
and 12 h of treatment. All treatments were replicated thrice.
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The fumigation toxicity bioassay method of diallyl disul�de and methyl allyl disul�de is the same as
above and were applied to 20 small workers.

2.5 Behavioral observation on the grasping ability
Workers were handled in the same manner as those mentioned above. To observe the grasping ability of
the ant workers, the glass cylinder was covered with an A4 paper, and turned over to 180° and stay for 5 s.
Then the glass cylinder was inverted gently back up again. If the ants would not fall down from the A4
paper, they were regarded as possessing grasping ability. Each treatment had three replicates.

The equation was as follows: Grasping rate (%) = (number of ants possessing grasping ability/ number
of ants per replicate)× 100.

2.7 Behavioral observation on the walking ability
Workers were treated in the same manner as those mentioned above. The workers were placed on an A4
paper to access their walking ability after 2, 4, 6, 8, 10, and 12 h. The ants were regarded as possessing
walking ability if they could walk continuously for 5 s or more. And the number of workers with the
walking ability was recorded. And each treatment had three replicates.

The formula was as follows: Walking rate (%) = number of ants possessing walking ability/number of
ants per replicate × 100.

2.8 Statistical Analysis
The differences in the data were assessed using Tukey’s test, and values with P < 0.05 considered
statistically signi�cant. The data were expressed as means ± SE by using Microsoft O�ce Excel 2016.
Statistical analysis was carried out by using SPSS 24.0 (SPSS Inc., Chicago). Charts were created by
using Origin 2019.

3. Results

3.1 Chemical compositions of garlic
Figure 1 shows the GC–MS total ion chromatograms of fresh garlic. The result demonstrates that a total
of 21 volatile components comprising were identi�ed in the garlic volatile compounds (Table 1), which
consisted of 46.51% diallyl disul�de and 34.68% (E)-1-Allyl-2- (prop-1-en-1-yl) disulfane. The spectra of
allyl sul�de and (E)-1-Allyl-2- (prop-1-en-1-yl) disulfane are shown in Fig. 2. And some other important
components included 3-vinyl-4H-1,2-dithiin, methyl allyl disul�de, 3-Vinyl-1, 2-dithiacyclohex-4-ene, 5-ethyl-
1,3-thiazole, (Z)-form-1-propenyl-2-propenyl disul�de.
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Table 1
Volatiles identi�ed in the headspace generated from garlic

Identi�ed
peaks

compound CAS Retention
time (min)

Mass(da) Formula Area
Pct

1 Aminomethanesulfonic
acid

013881-
91-9

1.3432 110.999 CH5NO3S 0.5711

2 Allyl mercaptan 000870-
23-5

1.9631 74.019 C3H6S 0.2438

3 Propylene sul�de 001072-
43-1

2.1171 74.019 C3H6S 0.1511

4 3,5-diethyl-1,2,4-
Trithiolane

054644-
28-9

2.1447 180.01 C6H12S3 0.1443

5 Diallyl sul�de 000592-
88-1

7.3604 114.05 C6H10S 0.3033

6 (E)-Allyl(prop-1-en-1-
yl)sulfane

104324-
36-9

8.2479 114.05 C6H10S 0.2033

7 3,4-dimethyl-Thiophene 000632-
15-5

8.5663 112.035 C6H8S 0.6791

8 Methyl allyl disul�de 002179-
58-0

8.856 120.007 C4H8S2 3.6817

9 (E)-1-Methyl-2-(prop-1-
en-1-yl)disulfane

023838-
19-9

9.4275 120.007 C4H8S2 0.5655

10 Diallyl disul�de 002179-
57-9

12.289 146.022 C6H10S2 46.5051

11 (Z)-form-1-propenyl-2-
propenyl disul�de

122156-
03-0

12.5301 146.022 C6H10S2 1.1918

12 (E)-form-1-propenyl-2-
propenyl disul�de

122156-
02-9

12.6557 146.022 C6H10S2 34.6842

13 (E, E)-form-Di-1-propenyl
disul�de

023838-
23-5

13.0967 146.022 C6H10S2 0.5165

14 5-ethyl-1,3-thiazole 17626-
73-2

13.1846 113.03 C5H7NS 0.423

15 Methyl allyl trisul�de 034135-
85-8

13.3073 151.979 C4H8S3 0.3046

16 5-ethyl-1,3-thiazole 017626-
73-2

13.9051 113.03 C5H7NS 1.5502

17 3-Vinyl-1,2-
dithiacyclohex-4-ene

062488-
52-2

14.1198 144.007 C6H8S2 2.012
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Identi�ed
peaks

compound CAS Retention
time (min)

