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ABSTRACT

The inhibitory effects of aqueous garlic extract, garlic oil and four diallyl sulphides naturally occurring in this oil against Escherichia
coli, Enterobacter cloacae, Enterococcus faecalis, and Citrobacter freundii (total 291 clinical isolates) were studied.  The MIC values of
four diallyl sulphides against the four enteric pathogens followed the order diallyl monosulphide > diallyl disulphide > diallyl trisulphide
> diallyl tetrasulphide (p<0.05).  Most interactions of four antibiotics (meropenem, ceftazidime, imipenem and gentamicin) with diallyl
polysulphide, determined as FIC index, showed synergistic or additive effects.  Garlic oil at 2X MIC reduced original inoculum to ≤ 3
log10/mL within 8 hr; and 4X MIC reduced original inoculum to < 2 log10/mL in all test enteric pathogens within 6 hr.  The intake of aque-
ous garlic extract in humans provided the antibacterial activity in plasma, determined by inhibitory zone.  These results suggested that
aqueous garlic extract, garlic oil, and diallyl polysulphide may have potential for the prevention or control of infections caused by enteric
pathogens.
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INTRODUCTION

Escherichia coli, Enterobacter cloacae, Enterococcus
faecalis, and Citrobacter freundii are four common enteric
pathogens responsible for nosocomial infections in Taiwan(1-

3).  These pathogens not only cause a variety of infections but
also have developed resistance to many antibiotics such as
ceftazidime and gentamicin(4,5).  The infections caused by
these enteric pathogens further require expensive antibiotic
treatments as well as increase the morbidity and mortality in
patients.  Thus, there is a need for the development of agents
with marked antibacterial activity, greater stability and less
toxicity. 

Diallyl monosulphide (DAS), diallyl disulphide
(DADS), diallyl trisulphide (DAT) and diallyl tetrasulphide
(DATS) are four sulphide compounds found in onion, garlic
and Chinese leek(6-8).  The antimicrobial activities of garlic
oil and/or these sulphide compounds have been studied in our
laboratory(8,9) and others(10,11).  Consequently, it was report-
ed that garlic oil was an effective antimicrobial agent; and the
bactericidal activity of DAS, DADS, DAT and DATS against
Helicobacter pylori, methicillin-resistant Staphylococcus
aureus (MRSA), Pseudomonas aeruginosa and Klebsiella
pneumoniae was in proportion to the sulfur atoms present in
these sulphides(8-11).  In order to extend the understanding
regarding the antimicrobial efficiency of garlic oil and its
diallyl sulphides, our laboratory continues to examine and
compare the inhibitory effects of garlic oil, and its four dial-
lyl sulphides against four enteric pathogens, E. coli, E. cloa-
cae, E. faecalis and C. freundii.  The interactions of sulphide

agents with antibiotics were also investigated.  
On the other hand, in vitro inhibitory effect of aqueous

garlic extract (AGE) against several pathogens has been
assayed(12,13); however, it remains unknown that the intake of
AGE enhances the antibacterial efficiency in humans.
Therefore, the inhibitory effect of plasma collected from
AGE-consuming humans was examined. 

MATERIALS AND METHODS

I. Aqueous Garlic Extract (AGE) Preparation  

Garlic bulbs (Allium sativum L.) were directly pur-
chased from farms.  One hundred g peeled edible portion was
chopped and homogenized in 100 mL sterile distilled water
in a Waring blender and followed by filtration through
Whatman No. 1 filter paper.  The filtrate was further steril-
ized by passing through a 22-µm-pore-size filter (Millipore,
France).  The filtrate was collected in a sterile vial and stored
at 4˚C until used.  

