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Label Display Names: Garlic; Garlic oil. CA DPR Chem Code: 2213

Active Components: Garlic oil, Allicin, Allyl disul- Other Names: Allium sativum; Ajo y oleo de ajo

fide, Diallyl disulfide, Triallyl disulfide (Spanish); Garlic volatile oil; Porrum sativum bulb oil

CAS Registry #: None (garlic); Other Codes: BRN 1736016; CCRIS 4049; EINECS

8000-78-0 (garlic ail) 209-775-1; FEMA 2042 and 2503; SMILES C(SC-
C=C)C=C; [HIC(HN=C(IHDCHI(HDSCHND([HT)

U.S. EPA PC Code: 128827 C(HN)=C([HNIH]

Summary: Garlic is a food crop with documented therapeutic and pesticidal effects. It has been long-rec-
ognized as a bactericide due to the effects of a variety of sulfur-containing compounds with strong biolog-
ical activity. These same compounds also inhibit fungal growth. Garlic is used as an insecticide with both
repellent and biocidal properties. Garlic crop residues have both nematicidal and herbicidal properties.
The Select Committee on GRAS Substances (SCOGS 1973) states there is no evidence that garlic or oil of
garlic demonstrates a hazard to the public when used at current levels.

Pesticidal Uses: antimicrobial, fungicide, bactericide, virucide; insecticide and acaricide; bird, deer and
other vertebrate pest repellent; nematicide; molluscicide; algicide and herbicide.

Formulations and Combinations: Red and black pepper; various other essential and vegetable oils;
calcium hydroxide; various emulsifiers; putrescent whole egg solids.

Basic Manufacturers: Christopher Ranch; McCormick & Co.; Elf Aquitaine; Garlic Research Labs.
Safety Overview: Garlic and garlic oil have a nontoxic mode of action for repelling target birds and

insects. The EPA stated that registered bird and insect repellent uses of garlic were not likely to cause
unreasonable adverse effects in people or the environment (US EPA 1992).

This document profiles an active ingredient currently eligible for exemption from pesticide registration when used in
a Minimum Risk Pesticide in accordance with the Federal Insecticide, Fungicide and Rodenticide Act (FIFRA) section
25b. The profile was developed by the New York State Integrated Pest Management Program at Cornell University,
for the New York State Department of Environmental Conservation. The authors are solely responsible for its con-
tent. The Overview Document contains more information on the scope of the profiles, the purpose of each section,
and the methods used to prepare them. Mention of specific uses are for informational purposes only, and are not
to be construed as recommendations. Brand name products are referred to for identification purposes only, and
are not endorsements.

Page 1 0f 19


http://hdl.handle.net/1813/52630

Garlic and Garlic Oil Profile

Background

Garlicis a commonly consumed food ingredient that is derived from a widely cultivated plant, Allium
sativum. It is a strongly scented culinary herb believed to be native to the high plains of western Central
Asia and cultivated throughout the world (Khan and Abourashed 2010). Garlic oil is the product of steam
distillation of garlic, and is also edible—though regarded as unpalatable. Fresh garlic needs to be pro-
cessed before it can be applied as a pesticide. The two most common methods are to prepare dehydrat-
ed powders or garlic extracts (US EPA 1992). Dehydration into garlic powder or flakes begins when the
garlicis peeled and sliced, then, in most cases, heated to 150°-160°C (~300°-320°F). Water is removed to
a 6.5% moisture content, then the garlic is crushed and reduced into particle size by slicing, chopping or
mincing (Luh et al. 1975). Constituent extracts of garlic are not eligible as active ingredients for exemption
from pesticide registration under 25(b) (Burnett 2017).

The oil is often obtained by steam distillation (Merck 2015). The sulfur-containing constituents diallyl
disulfide and diallyl trisulfide are the predominant constituents of the oil, with diallyl disulfide comprising
up to 60% of the oil by weight (Khan and Abourashed 2010). Diallyl disulfide is a labile sterecisomer that
readily decomposes into two allyl sulfide molecules (Block 2010). Other constituents include ajoene, alliin,
allicin, methyl allyl trisulfide, allyl sulfide, as well as terpenes including citral, geraniol, linalool, a - and
B-phellandrene (Merck 2015). The source of garlic odor is the result of the enzyme allinase converting
alliin to allicin upon cutting or crushing (Block 1985). Because of the intermediate step of enzymatic con-
version, biochemists tend not to regard garlic oil as an ‘essential’ oil in same way as geranium, clove, mint,
rosemary, or thyme oils. Instead, allicin and related compounds created by damaging the plant tissue are
considered ‘secondary metabolites'. Garlic is one of many plants that evolved to create secondary metab-
olites as defenses to pest and disease damage (Wink 2003).

In 1983, the EPA first registered garlic as a pesticide for use as a bird repellent (US EPA 1992). That formu-
lation also contained red pepper as an active ingredient. The EPA registered an insecticide with garlic as a
single ingredient in 1991 (US EPA 1992). At the time of the last registration review, garlic oil was registered
as an active ingredient in 11 pesticide products—one technical grade product and 10 end use products

(McDavit 2010). There were 30 products registered with the EPA as of May 2017 (US EPA 2017). Garlic is

effective in the control of bacteria, fungi, insects, ticks, nematodes, and weeds. Garlic and garlic oil may be
applied to aquatic ecosystems both as a mosquito larvicide as well as to suppress undesired algal species.