Mass(da) Formula Area
Pct

18 3-vinyl-4H-1,2-dithiin 062488-
53-3

14.5073 144.007 C6H8S2 4.6721

19 Diallyl trisul�de 002050-
87-5

15.8092 177.994 C6H10S3 0.638

20 Trisul�de, (1E)-1-
propenyl 2-propenyl

382161-
78-6

16.1896 177.994 C6H10S3 0.6115

21 trisul�de, (1Z)-1-
propenyl 2-propenyl

382161-
75-3

16.4771 177.994 C6H10S3 0.2426

3.2 Fumigant activity of garlic and its effective volatile
compounds
During the experiment, it was discovered that the mortality of the treatment ants rose with time (Table 2).
Garlic has effective fumigant activity against the red imported �re ants. The mortality of worker ants in
control groups was less than 10%, which excluding the effect of natural conditions. Garlic caused 68.33%
and 100.00% mortality after 12 h of treatment in 4 and 16µg/ml in minor, respectively. The toxicity to the
major ants was not as fast acting as minor ants, with causing 100.00 and 91.67% mortality after 12 h of
treatment in 16µg/ml. Furthermore, in the same space, the effect is better with the increase of the potion.
For 2h-12h after treated, the mortality of minor worker ants increased from 11.67–48.33% (2µg/ml), from
26.67–68.33% (4µg/ml), from 40.00–85% (8µg/ml); from 65–100% (16µg/ml). The fumigant toxicity of
its effective volatile compounds is shown in Table 3. The LC50 of diallyl disul�de and methyl allyl
disul�de against S.invicta at 6h is 0.08 and 0.13µl/L, respectively and diallyl disul�de is more toxic to red
imported �re ants than methyl allyl disul�de.
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Table 2
Fumigation toxicity bioassay of garlic

concentration workers Mortality (%, mean ± SE)