II. Garlic Oil and Four Diallyl Sulphides Preparation 

The method described in Tsao and Yin(9) was used to
prepare garlic oil.  Diallyl monosulphide (purity 97%) and
diallyl disulphide (purity 80%) were purchased from Aldrich
Chemical Co.  Diallyl disulphide was further purified by
fractional distillation.  Diallyl trisulphide and diallyl tetrasul-
phide were obtained by fractional distillation from crude
diallyl disulphide.  The purity of each diallyl sulphide was
then examined by a HPLC method(14), in which HPLC
(Hitachi, Japan) was equipped with a Supelco (Bellefonte,
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III. Bacterial Strains and Medium  

Escherichia coli, Enterobacter cloacae, Enterococcus
faecalis and Citrobacter freundii were isolated from infected
patients in Chungshan Hospital (Taichung City, Taiwan).
The total numbers of clinical isolates of E. coli, E. cloacae, E.
faecalis and C. freundii in this study were 75, 69, 81 and 66,
respectively.  All isolates were identified by Vitek (Vitek
AMS; BioMerieux Vitek, Inc., Hazelwood, MO) and API
20E (API-BioMerieux, La Balme Les Grottes, France).
Antibiotic-resistant profiles were determined by using discs
with antibiotics (Difco, Detroit, MI) placed on the surface of
nutrient agar (Difco, Detroit, MI) plates seeded with the test
organism.  Interpretation of resistance was based on the
National Committee for Clinical Laboratory Standards
(NCCLs) criteria(15).  The antibiotics used were meropenem,
ceftazidime, imipenem and gentamicin, and the discs with 30
µg antibiotics were purchased from Sigma Chem. Co. (St.
Louis) or Difco Laboratory (Detroit, MI).  After identifica-
tion, all cultures were routinely maintained on nutrient agar
at 25˚C until used.  For each experiment, each culture was
incubated overnight at 37˚C, cells were then centrifuged,
washed and resuspended in sterile peptone solution.  Each
culture was then serially diluted to yield a proper population
for inoculation.  

IV. Minimum Inhibitory Concentration Determination  

AGE, garlic oil, DAS, DADS, DAT, and DATS were
used for antibacterial tests.  Both antibiotic-susceptible and
antibiotic-resistant enteric pathogens were used to determine
the MIC values of aqueous garlic extract, garlic oil and four
diallyl sulphides.  Microdilution MIC was determined with
strains grown in cation-adjusted Mueller-Hinton broth
(Difco, Detroit, MI) according to NCCLs guidelines(15).  The
agent concentrations ranged from 128 to 0.125 µg/mL.  All
incubations were at 37˚C, 24 hr.    

Table 5. Inhibitory effect of human plasma against four enteric pathogens before and after consuming 250 mL aqueous garlic extract (AGE).  Effect
was determined by inhibitory zone (cm) and data were expressed as mean ± SD

Before After  AGE       Consumption

20 min 40 min 60 min 120 min

E. coli 
susceptible (23) 0.2±0.1 0.7±0.2 1.6±0.4 1.3±0.3 0.5±0.1
CZa-resistant (21) 0 0.4±0.3 1.3±0.4 1.0±0.2 0.4±0.2
GE-resistant (18) 0 0.3±0.1 1.4±0.2 1.1±0.3 0.3±0.1

E. cloacae
susceptible (19) 0.15±0.1 0.5±0.2 1.3±0.3 1.0±0.3 0.4±0.2
CZ-resistant (26) 0 0.3±0.1 0.9±0.2 0.7±0.3 0.2±0.2
GE-resistant (18) 0 0.3±0.2 1.2±0.3 0.9±0.2 0.4±0.1

E. faecalis
susceptible (20) 0 0.6±0.3 1.4±0.2 1.2±0.2 0.4±0.2
CZ-resistant (26) 0 0.4±0.1 1.2±0.2 0.8±0.3 0.4±0.2
GE-resistant (17) 0 0.5±0.2 1.2±0.3 0.9±0.4 0.3±0.1

C. freundii
susceptible (16) 0.15±0.1 0.4±0.2 1.3±0.3 1.0±0.1 0.5±0.2
CZ-resistant (24) 0 0.3±0.1 0.8±0.1 0.9±0.2 0.3±0.2
GE-resistant (23) 0 0.4±0.3 1.0±0.2 0.8±0.2 0.3±0.1

aCZ, ceftazidime; GE, gentamicin.

Figure 1. In-vitro time-kill of garlic oil at various concentrations
against antibiotic-resistant E. coli (A, n=17), E. cloacae (B, n=11), E.
faecalis (C, n=15) and C. freundii (D, n=12) within 12 hours.

PA) LC18 column.  These diallyl sulphides with purity
greater than 95% were used in this study. 