Chemical and Physical Properties

Fresh garlic is 70% moisture (Palani et al. 2014). The physical and chemical properties for solid garlic are
of the dry weight. The chemical and physical properties of garlic oil and garlic extract depend on how it
is prepared (Lawson 1996). In particular, the concentration of biologically active secondary metabolites
will vary by the method used to process and store the garlic (Brandl et al. 2016). Cloves of garlic (Alli-
um sativum) consist of between 0.1 to 0.36% volatile oil (Merck 2015), averaging about 0.2% (Khan and
Abourashed 2010). Other constituents include carbohydrates, proteins, amino acids, vitamins, minerals,
saponins and enzymes (Merck 2015).

The most common and effective way to apply garlic as a pesticide is to extract the oil—which is the most
commonly used form as an insecticide, fungicide, and herbicide. The physical and chemical properties of
garlic and garlic oil appear in Table 1.
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Table 1
Physical and Chemical Properties of Garlic and Garlic Oil
Property Characteristic/Value Source(s)
Molecular Formula: N/A
Molecular Weight: N/A

Percent Composition:

Garlic: 0.1-0.36%, Protein; Carbohydrates;
Vitamins; Minerals.

Garlic oil: Diallyl disulfide 60%; Alliin 2.62%;
Allicin 0.15-0.66, y-glutamyl-S-(E,S prope-
nyl) cysteine 0.09-0.68%. Remainder is
composed of various non-protein amino
acids and lipids.

(Block 2010; Khan and
Abourashed 2010)

eral oil; incompletely soluble in alcohol.
Insoluble in glycerin, propylene glycol.

Physical state at 25°C/1 Atm. Garlic: Solid (Powder) (McDavit 2010)
Garlic oil: Liquid
Color Garlic: White to yellowish-white (Merck 2015)
Garlic oil: Clear yellow to red-orange
Odor Distinct pungent garlic odor (Merck 2015)
Density/Specific Gravity Garlic oil: 1.050-1.095 (Merck 2015)
Melting (solidifying) point Garlic oil: - 59.48°C (EP12012)
Boiling point Garlic oil: 136.32°C (EP12012)
Solubility Garlic oil is soluble in most fixed oils, min- | (Food Chemicals Codex Commit-

tee 2011; Merck 2015)

Vapor pressure Garlic oil: 10 mm at 20°C (Matthews 2009)
pH Garlic 0il: 5.5-6.0 (McDavit 2010)
Octonol/Water (K_ ) coefficient Garlic oil: 2.61 (EP12012)

Viscosity Garlic oil: n =9.2 mPa/s +0.4 (ambient) (Siddiqui and Ahmad 2013)
Miscibility Not found
Flammability Garlic oil: Highly flammable (Sigma-Aldrich 2015)

Storage stability

Garlic oil: Stable

(McDavit 2010)

Corrosion characteristics

Garlic oil: Corrosion inhibitor in steel

(Srivastava and Srivastava 1981)

Air half life Garlic oil: 2.81 hrs (EPI12012)
Soil half life Garlic oil: 720 hrs (EPI12012)
Water half life Garlic oil: 360 hrs (EPI12012)
Persistence Garlic oil: 244 hrs (EPI12012)

Human Health Information

The Select Committee on GRAS Substances (SCOGS 1973) stated that, “[t]he long history of the use of gar-
licin food and acute, chronic and inhalation studies, although limited, reveal no credible adverse biolog-
ical effects even at concentrations which are of orders of magnitude greater than the levels reported to
be currently consumed in man'’s daily diet. . . There is no evidence in the available information on garlic or
oil of garlic that demonstrates a hazard to the public when they are used at levels that are now current or
that might reasonably be expected in the future.”
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Garlic is reported to have numerous health benefits, including as an antibacterial, antifungal and antiviral
agent; cholesterol reduction; cardiovascular enhancement; antitumor activity; and antioxidant properties
(Khan and Abourashed 2010). As such it is a popular traditional folk remedy in many parts of the world
(Merck 2015).

A book that reviewed over 2,000 references about the science and therapeutic application of garlic
concludes that the long-term health effects are largely beneficial, but there are some side effects (Koch
and Lawson 1996). The review, conducted nearly 20 years ago, noted that the number of papers on the
subject was growing exponentially, and searches of the literature since appear to be consistent with that
trend. A slightly later review, focused on the anti-oxidant properties of garlic and its constituents, noted
that while dietary anti-oxidants are largely beneficial, these biologically active substances also pose health
risks—particularly if consumed at levels greater than normal dietary rates (Banerjee et al. 2003). The an-
ti-oxidant properties in garlic may be responsible for the reduction in the efficacy of certain medications,
such as anti-viral drugs (Borrelli et al. 2007).