2h 4h 6h 8h 10h 12h

16µg/ml major 56.67 ± 
4.41a

61.67 ± 
1.67a

70.00 ± 
2.89a

76.67 ± 
3.33a

83.33 ± 
1.67a

91.67 ± 
3.33a

minor 65.00 ± 
2.89a

68.33 ± 
1.67a

75.00 ± 
2.89a

83.33 ± 
7.26a

91.67 ± 
3.33a

100.00 ± 
0.00a

8µg/ml major 35.00 ± 
5.77b

41.67 ± 
1.67b

50.00 ± 
2.89b

60.00 ± 
5.00b

68.33 ± 
4.41ab

80.00 ± 
7.64ab

minor 40.00 ± 
5.77b

53.33 ± 
1.67b

55.00 ± 
2.89b

61.67 ± 
1.67b

71.67 ± 
3.33b

85.00 ± 
5.00a

4µg/ml major 23.33 ± 
1.67bc

26.67 ± 
3.33c

33.33 ± 
6.01c

41.67 ± 
3.33c

53.33 ± 
4.41b

63.33 ± 
1.67b

minor 26.67 ± 
4.41bc

30.00 ± 
5.00c

41.67 ± 
6.01bc

48.33 ± 
1.67bc

60.00 ± 
2.89b

68.33 ± 
3.33b

2µg/ml major 8.33 ± 
1.67cd

11.67 ± 
4.41d

26.67 ± 
3.33c

31.67 ± 
1.67c

35.00 ± 
2.89c

40.00 ± 
5.00c

minor 11.67 ± 
3.33c

18.33 ± 
1.67c

30.00 ± 
5.00c

38.33 ± 
6.01c

43.33 ± 
3.33c

48.33 ± 
4.41c

CK major 0.00 ± 
0.00d

0.00 ± 
0.00d

0.00 ± 
0.00d

0.00 ± 
0.00d

3.33 ± 
1.67d

5.00 ± 
0.00d

minor 0.00 ± 
0.00c

0.00 ± 
0.00d

0.00 ± 
0.00d

0.00 ± 
0.00d

1.67 ± 
1.67d

3.33 ± 
1.67d

Note: All data represent means ± SE. Values followed by same letters in the same column indicated
not signi�cant differences (P > 0.05) according to Tukey’s range test and the major and minor ants
were compared separately
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Table 3
Fumigation toxicity bioassay of methyl allyl disul�de and methyl allyl disul�de against S.invicta

Treatment Time

(h)

LC50

(µl/L)

Regression
equation

95% con�dence
limit

Correlation
coe�cient

methyl allyl
disul�de

6 0.13 Y = 6.0710 + 
1.2077x

0.10–0.17 0.9952

12 0.07 Y = 7.2755 + 
1.9674x

0.05–0.09 0.9801

diallyl disul�de 6 0.08 Y = 6.5140 + 
1.4001x

0.06–0.11 0.9931

12 0.05 Y = 6.8778 + 
1.4782x

0.04–0.07 0.9884

3.3 Effect of garlic on grasping behavior
As indicated in Table 4, the grasping rates of S. invicta produced by volatiles from mashed garlic diminish
over time when compared to the mortality caused by fumigation toxicity. When compared to the control,
the garlic volatile component had a substantial impact on workers gripping abilities(P < 0.05).
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Table 4
Effect of garlic volatile components on the grasping behavior of S.invicta workers

concentration workers Grasping rate (%, mean ± SE)

2h 4h 6h 8h 10h 12h

16µg/ml major 15.00 ± 
5.00d

13.33 ± 
1.67c

8.33 ± 
3.33c

5.00 ± 
2.89c

3.33 ± 
1.67c

1.67 ± 
1.67c

minor 13.33 ± 
4.41d

8.33 ± 
3.33d

5.00 ± 
2.89c

1.67 ± 
1.67c

- -

8µg/ml major 40.00 ± 
2.89c

33.33 ± 
3.33b

26.67 ± 
1.67b

15.00 ± 
2.89bc

6.67 ± 
1.67c

3.33 ± 
1.67c

minor 31.67 ± 
4.41bc

25.00 ± 
2.89c

16.67 ± 
4.41bc

6.67 ± 
3.33bc

3.33 ± 
1.67cd

-

4µg/ml major 46.67 ± 
4.41bc

33.33 ± 
6.01b

23.33 ± 
3.33b

18.33 ± 
1.67b

10.00 ± 
2.89c

5.00 ± 
2.89c

minor 48.33 ± 
6.01b

33.33 ± 
3.33bc

25.00 ± 
2.89b

16.67 ± 
1.67b

10.33 ± 
2.89c

6.67 ± 
3.33c

2µg/ml major 61.67 ± 
6.01b

46.67 ± 
3.33b

31.67 ± 
4.41b

30.00 ± 
2.89b

26.67 ± 
1.67b

20.00 ± 
2.89b

minor 63.33 ± 
6.67b

45.00 ± 
2.89b

31.67 ± 
3.33b

28.33 ± 
4.41b

26.67 ± 
1.67b

21.67 ± 
1.67b

CK major 90.00 ± 
2.89a

85.00 ± 
2.89a

83.33 ± 
1.67a

86.67 ± 
3.33a

90.00 ± 
0.00a

81.67 ± 
1.67a

minor 91.67 ± 
1.67a

86.67 ± 
3.33a

88.33 ± 
1.67a

85.00 ± 
2.89a

90.00 ± 
2.89a

81.67 ± 
4.41a

Note: All data represent means ± SE. Values followed by same letters in the same column indicated
not signi�cant differences (P > 0.05) according to Tukey’s range test and the major and minor ants
were compared separately

At exposure times ranging from 2h to 12h the grasping abilities decrease from 15.00–1.76%
(16µg/ml),40.00–3.33% (8µg/ml), 46.67–5.00% (4µg/ml), 61.67–20.00% (2µg/ml) and 90.00–81.67%
(CK) for the major workers and from 13.33–0.00% (16µg/ml), 31.67–0.00% (8µg/ml), 48.33–6.67%
(4µg/ml), 63.33–26.67% (2µg/ml) and 91.67–81.67% (CK) for the minor workers.