V. Time Kill Study of Garlic Oil  

Seventeen E. coli, 11 E. cloacae, 15 E. faecalis and 12
C. freundii clinical isolates were resistant to both ceftazidime
and gentamicin in this study.  In-vitro kill of garlic oil against
these antibiotic-resistant strains was monitored in 10 mL vol-
umes over 24 hr at 37˚C after inoculation with cultures in
cation-adjusted Mueller-Hinton broth without agitation.
Aliquots of 100 µL were cultured on solid medium at inter-
vals for determination of cfu/mL and viable counts were read
after 24 hr incubation.  The limit of detection was 20 cfu/mL.

VI. Interaction of Diallyl Polysulphide with Antibiotics  

The interactive relationship between each test diallyl
sulphide agent and four antibiotics against both antibiotic-
susceptible and antibiotic-resistant enteric bacteria were
evaluated by the checkerboard method recommended by the
NCCL(16).  One hundred µL aliquots of each agent at 10X the
targeted final concentration were used.  Agent-agent interac-
tions are classified as synergistic, additive or less-than-addi-
tive based on the fractional inhibitory concentration (FIC)
index, which is the sum of FICs for each agent.  The FIC of
each agent is calculated as the MIC of this agent in combina-
tion divided by the MIC of this agent alone.  Agent-agent
interactions are considered synergistic if the FIC index is less
than 1.0; additive, if the FIC is equal to 1.0; less-than-addi-
tive, if the FIC is higher than 1.0.

VII. Antibacterial Activity of Plasma  

Twenty mL fresh whole blood was drawn from healthy
10 males and 9 females aged 20-23 after overnight fasting.
All subjects then consumed 250 mL AGE (about 100 g edible
garlic).  Twenty mL blood was drawn respectively at 20, 40,
60 and 120 min after the AGE intake.  Plasma was collected
by centrifugation.  Antibacterial activity of plasma was deter-
mined and compared by disc diffusion methods(15).  A blank
disc was soaked in plasma for 30 min and then placed on the
surface of nutrient agar plates previously seeded with 100 µL
test enteric bacteria.  The inoculum concentration for each
test bacteria was 106 cell/mL.  The inhibitory zone was mea-
sured after 24 hr incubation at 37˚C.  The contents of DAS,
DADS, DAT, and DATS in 250 mL AGE and plasma samples
after AGE consumption were analyzed by a HPLC
method(14), and diallyl polysulphide was extracted with ace-
tonitrile and quantified by a HPLC (Hitachi, Japan) equipped
with a Supelco (Bellefonte, PA) LC18 column.  

VIII. Statistical Analysis  

The data for MIC, inhibitory zone and each point in
time-kill curve were calculated as mean ±SD.  The interac-
tion of each diallyl polysulphide with each antibiotic was
analyzed from at least 12 different preparations (n ≥ 12).
Other data were evaluated by two-way analysis of variance.  
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RESULTS 

In this study, there were no meropenem-, or imipenem-
resistant enteric pathogens; and the resistance rates of these
clinical isolates to ceftazidime and gentamicin were in the
range of 15.6~29.7%.  The MIC values of AGE, garlic oil
and four diallyl sulphides against four test enteric pathogens
are presented in Table 1 and followed the order AGE > DAS
> DADS > DAT ≥ garlic oil > DATS (p<0.05).  For each test
organism, there was no significant difference in the MIC
value of test agent between antibiotic-susceptible and antibi-
otic-resistant strains (p>0.05).  

The interactions of DADS, DAT or DATS with four
antibiotics against both antibiotic-susceptible and antibiotic-
resistant strains, determined as FIC index, are presented in
Tables 2-4.  Most interactions of diallyl polysulphides with
four antibiotics against all test enteric pathogens were syner-
gistic or additive because their FIC indexes were 1.  Only
one combination, DADS plus ceftazidime against cef-
tazidime-resistant C. freundii, showed less-than-additive
because its FIC index was > 1 (Table 2).  