A review of the epidemiological literature found adverse acute human health effects from dietary and
occupational exposure include halitosis, dermatitis, ucartia, asthma, coagulation dysfunction, cardiovas-
cular dysfunction, and gastrointestinal dysfunction (Morbidoni et al. 2001; Borrelli et al. 2007). Some of
the population has allergic reactions when exposed. Local dermal irritation can develop in the form of a
stinging sensation, and people who handle garlic have been known to develop allergic reactions. These
are primarily in the form of eczema on the hands and asthma from inhaling garlic powder (Koch and Law-
son 1996). Allergies from the consumption of garlic as a food ingredient are more common in members
of the population than it is for many other food allergens, but the symptoms tend to be relatively mild,
and often dependent on how the garlic is prepared and with what other foods it is served—resulting in
cross-sensitivities (Scholl and Jensen-Jarolim 2004).

Unrefrigerated garlic stored in oil can grow Clostridium botulin and there have been fatal cases of botulism
from people eating improperly prepared and stored garlic (St Louis et al. 1988). Exposure to high doses of
garlic can cause severe irritation, particularly to open wounds (Koch and Lawson 1996).

Acute Toxicity

Acute toxicity of garlic and garlic oil was not found. As proxies, the acute toxicity of garlic extracts and the
constituent diallyl disulfide appear in Table 2, with the evaluated substance identified.

Table 2
Acute Toxicity of Garlic Extracts and Constituents
Study Results Source(s)
Acute oral toxicity Rat: LD,,>30ml/kg (Garlic extract) (Nakagawa et al. 1984; Koch and
Lawson 1996)

Acute dermal toxicity Rat: LD, >5 g/kg (Diallyl disulfide) (US EPA OPPTS 2015)

Acute inhalation Not found

Acute eye irritation Rabbit: Moderate eye irritant (Diallyl disulfide) (US EPA OPPTS 2015)

Acute dermal irritation Rabbit: Severe skin irritant (Diallyl disulfide) (US EPA OPPTS 2015)

Skin sensitization Guinea pig: Contact sensitizer (Diallyl disulfide) (US EPA OPPTS 2015)
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A Japanese study found that a garlic extract used as a proxy for whole garlic was not toxic to rats at the
highest dose administered of 30 ml/kg (Nakagawa et al. 1984). None of the rats dermally exposed to the
highest dose of the active constituent diallyl disulfide suffered a fatal dose, so the dermal LD, also could
not be determined. However, rats in that study exposed to the maximum dose suffered tremors, wobbly
gait, circling, head wobble, and apparent paralysis (US EPA OPPTS 2015).

Sub-chronic Toxicity

The sub-chronic toxicity of garlic, garlic oil and extracts appear in Table 3.

Table 3

Sub-chronic Toxicity of Garlic, Garlic Oil and Garlic Extracts

Study Results Source(s)
Repeated Dose 28-day Oral Toxicity Rats (21 days): Increased lipid peroxidation and | (Banerjee et al. 2003)
Study in Rodents decreased antioxidant enzymes (Garlic oil)
90-day oral toxicity in rodents Rats: Decrease in food intake (Garlic extract) (Sumiyoshi et al. 1984)
90-day oral toxicity in non-rodents Not found
90-day dermal toxicity Not found
90-day inhalation toxicity Not found
Reproduction/development toxicity Not found

screening test

Combined repeated dose toxicity with Not found
reproduction/development toxicity
screening test

Prenatal developmental toxicity study Not found
Reproduction and fertility effects Rats: Inhibited spermatogenesis at 50 mg/kg (Dixit and Joshi 1982;
(Garlic powder) Banerjee et al. 2003)

As noted above, most long-term feeding studies have primarily been conducted to determine the health
benefits of garlic, with few—but notable—side effects. Allicin is strongly hepatotoxic when consumed
daily in large doses. Rats fed 100 mg/kg for 15 days had significantly increased lipase and other liver enzy-
matic activity, as well as lower blood glycogen—both seen as pre-diabetic conditions and symptomatic of
liver failure (Augusti and Mathew 1975).

Chronic Toxicity

The chronic toxicity of garlic extract used as a proxy for garlic toxicity appears in Table 4.

Table 4
Chronic Toxicity of Garlic Extract
Study Results Source(s)
Chronic toxicity Ames test: Negative (Aqueous extract) | (Martinez et al. 1999)
Carcinogenicity Not found
Combined chronic Not found
toxicity & carcinogenicity
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Garlic and garlic oil are not identified as carcinogens by the International Agency for Research on Cancer
(IARC 2014). Garlic and garlic oil are not on the California Proposition 65 list of known carcinogens (Cal-
EPA 1997) and do not appear on the Toxics Release Inventory (TRI) Basis of OSHA Carcinogens (US EPA
2015).

Garlic has been the subject of numerous studies that found it has cancer preventive and anti-carcinogenic
properties (Koch and Lawson 1996). Garlic oil successfully inhibited papilloma growth on mice treated
with a single carcinogenic dose of 7, 12-dimethylbenz[a]-anthracene (DMBA) (Perchellet et al. 1989).