3.4 Effect of garlic on walking behavior
As indicated in Table 5, the volatile ingredient of garlic has a substantial effect on workers walking ability
(P < 0.05) compared to the control. Untreated workers moved �exibly and rapidly. In comparison workers
treated with garlic wandered aimlessly and then eventually lost their balance.
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Table 5
Effect of garlic volatile components on the walking behavior of S.invicta workers

concentration workers Walking rate (%, mean ± SE)

2h 4h 6h 8h 10h 12h

16µg/ml major 21.67 ± 
1.67d

18.33 ± 
1.67d

13.33 ± 
1.67d

8.33 ± 
1.67d

1.67 ± 
1.67d

-

minor 20.00 ± 
2.89d

16.67 ± 
1.67d

11.67 ± 
1.67c

1.67 ± 
1.67c

- -

8µg/ml major 43.33 ± 
3.33c

35.00 ± 
5.71bc

23.33 ± 
4.41bc

15.00 ± 
2.89cd

8.33 ± 
1.67cd

1.67 ± 
1.67c

minor 41.67 ± 
4.41c

31.67 ± 
3.33c

20.00 ± 
2.89bc

11.67 ± 
4.41bc

8.33 ± 
1.67cd

1.67 ± 
1.67c

4µg/ml major 63.33 ± 
4.41b

46.67 ± 
4.41b

36.67 ± 
4.41b

23.33 ± 
3.33c

18.33 ± 
1.67bc

11.67 ± 
1.67bc

minor 60.00 ± 
5.00b

41.67 ± 
4.41bc

31.67 ± 
3.33b

21.67 ± 
1.67b

16.67 ± 
3.33c

10.00 ± 
2.89c

2µg/ml major 73.33 ± 
3.33b

58.33 ± 
3.33b

41.67 ± 
1.67b

36.67 ± 
1.67b

28.33 ± 
6.01b

25.00 ± 
5.00b

minor 73.33 ± 
1.67b

53.33 ± 
3.33b

41.67 ± 
6.01b

35.00 ± 
2.89b

28.33 ± 
1.67b

23.33 ± 
3.33b

CK major 98.33 ± 
1.67a

96.67 ± 
1.67a

98.33 ± 
1.67a

96.67 ± 
3.33a

93.33 ± 
1.67a

93.33 ± 
4.01a

minor 98.33 ± 
1.67a

93.33 ± 
1.67a

93.33 ± 
3.33a

90.00 ± 
5.77a

95.00 ± 
2.89a

96.67 ± 
3.33a

Note: All data represent means ± SE. Values followed by same letters in the same column indicated
not signi�cant differences (P > 0.05) according to Tukey’s range test and the major and minor ants
were compared separately

At exposure times ranging from 2h to 12h, the walking abilities are reduced from 21.67–0.00% (16µg/ml),
43.33–1.67% (8µg/ml), 63.33–11.67% (4µg/ml), 73.33–25.00% (2µg/ml), and 98.33–93.33% (CK) for the
major workers, and from 20.00–0.00%(16µg/ml), 41.67–1.67%(8µg/ml), 60.00–10.00% (4µg/ml), 73.33–
23.33% (2µg/ml), and 98.33–96.67% (CK) for the minor workers.

4. Discussion
The volatile compounds from garlic have been extensively studied. In this study, 21 compounds were
identi�ed by solid-phase micro extraction and GC-MS using garlic as raw material. Table 1 shows the
provisionally identi�ed substances. The listed main compounds are thiosul�nates and sulfur volatiles.
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The volatile components extracted from garlic were slightly different from those previously reported. In
addition to the variations between studies as a result of differences in isolation methods, times and
equipment differences in location, plant varieties, and harvest times could explain these differences
(Wong et al. 2005; Bakkali et al. 2008; Suthisut et al. 2011; Joshi 2013; Rizvi et al. 2018; Zhang et al.
2021).