Consuming AGE enhanced the antibacterial effect of
plasma, determined by inhibitory zone and showed in Table
5.  The intake of AGE resulted in the plasma collected at 40
min and 60 min showed similar inhibitory zone (p>0.05),
which was significantly greater than the data obtained at 20
min and 120 min (p<0.05).  The contents of DAS, DADS,
DAT and DATS in 250 mL AGE (100 g garlic bulb) were
9.52 ± 1.27, 59.73 ± 4.41, 92.34 ± 6.58 and 31.23 ± 2.64 mg,
respectively.  The limit of detection was 20 µg/mL and the
content of these sulphides in all plasma samples was too low
to be detected.  

The bactericidal effects of garlic oil determined by in
vitro time-kill curves are displayed in Figure 1.  The bacteri-
cidal effects of garlic oil increased significantly with increas-
ing concentrations from 1X to 4X MIC.  Garlic oil at 4X MIC
effectively reduced the original inoculum to < 2 log10/mL in
all test organisms within 6 hr; and at 2X MIC reduced the
original inoculum to ≤ 3 log10/mL in all test organisms with-
in 8 hr.

DISCUSSION

The inhibitory effect of garlic oil and its four diallyl sul-
phides against methicillin-resistant S. aureus, fungi, P. aerug-
inosa and K. pneumoniae has been observed in our previous
works(8,9).  The results of our present study extended the
antimicrobial activities of these agents to four other medical-
ly important pathogens.  When compared with our previous
work(9), garlic oil and its four diallyl sulphides, based on the
relatively lower MIC values, showed a greater inhibitory
effect against the four enteric pathogens than against P.
aeruginosa and K. pneumoniae.  This finding suggested these
diallyl sulphides were more effective in controlling nosoco-
mial infections caused by these enteric bacteria.  A relation-
ship between lower MIC values and greater number of sulfur
atoms/molecule for diallyl sulphides has been observed in
our previous works(8,9) and others(10).  Our present study also
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found a similar relationship in inhibiting these enteric bacte-
ria because the MIC values were DATS < DAT < DADS <
DAS.  The finding once again agreed with those previous
studies and supported that the number of sulfur atom/mole-
cule and/or disulphide bond in these diallyl sulphides was an
important factor in determining their antimicrobial activities.
Garlic oil with effective bactericidal activity (Figure 1) may
be considered as a functional food in clinical nutrition for
prevention or control of infections.

The resistance of bacteria against commonly used
antibiotics was due to the production of beta-lactamase, the
increased pyrrolidonylarylamidase activity, aminoglycoside-
modifying enzymes, and/or any alterations in different peni-
cillin-binding proteins in the bacteria(17-19).  In this present
study, 9 E. coli and 7 E. faecalis with beta-lactamase negative
(determined by nitrocefin disc, data not shown) showed to be

both ceftazidime- and gentamicin-resistant.  This finding
once again demonstrated the complexity of antibiotics resis-
tance.  However, our previous works and the present study
found garlic oil and its diallyl polysulfides were able to inhib-
it both antibiotic-susceptible and antibiotic-resistant strains,
the inhibitory action mode of these agents was evidently dif-
ferent from that of known antibiotics.  This advantage not
only suggested the possibility of using these compounds
independently as novel antibacterial agents but also partially
explained the enhanced bactericidal efficiency observed in
the combinations of diallyl polysulfides with antibiotics.  In
the present study, most combinations of diallyl polysulphide
with these antibiotics were additive or synergistic; therefore,
the application of these combinations may effectively inhibit
these pathogens.  Moreover, the used dosage of antibiotics in
these combinations could be lower than when they are used

Table 1. Minimum inhibitory concentration (µg/mL) of garlic oil, aqueous garlic extract (AGE) and diallyl sulphidesa against antibiotic-suscepti-
ble and antibioticb-resistant enteric pathogens.  Data were expressed as mean ± SD

Garlic oil AGE DAS DADS DAT DATS

E. coli 
susceptible (23)c 8 ± 2 44 ± 4 32 ± 4 24 ± 2 12 ± 2 4 ± 2
CZ-resistant (21) 12 ± 4 44 ± 8 40 ± 8 28 ± 4 12 ± 2 4 ± 2
GE-resistant (18) 8 ± 2 52 ± 8 40 ± 4 28 ± 4 16 ± 4 4 ± 2