Human Health Incidents

For the period 1992 to 2010, the EPA's registration review of garlic found no reports of human health
incidents caused by the use of registered pesticide products where garlic was an active ingredient (McDa-
vit 2010). The National Pesticide Information Center (NPIC) received 32 reports of human health-related
incidents involving garlic oil between April 1, 1996 and March 30, 2016 (NPIC 2016). Most of these inci-
dents involved accidental ingestion of animal repellents containing additional active ingredients, primarily
putrescent egg solids and dried blood.

Environmental Effects Information

Effects on Non-target Organisms

The effects of garlic and garlic oil are summarized in Table 5.

Table 5
Effects of Garlic, Garlic Oil and Garlic Extract on Non-target Organisms
Study Results Source(s)
Avian Oral, Tier | Not found

Non-target plant studies Not found

Non-target insect studies Stingless bees: Non-toxic at the highest dose; Honey bees (Apis | (Xavier et al. 2010;

mellifera): Higher mortality than control (Garlic extract) Xavier et al. 2015)
Aquatic vertebrates Sea bass: Possible negative hematological and biochemical (Irkin et al. 2014)
consequences with diets in excess of 2% garlic (Garlic powder)
Aquatic invertebrates Prawns: LC,; 700-800 mg/ml (Garlic oil) (Zhou et al. 2010)

Based on garlic's repellent characteristics, it is considered low risk to birds and mammals (Gwynn 2014),
as well as aquatic invertebrates and other non-target organisms (Gwynn 2014).

When tested on honey bee adult workers and larvae (Apis mellifera), a garlic extract insecticide product
caused a significantly higher mortality rate than the no-treatment control, but showed no significantly
different mortality rate than citronella oil, eucalyptus oil, rotenone, or neem oil. However, when garlic ex-
tract was compared against the same botanical insecticides, it tested nontoxic to the stingless bee species
Nannotrigona testaceicornis and Tetragonisca angustula—important pollinators in South America (Vania et
al. 2010).
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Garlic has been studied as a growth promoter, antioxidant, and immune system booster for fish. Euro-
pean Sea bass (Dicentrarchus labrax) were fed diets supplemented with garlic powder at 0 (control), 2%,
4%, or 6% levels for a period of 60 days (Irkin et al. 2014). Cholesterol levels were lowered at 2% and 6%.
However, red blood cell counts (RBC) and other hematological parameters showed adverse effects at the
higher doses of 4% and 6% compared to the control group and 2% dosage group (Irkin et al. 2014).

A formulated 25(b)-exempt insecticide product with the active ingredients garlic extract, cinnamon, clove
oil, and rosemary was found to be phytotoxic to the Transvaal daisy (Gerbera jamesonii) (Cloyd et al. 2009).

Garlic extract applied in aqueous solution as an algaecide was found to be toxic to two species of prawns:
Litopenneaus vannamei (LC,,=0.07%) and Pennaeus monodon (LC, =0.08%) (Zhou et al. 2010). The same
study reported garlic extract in aqueous solution to be toxic in higher concentrations to Plectorhinchus
cinctus (LC,,=0.26%) but nontoxic to juvenile fish Pagrosomus major, even at the highest dose. Both species
of fish became hyperactive during exposure.

Between April 1, 1996 and March 30, 2016, NPIC received 32 reports of animal-related incidents involv-
ing garlic oil (NPIC 2016). Most involved dogs eating stored deer repellent that also contained blood and
putrescent whole egg solids.

Environmental Fate, Ecological Exposure, and Environmental Expression

Garlic oil is considered readily biodegradable (EPI 2012). Diallyl disulfide, the compound believed to be
one of the main mosquito larvicides in garlic oil (Amonkar and Reeves 1970), was found to be 60% de-
graded in water after 4 hours and 84% degraded after 24 hours (Ramakrishnan et al. 1989).

Environmental Incidents

NPIC received 426 reported incidents involving garlic oil that were not related to animals or human
health (NPIC 2016). This, and the total of 489 incidents reported to NPIC, was the second highest of any
minimum-risk pesticide active ingredient following putrescent whole egg solids. Miscellaneous inquiries
generally involved questions about the product’s use, safety, and clean-up after application. 22 incidents
were complaints about odor. One hundred and seven of the calls sought product information about Bon-
ide Shotgun Repels-All, a 25(b) pesticide formulation having putrescent whole egg solids and dried blood
as active ingredients.