In garlic, the unstable organosulfur compounds give way to volatile sulfur volatiles through a metabolic
pathway in the following ways. A series of chain reactions transformed S-alk (en) yl - Lcysteine into
volatile organosulfur compounds. S-alkenyl-L-cysteine-S-oxides are produced when the derivative of L-
cysteine is oxidized in fresh garlic, the most abundant of which is alliin. As the fresh garlic is chopped, the
enzyme alliinase becomes activated and then alliin and the rest of the salk (en) yl- L- cysteine- S- oxides
were converted into sulfenic acid intermediates. The intermediate rapidly condensed into thiosul�nates in
the aqueous cell medium (Molina-Calle et al. 2017). Allicin, the major thiosul�nate content of fresh garlic,
is derived from alliin, Compounds of this type are extremely unstable and various sulfur derivatives are
formed, the majority of which are volatile (Carson JF and Wong FF 1961; Yee CW et al. 1999). In some
case, garlic doesn't contain thiosul�nates is due to their instability, which undergoes chain reactions to
become volatile (Lanzotti 2006; Molina-Calle et al. 2016).

In these compounds, diallyl disul�de, the predominate volatile of garlic, has been reported to act as a
fumigant against many insects and pathogens by Yee CW et al. (1999); Molina-Calle et al. (2017). At a
concentration of 7.43 mg/g of food, Yee CW et al. (1999) indicated that the growth rate, food
consumption rate of adult T. castaneum were signi�cantly reduced after exposure to diallyl disul�de.
Therefore diallyl disul�de also can be used as a potential antifeedant. In this experiment, the LC50 of
diallyl disul�de against S.invicta at 6h is 0.08µl/L, which showed extremely strong fumigation activity
against red imported �re ants. Furthermore, Yang et al. (2010) illustrated that diallyl trisul�de can
suppress the progeny production. This is probably due to the weakened physical states of the surviving
insects, which cannot be supported to lay eggs or to hatch eggs. There have been numerous studies
showing that garlic essential oil and its two major components, methyl allyl disul�de and diallyl trisul�de,
have excellent inhibiting effect on both Sitophilus zeamais and Tribolium castaneum (Ho et al. 1996;
Huang et al. 2000a, b). And in this experiment, the LC50 of methyl allyl disul�de against S.invicta at 6h is
0.13µl/L, which corresponding to the previous studies.

Generally speaking, the fumigant properties can be attributed to their main ingredients (Uysal et al. 2011;
Souto et al. 2012; Silvério et al. 2013). In this study diallyl disul�de, methyl allyl disul�de, and diallyl
trisul�de are the main components that plays a signi�cant role in fumigant activity.

The envelopment and interspecies competition of a colony depends heavily on the social behavior of
ants, which includes grasping, walking, and biting. It’s also likely that the reduction of walking and
grasping abilities will indirectly affect �re ant social behavior leads to inability to adjust to the
environment. Besides, Signals from the environment are highly sensitive to insect sensilla. In Zhang et al.
(2021) study, the walking and gripping abilities of ants were affected and the antennas damaged



Page 13/18

seriously after red imported �re ants infused with the essential oils. Moreover Qin et al. (2020) implied the
head �fth sensilla in instar of Spodoptera litura was broken after treated with azadirachtin which lead to
the antifeedant behavior. As a consequence, it was assumed that behavioral changes may due to the
sensillum damage.

Consequently, the garlic or its effective volatile compounds can be placed in ports for fumigation to
remove the red �re ants entangled in the goods, thereby letting the garlic and its effective volatile
compounds exert their resource value, without negatively affecting the environment. These results
revealed a potential source of a new botanical insecticide of plant origin.
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GC-MS total ion chromatograms of volatile components of garlic

Figure 2

Spectra of diallyl disul�de (A) and (E)-1-Allyl-2- (prop-1-en-1-yl) disulfane (B)and from the garlic samples