E. cloacae
susceptible (19) 12 ± 2 56 ± 8 40 ± 4 28 ± 4 20 ± 4 4 ± 2
CZ-resistant (26) 12 ± 4 64 ± 8 48 ± 8 32 ± 4 24 ± 2 8 ± 2
GE-resistant (18) 12 ± 4 64 ± 4 40 ± 8 36 ± 4 20 ± 4 8 ± 2

E. faecalis
susceptible (20) 12 ± 2 64 ± 8 40 ± 8 28 ± 8 16 ± 4 8 ± 4
CZ-resistant (26) 16 ± 4 72 ± 12 48 ± 8 32 ± 8 20 ± 8 8 ± 4
GE-resistant (17) 16 ± 4 64 ± 8 48 ± 8 32 ± 4 20 ± 4 12 ± 4

C. freundii
susceptible (16) 8 ± 4 64 ± 8 56 ± 8 40 ± 8 20 ± 4 8 ± 2
CZ-resistant (24) 12 ± 2 72 ± 12 56 ± 8 48 ± 4 24 ± 4 12 ± 2
GE-resistant (23) 12 ± 2 72 ± 12 56 ± 12 48 ± 4 24 ± 4 12 ± 4

a DAS, diallyl monosulphide; DADS, diallyl disulphide; DAT, diallyl trisulphide; DATS, diallyl tetrasulphide.
b CZ, ceftazidime; GE, gentamicin.
c number of strain.

Table 2. Interactions of diallyl disulphide (DADS) and antibioticsa against both antibiotic-susceptible and antibiotic-resistant enteric pathogens.
The interaction was determined as FIC indexb

E. coli E. cloacae E. faecalis C. freundii

susceptible resistant susceptible resistant susceptible resistant susceptible resistant

DADS 0.5 0.5 0.5 0.5 0.375 0.625 0.625 0.625
CZ 0.25 0.375 0.25 0.5 0.5 0.375 0.25 0.5
FIC index 0.75 0.875 0.75 1.0 0.875 1.0 0.875 1.125
DADS 0.25 0.5 0.5 0.75 0.625 0.5 0.5 0.625
GE 0.5 0.375 0.25 0.25 0.25 0.5 0.375 0.375
FIC index 0.75 0.875 0.75 1.0 0.875 1.0 0.875 1.0
DADS 0.5 –c 0.375 – 0.5 – 0.5 –
IM 0.375 – 0.375 – 0.25 – 0.375 –
FIC index 0.875 – 0.75 – 0.75 – 0.875 –
DADS 0.5 – 0.5 – 0.5 – 0.75 –
ME 0.375 – 0.375 – 0.375 – 0.125 –
FIC index 0.875 – 0.875 – 0.875 – 0.875 –
a CZ, ceftazidime; GE, gentamicin; IM, imipenem; ME, meropenem.
b The interaction of DADS with antibiotics was evaluated by checkerboard method recommended by the NCCLs and expressed as the sum of frac-

tional inhibitory concentration (FIC) index for each agent.  
c No IM- and ME-resistant enteric pathogens present in this study.
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alone; and this may further reduce the occurrence of side
effects caused by these antibiotics.

After AGE intake, only 3 subjects complained of stom-
ach discomfort.  The intake of AGE apparently modified the
plasma composition, which resulted in the presence of
antibacterial activity (Table 5).  After checked with our avail-
able standards, no detectable DAS, DADS, DAT or DATS
was found in the plasma.  Therefore, the observed antibacte-
rial activity in plasma might be due to the combined effect of
these sulphides agents in trace amounts, or the presence of
other antibacterial compounds such as allicin, ajoene in the
AGE(20).  Because of the lack of standards, the contents of
allicin, ajoene and other components were not determined in
the present study.  Although the antibacterial components
from AGE remained unknown, these results of Table 5 indi-
cated that the antibacterial compounds from AGE could be
absorbed and circulated into blood; and the maximum

inhibitory effect appeared at 40-60 min after intake.  The four
enteric pathogens tested in this study were responsible for
bacteremia occurred in human(3,21,22); thus, the regular intake
of AGE, such as 250 mL every two hours, should be able to
directly enhance the antibacterial capability of plasma; and
further prevent deterioration of bacteremia.  When compared
with other agents tested in this study, AGE possess the
advantages of easy preparation, low side effects and low cost.
Therefore, AGE consumption may be an economic way for
infected patients or hospital workers to control or prevent
infections.