Efficacy

Antimicrobial Activity

Antibacterial activity of garlic was first reported by Louis Pasteur in 1858 (Block 1985; Reuter et al. 1996).
Before that, garlic was commonly and effectively used as an antiseptic and disinfectant in traditional med-
icine. However, the specific antimicrobial agents in garlic were not fully understood for nearly a century.
Allicin, first isolated in 1944, was discovered to have antibacterial activity comparable to penicillin (Cavalli-
to and Bailey 1944). Those early experiments showed that allicin prevented the growth of Staphylococcus
aureus, Streptococcus hemolyticus, S. viridans, Bacillus subtilis, B. typhosus, B. enterica, B. typhimurium, and
Vibrio cholera.
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A review of the literature confirmed these early findings on garlic: its relatively potent antimicrobial
activity; an expanded number of human pathogens garlic effectively inhibits; and evidence showing that
certain organisms capable of developing antibiotic resistance are significantly less likely to develop resis-
tance to allicin (Ankri and Mirelman 1999). Other reviews of garlic's antimicrobial properties show it to be
effective at preventing or inhibiting the growth of a wide range of human pathogens—many of which are
food-borne (Reuter et al. 1996; Benkeblia 2004) and include Salmonella spp. and Staphylococcus aureus.
For example, garlic oil created a zone of inhibition for S. aureus of 6.3mm at 50 pl/I, which increased to
9.3mm at a concentration of 500 pl/I (Benkeblia 2004). The inhibition zone for Salmonella enterica was
even greater: 8.3mm at 50 pl/l and 13.1mm at a concentration of 500 pl/l. Garlic inhibits the growth of the
bacteria linked to gastric ulcers, Helicobacter pylori (Cellini et al. 1996).

Fungicidal Activity

The efficacy of garlic's antifungal properties are supported by a considerable body of research (Koch and
Lawson 1996; Block 2010). Most studies are of post-harvest and processing applications. Garlic inhibits
the formation of mycotoxin producing fungi (Ankri and Mirelman 1999). Allicin has the properties of a
phytoalexin because it is produced as a result of freshly injured garlic plant tissue, consistent with a re-
sponse to fungal or insect attack (Borlinghaus et al. 2014).

Efficacy can be enhanced when the allicin concentrations are increased. Tomatoes inoculated with late
blight (Phytophthora infestans) were treated with garlic extract diluted with water to specified allicin lev-
els. A 1:100 dilution, resulting in a concentration of allicin at 55 pg/ml, had less than 50% control of the
Phytophthora, while a 1:50 dilution with a concentration of 110 pg/ml achieved 100% control (Portz et al.
2008). Fusarium oxysporum was inhibited in petri dish studies by a concentration of 500 mg/ml of garlic
extract (Tarig and Magee 1990).

Garlic and its active constituent allicin were found to be potent fungistats and fungicides of Cryptococcus
neoformans, the human pathogen responsible for Cryptococcal meningitis (Davis et al. 1994). Garlic and
allicin’s antifungal activity may also be indirect, through the stimulation of plant defenses against fungal
pathogens. Allicin was observed to increase antioxidants in cucumbers (Hayat et al. 2016).

Insecticidal and Acaricidal Activity

Garlic's insect repellent properties were also long-recognized before the specific mode of action was
discovered. Most evidence of efficacy against specific insects prior to 1970 is anecdotal. In the early 1970s,
interest in garlic as an insecticide was revived. The first pests targeted were mosquitoes, driven by a public
health interest in finding safe and effective replacements for DDT. Many of the efficacy studies pre-date
garlic’s eligibility as a minimum risk pesticide active ingredient. A number of the studies look at the effica-
cy of the specific constituents that are not eligible as minimum risk pesticide active ingredients (Burnett
2017). The efficacy data on these substances is included to understand the potential efficacy of garlic.

The insecticidal properties of diallyl disulfide was discovered in 1970 (Amonkar and Reeves 1970). Culex
quinquefasciatus mosquito larvae exposed to 5ppm of diallyl disulfide, both in garlic oil and in an aqueous
extract, experienced 100% mortality (Amonkar and Banerji 1971). Mosquito hatches were observed to be
suppressed in unharvestable flooded garlic fields (Crowe 1995). The cultural practices for the garlic were
not reported.
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As a Culex pipiens larvicide, a United Kingdom study showed garlic was more potent and persistent than
lemon (Citrus limon) peel extracts (Thomas and Callaghan 1999). The 90-hour mortality for 0.16 g/L fresh
lemon peel extracts was about 50%, while the 0.16 g/L garlic had a 90-hour mortality of 83% and persisted
in its toxicity over 106 hours. Mosquito larvae resistant to organophosphate insecticides in that same study
were not found to be significantly less susceptible to garlic than non-resistant mosquitoes, even though
the enzymatic activity that detoxifies organophosphate in those strains was thought to detoxify the allyl
sulfide compounds as well. Garlic oil is more effective as a Culex pipiens larvicide than its constituents, sug-
gesting a synergistic effect of various compounds in addition to diallyl disulfide (Kimbaris et al. 2009).

Garlic extract formulated by preparing a 6% solution of dissolved garlic powder, as well as in an aqueous
extract at a solution strength of 1 mg/ml, were both able to completely prevent Aedes aegypti eggs from
hatching. The structure of the eggs were scanned with an electron microscope, and the eggs treated with
the powder were physically damaged, but the eggs treated with the aqueous solution were not, suggest-
ing that it may, in fact, have a chemical mode of action (Jarial 2001).

In one study, garlic oil resulted in less than a 10% mortality rate for adult Aedes albopictus and Culex
quinquefasciatus, suggesting garlic oil is relatively ineffective against adult mosquitoes (Cilek et al. 2011).
Garlic inhibited, but failed to completely suppress, oviposition by Anopheles stephansi adult females (Dhar
et al. 1996). While garlic oil is not biocidal against adult mosquitoes, it does act as a repellent because the
organosulfur compounds in garlic elicit avoidance behavior in adult Aedes aegypti (Campbell et al. 2011).
Although it is generally not fatal in its mode of action, garlic oil can deter adult mosquito feeding. Garlic oil
encapsulated in an exempt attractive toxic sugar bait (ATSB) formulation, and applied to riparian vegeta-
tion that shelter mosquitoes during the day in the arid lower Jordan Valley of Israel, was able to decrease
biting pressure by Anopheles sergentii adult mosquitoes by 97% (Revay et al. 2015).

Other dipteran pests are susceptible to garlic as well. The cecidomyiid gall midge (Camptomyia cortical-
is)—a pest of shiitake mushrooms—was the subject of an experiment conducted in South Korea. Midges
treated in the third instar had a 100% mortality rate when exposed to commercially available garlic oil at
a dose of 1.05 mg/cm? for 24 hours (Kim et al. 2012). The 24 hour LC,, was estimated to be 0.60 mg/cm?.
Garlic juice was compared with the organophosphate insecticide chlorfenvinphos for lethal effects on the
cabbage fly (Delia radicum) and the common housefly (Musca domestica). Garlic juice at concentrations of
2-5% was effective and sometimes comparable to chlorfenvinphos against the eggs and adults, but not
necessarily larvae, of both species (Prowse et al. 2006). The adult LC, s were estimated to be 0.40 for D.
radicum and 2.19 for M. domestica.

In agricultural applications, laboratory screening and field experiments have been conducted to deter-
mine the efficacy of garlic, garlic oil, and garlic extract in managing specific pests. Garlic oil is an effective
insecticide for controlling some aphids (Greenstock and Larrea 1972). Intercropping garlic as a repellent
between host plants is part of an integrated strategy known as ‘push-pull’. Tobacco (Tobacum nicotiana) in-
terplanted with garlic had lower green peach aphid (Myzus persicae) populations than the tobacco mono-
culture (Lai et al. 2011).

Wheat (Triticum aestivum) grown in monoculture was compared with wheat intercropped with garlic,
sprayed with garlic oil, and sprayed with concentrated diallyl disulfide derived from garlic. Populations
of English green aphids (Sitobion avenae) and various species of lady beetles were then monitored—the
number of mummified aphids were indicative of parasitism. The diallyl disulfide-treated wheat had the
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lowest aphid populations, with garlic oil having aphid populations lower than the control and not signifi-
cantly different from the intercrop. However, the intercropped system had the highest lady beetles and
aphid mummies, with no significant difference between garlic oil and the monoculture control (Zhou et al.
2013). The garlic oil was thought to repel both the beneficial organisms and the pests, while the intercrop
repelled only the pests.

A South Korean experiment that compared the efficacy of 92 essential oils for the control of sweetpotato
whitefly (Bemisia tabaci) found garlic oil to be the most effective, with an LC, of 0.15 mL/cm?® and 100%
mortality at a rate of 2.4 mL/cm?3 (Kim et al. 2011). Cinnamon bark oil, citronella oil, red thyme oil, and
white thyme oil also achieved 100% mortality at the same rate, but had higher LC, values indicating they
were |ess toxic.

Not all homopteran insects are susceptible. For example, garlic did not provide adequate control of rosy
apple aphid (Dysaphis plantaginea) on apple trees in the UK (Cross et al. 2007), and silverleaf whitefly (Be-
misia argentifolii) survival rates in tomatoes sprayed with garlic were not significantly different from those
treated with a water spray control (Liu and Stansly 2000).

Garlic was relatively ineffective in controlling Kelly's citrus thrips (Pezothrips kellyanus) in Greek citrus
groves when compared with the botanical insecticides azadirachtin and pyrethrins (Vassiliou 2011).

Lepidopteran pests are susceptible to garlic. Early trials that treated the apple ermine moth (Yponomeuta
malinellus) with garlic achieved over 90% mortality in the field and 98% mortality in the lab (Greenstock
and Larrea 1972). The pine processionary (Thaumetopoea pityocampa) experienced 88% and 93% mor-
talities in field and lab, respectively, in the same project. Garlic extract was fatal to common cutworm
(Spodoptera litura) eggs (Gurusubramanian and Krishna 1996) and larvae (Deb-Kirtaniya et al. 1980). How-
ever, use of garlic extract in the field is a challenge, as it does not prevent economic damage of cabbage
(Brassica oleracea var Capitata) by the larvae of diamondback moth (Plutella xylostella) and cabbage white
butterfly (Pieris rapae) (Endersby et al. 1992). Of 17 essential oils, garlic oil was the most lethal to cabbage
looper (Trichoplusa ni) larvae with an LC,; = 3.3 uyL mL" and LD, = 22.7 ug per insect (Machial et al. 2010).
Lemongrass oil had an LC,; = 7.2 yL mL" and an LD, = 60.5 pg per insect by comparison. The same study
found garlic oil to be one of the least effective against the obliquebanded leafroller (Choristoneura ro-
saceana) with only a 22.2% mortality rate at a rate of 5.0 yL mL", compared with 97.0% for patchouli oil
and 64.0% for thyme oil.