In conclusion, diaillyl polysulphides, based on the
marked individual antibacterial activities and combined
effects with antibiotics, may be considered as new antibi-
otics.  Aqueous garlic extract and garlic oil are two function-
al foods with antibacterial activity.  The application of these
two foods may benefit the prevention and treatment of clini-

Table 4. Interactions of diallyl tetrasulphide (DATS) and antibioticsa against both antibiotic-susceptible and antibiotic-resistant enteric pathogens.
The interaction was determined as FIC indexb

E. coli E. cloacae E. faecalis C. freundii

susceptible resistant susceptible resistant susceptible resistant susceptible resistant

DATS 0.25 0.375 0.375 0.5 0.25 0.375 0.5 0.5
CZ 0.25 0.25 0.25 0.25 0.375 0.375 0.25 0.375
FIC index 0.5 0.625 0.625 0.75 0.625 0.75 0.75 0.875
DATS 0.375 0.375 0.375 0.5 0.375 0.5 0.25 0.5
GE 0.125 0.25 0.125 0.125 0.375 0.25 0.5 0.25
FIC index 0.5 0.625 0.5 0.625 0.75 0.75 0.75 0.75
DATS 0.5 –c 0.5 – 0.625 – 0.375 –
IM 0.125 – 0.25 – 0.125 – 0.25 –
FIC index 0.625 – 0.75 – 0.75 – 0.625 –
DATS 0.375 – 0.5 – 0.5 – 0.375 –
ME 0.25 – 0.25 – 0.25 – 0.375 –
FIC index 0.625 – 0.75 – 0.75 – 0.75 –
a CZ, ceftazidime; GE, gentamicin; IM, imipenem; ME, meropenem.
b The interaction of DATS with antibiotics was evaluated by checkerboard method recommended by the NCCLs and expressed as the sum of frac-

tional inhibitory concentration (FIC) index for each agent. 
c No IM- and ME-resistant enteric pathogens present in this study. 

Table 3. Interactions of diallyl trisulphide (DAT) and antibioticsa against both antibiotic-susceptible and antibiotic-resistant enteric pathogens.  The
interaction was determined as FIC indexb

E. coli E. cloacae E. faecalis C. freundii

susceptible resistant susceptible resistant susceptible resistant susceptible resistant

DAT 0.375 0.375 0.375 0.5 0.25 0.375 0.5 0.5
CZ 0.25 0.375 0.25 0.375 0.5 0.375 0.375 0.5
FIC index 0.625 0.75 0.625 0.825 0.75 0.75 0.875 1.0
DAT 0.375 0.5 0.375 0.5 0.5 0.5 0.5 0.625
GE 0.25 0.25 0.25 0.25 0.25 0.325 0.375 0.25
FIC index 0.625 0.75 0.625 0.75 0.75 0.875 0.875 0.875
DAT 0.5 –c 0.5 – 0.625 – 0.375 –
IM 0.25 – 0.25 – 0.125 – 0.25 –
FIC index 0.75 – 0.75 – 0.75 – 0.625 –
DAT 0.375 – 0.5 – 0.5 – 0.375 –
ME 0.375 – 0.375 – 0.25 – 0.5 –
FIC index 0.75 – 0.875 – 0.75 – 0.875 –
a CZ, ceftazidime; GE, gentamicin; IM, imipenem; ME, meropenem.
b The interaction of DAT with antibiotics was evaluated by checkerboard method recommended by the NCCLs and expressed as the sum of frac-

tional inhibitory concentration (FIC) index for each agent. 
c No IM- and ME-resistant enteric pathogens present in this study.
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Escherichia coli Enterobacter cloacae Enterococcus faecalis Citrobacter freundii
291 diallyl monosulphide diallyl disulphide
diallyl trisulphide diallyl tetrasulphide meropenem ceftazidime imipenem

gentamicin) MIC
DAS > DADS > DAT > DATS 4 MIC 6

6 log10/mL 2 log10/mL 250 mL
1 )