The efficacy of garlic and its derivatives is inconsistent against Coleopteran pests. The Lucerne weevil
(Colaspidema atrum) had 90% mortality when exposed to garlic extract in the lab and 82% mortality in the
field (Greenstock and Larrea 1972). The pea weevil (Bruchus pisorum) had an 87% mortality rate in the lab
during the same set of experiments. Eight formulated botanical insecticide products—some registered,
some 25(b) exempt—were evaluated on the Japanese beetle (Popillia japonica), European chafer (Rhizotro-
gus majalis), oriental beetle (Anomala orientalis), and northern masked chafer (Cyclocephala borealis) (Rang-
er et al. 2009). Armorex (Soil Technologies), a 25(b)-exempt formulation consisting of 2% garlic, along with
sesame oil, clove, rosemary oil, and white pepper, had the lowest LC, and the lowest LD, making it the
most toxic. Veggie Pharm (Pharm Solutions), a 25(b)-exempt formulated product that consisted of 2.5%
pure garlic oil, along with soybean oil and peppermint oil, had the highest LC., and the highest LD, of the
8 formulated products, leading the authors to conclude that synergy was an important factor. In a subse-
quent experiment that looked at the isolated technical grade oils, the same four species were topically
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exposed to 24 plant derivatives. Garlic oil was one of six oils toxic to all four species, but it was not the
most toxic to any of the species (Ranger et al. 2013). Garlic extract resulted in zero mortality for the Colo-
rado potato beetle (Leptinotarsa decimlineata) (Greenstock and Larrea 1972).

Seven experimental preparations of garlic were compared to neem (Azadirachta indica), Aloe vera ex-

tract, and turmeric (Curcuma longa) in three different experiments that looked at the efficacy of botanical
insecticides for control of western corn rootworm (Diabrotica vergifera vergifera) (Brandl et al. 2016). Garlic
was prepared both as a powder and an oil at different concentrations, both with and without levels of
secondary metabolites elevated by processing techniques. The most potent preparation was a thermally
degraded garlic powder subsequently frozen at -20°C, with larval reductions of 70-100%. One preparation
was not significantly different from turmeric oil in its efficacy of near-total control (Brandl et al. 2016).

Post-harvest use of garlic and garlic derivatives have been studied. One study of wheat treated with garlic
and exposed to the red flour beetle and maize weevils found that eggs were the most susceptible. T. cas-
taneum eggs were completely killed at a concentration of 4.4 mg/cm? (Ho et al. 1996).

A 25(b)-exempt commercial formulation composed of 0.30% garlic extract, 0.30% cinnamon, 0.40% rose-
mary, and 0.30% clove oil—Dr. Earth Fruit & Vegetable Insect Spray (Dr. Earth)—was relatively ineffective
at ready-to-use concentrations against western flower thrips (Frankliniella occidentalis) (<20% mortality),
sweetpotato whitefly (Bemisia tabaci) (<30% mortality), and green peach aphid (Myzus persicae) (<20% mor-
tality) (Cloyd et al. 2009).

Garlic is also a potent acaricide. The two-spotted spider mite (Tetranychus urticae) has been shown to be
susceptible to garlic extract. One study conducted on T. urticae in Belgian greenhouses showed an LD, of
7.5 mg/ml, an LD, of 13.5 mg/ml, and decreased fecundity even at lower doses (Attia et al. 2012). Anoth-
er study confirmed that garlic was more effective at controlling two-spotted spider mites than rosemary
oil, jojoba oil or a mixture of soybean and sunflower oil (Ismail et al. 2015). The effective dose in that
experiment was temperature dependent. Dr. Earth Fruit & Vegetable Spray, a 25(b) exempt product, was
significantly more effective against the two-spotted spider mite (7. urticae) than the no-treatment control
with a 70-80% mortality, but was the least effective of 10 commercial products compared, including two
pesticide products exempt from registration: Bug Assassin and Sharpshooter (Cloyd et al. 2009).

Despite popular belief, internal consumption of garlic has not been consistently shown an effective re-
pellent, regardless of dosage or target organism. One study of tick bites on humans compared subjects
having consumed of 1,200 mg/d of garlic in a capsule with a placebo group. The group ingesting garlic
received significantly fewer tick bites (Stjernberg and Berglund 2000). However, that study was criticized
for its methodology, particularly lack of information about the form of garlic used, the way it was pre-
pared, and calibration of active constituents (Tunon 2001). The treatment group was still bitten by ticks,
though not as much, and the researchers did not compare treatments other than garlic, and the effect,
though significant, was only slightly better than the placebo (McHugh 2001). A double-blind study, looking
at human subjects who consumed garlic and a placebo and subsequently exposed to the mosquito Aedes
aegypti, found no significant difference between the two groups (Rajan et al. 2005).

Nematicidal Activity

Garlic extract is applied to soil for the control of Tylenchorhynchus spp., Meloidogyne spp., Pratylenchus
spp., and other phytophagous nematodes. The garlic extract is considered to act on respiratory enzymes,
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causing cytotoxic effects, which reduces egg viability and causes death of nematodes at all life stages
(Gwynn 2014). Diallyl disulfide and allicin both show potent activity as nematicides.

Mushroom (Aphelencoides sacchari) and citrus (Tylenchulus semipenetrans) nematodes were exposed to
garlic extracts with measured concentrations of diallyl disulfide. Extracts with 0.5% of diallyl disulfide
achieved a 100% kill of both species (Nath et al. 1982).

Root-knot nematode (Meloidogyne incognita) egg hatches were reduced to zero at concentrations of 10
ppm from a standardized diluted stock solution of 200 ppm of allicin extracted from garlic, while juveniles
had 100% mortality when exposed to 5ppm for 72 hours and 12.5ppm for 24 hours (Gupta and Shar-

maj 1993). The same study showed that tomato (Lycopersicon esculentum) dipped in a solution of 5ppm
showed no M. incognita damage.

Molluscidal Activity

Gray field slugs (Agriolimax agrestis) exposed to garlic extract in the lab showed 82% mortality, while those
exposed in the field had 71% mortality (Greenstock and Larrea 1972).

Vertebrate Pest Activity

Garlicis included as an active ingredient in several minimum-risk pesticide formulations. Some formu-
lations, like the Bonide products, Shotgun Repels All and Go Away, contain other eligible minimum-risk
pesticide active ingredients such as putrescent whole egg solids, blood meal, white pepper, and cloves. Ef-
ficacy data on most of these formulations was not found. Deerbuster’'s Deer and Insect Repellent (Trident
Enterprises) is a minimume-risk pesticide that consists of 10% garlic oil as the active ingredient and 90%
soybean oil as the only non-active ingredient. Plant Pro-tec is an EPA registered formulation having 10%
garlic oil and 3% capsaicin as the active ingredients, with the remainder of the formulation undisclosed.
Both products were tested to protect western red cedar (Thuja plicata) seedlings from black-tail deer
(Odocoileus hemionus) feeding damage, and neither was effective compared with a no-treatment control
(Wagner and Nolte 2001)

Herbicidal, Plant Growth Regulatory, and Algicidal Activity

Comparatively few studies have been performed on the use of garlic and its derivatives as herbicides,
though members of the Alliaceae family have properties that make them promising as herbicides. Onion
(Allium cepa) and garlic have the greatest commercial potential, because they are the first and second
most widely grown species of Alliaceae and are therefore relatively inexpensive compared with other alle-
lopathic plants (Sharangi 2011). Onion and garlic crop residues incorporated into soils in the San Joaquin
Valley of California inhibited the germination of barnyardgrass (Echinochloa crus-galli ), common purslane
(Portulaca oleracea), London rocket (Sisymbrium irio) and black nightshade (Solanum nigrum), but only
when soil temperatures were elevated to 39°C (102°F) by solarization (Mallek et al. 2007). Garlic residues
plus solarization showed greater herbistatic properties than onion residues plus solarization, or solariza-
tion alone with no allium plant residues.

Garlic has been used for high school biology class demonstrations of allelopathy (Shimabukuro and
Haberman 2006). The close wild relative to common garlic, Allium ursinum or bear garlic, has been ob-
served to have wide-ranging allelopathic properties (Block 2010).
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Conversely, garlic has been observed to have a stimulating effect on the growth of other plants. Decom-
posed garlic stalks were mixed in soil media in concentrations of 0, 1, 3 and 5 g/l, and the pots were seed-
ed with lettuce (Lactuca sativa). At low concentrations, the decomposed garlic stalks stimulated growth,
while at the highest concentration, growth was inhibited (Han et al. 2013). Methyl disfulfide extracted
from garlic stimulated gladiolus (Gladiolus x Tubergenii) corms to break dormancy within 24 hours of treat-
ment (Hosoki et al. 1986).

Garlic also demonstrates efficacy against various invasive algal species. A 0.08% garlic solution was
applied to five species of algae responsible for red tide: Alexandrium tamarense, Scrippsiella trochoidea,
Alexandrium catenella, Alexandrium minutum and Alexandrium satoanum. Garlic inhibited A. tamarense, A.
satoanum, A. catenella and S. trochoidea, but not A. minutum (Zhou et al. 2008)

Standards and Regulations

EPA Requirements

Garlic and garlic oil are exempt from the requirement of a tolerance [40 CFR 180].

FDA Requirements

Garlic and its derivatives, including garlic oil, are affirmed Generally Recognized As Safe (GRAS) as a food
ingredient, seasoning or flavoring [21 CFR 182.10, 182.20 and 184.1317] by the FDA. The FDA also recog-
nizes garlic's therapeutic effects, approving it as an over-the-counter drug [21 CFR 310.545(a)(8)].

Other Regulatory Requirements
Garlic and garlic oil are allowed by the USDA's National Organic Program (NOP) [7 CFR 205].
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