
Use of a Substrate/Alliinase Combination To Generate
Antifungal Activity in Situ

FIONA H. FRY,† NEAL OKARTER,† CAMILLA BAYNTON-SMITH,
MICHAEL J. KERSHAW, NICHOLAS J. TALBOT, AND CLAUS JACOB*

School of Biological and Chemical Sciences, University of Exeter, Stocker Road,
Exeter, Devon EX4 4QD, United Kingdom

Allicin, an active ingredient of garlic, possesses a range of antimicrobial properties. Unfortunately,
certain properties of the compound, such as chemical instability and low miscibility with water, have
hampered its practical use in the past. Here, we show that it is possible to use a binary system
consisting of the plant enzyme alliinase and its substrate alliin to generate allicin, and hence antifungal
activity, in situ. During application, the two inactive components generate compounds that inhibit
growth and infection-related development of the rice blast fungus Magnaporthe grisea. It is therefore
possible to “trigger” biological activity in a controlled, yet effective manner. Apart from circumventing
many of the drawbacks of allicin, this binary system has additional important advantages, such as
low toxicity of its individual components and selective activation. Importantly, alliinase is also able to
use different substrates, therefore paving the way to a range of novel, binary antimicrobial systems
with custom-made chemical and biochemical properties.
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INTRODUCTION

Recent years have seen a growing interest in the use of natural
antimicrobial agents. Among the compounds discussed for
antibacterial and antifungal use, allicin (allylthiosulfinate, diallyl
disulfide-S-monoxide,Figure 1), an active ingredient of garlic,
has attracted considerable attention (1-16). Allicin forms part
of a natural, primitive antimicrobial defense system in plants,
such as garlic (Allium ursinum), and studies have revealed that
it is active against a wide range of bacteria and fungi, such as
Escherichia coliandCandida albicans(17). Table 1 provides
a brief overview of known antimicrobial activities of allicin.
Not surprisingly, its antifungal properties, paired with an
intrinsically low toxicity toward humans, have already made
allicin a potential lead compound for drug design and the
development of “benign” agricultural pesticides. In recent years,
this interest has increased, because the ability of disulfide-S-
monoxides to inhibit a wide range of cysteine-containing
enzymes diminishes the risk of microorganisms developing
resistance against such an agent. Indeed, the effectiveness of
allicin against a range of otherwise drug-resistant bacteria has
now been shown (17).

Unfortunately, allicin has several properties that make it
difficult for the compound to be used in practice. It is chemically
unstable at room temperature and readily decomposes to
biologically inactive sulfur species (14,18). Although this might

be beneficial in a certain context (for example, if long-term
effects of allicin are to be avoided), it makes manufacture,
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Figure 1. Enzymatic conversion of cysteine-based sulfoxides to disulfide-
S-oxides in the presence of alliinase. The chemical structures of substrates
used in this study are shown, together with the corresponding disulfide-
S-monoxides formed. Abbreviations are explained in the text.
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storage, and maintaining a reliable activity of the sample
difficult. Practical use of allicin is further hindered by the
compound’s pungent smell and its low miscibility with water,
which makes application of the compound, especially in larger
quantities, rather difficult.

Using the highly damaging rice blast fungusMagnaporthe
grisea as a model target (19), this paper evaluates “green”
alternatives to the use of allicin that avoid these problems and
tests the efficacy of utilizing a novel means of allicin generation
as a method for controlling plant diseases caused by fungi. First,
we will consider the use of alternative disulfide-S-monoxides,
such as cystamine-S-monoxide. Second, we will show how a
combination of alliinase and different sulfoxide substrates can
be used to generate antifungal activity in situ.

MATERIALS AND METHODS

Materials. Alliin and 4-(2-pyridylazo)resorcinol (PAR) were pur-
chased from Fluka (Gillingham, U.K.). Diallyl disulfide, S-methyl
cysteine, S-ethyl cysteine, hydrogen peroxide, peracetic acid, and 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) were purchased
from Sigma-Aldrich (Poole, U.K.). The ConA-Sepharose column and
the PD-10 gel filtration column were purchased from Pharmacia
(Buckinghamshire, U.K.). Cd,Zn-metallothionein was purchased from
Sigma, and Zn7-MT was reconstituted and purified according to a
standard method (20).

MilliQ water was used throughout the experiments. All experiments
were performed at 25°C unless stated otherwise. UV/vis spectra were
recorded on a Cary50Bio spectrophotometer (Varian). Kinetic traces
were obtained using recording intervals of 10 s or less (continuous
monitoring). 1H NMR spectra were recorded on a 300 MHz NMR
machine (Bruker). IR spectra were obtained on a FT-IR instrument
(Nicolet Avatar). All experiments were performed in triplicate.

Synthesis of S-Oxides and Allicin.Cystamine S-monoxide was
synthesized from cystamine according to the procedure by Steinman
and Richards (21).L-Cystine-S-monoxide was synthesized fromL-
cystine according to the procedure by Wälti and Hope (22). S-Methyl-
cysteine sulfoxide (MCSO) and S-ethyl-cysteine sulfoxide (ECSO) were
synthesized according to the procedure by Stoll and Seebeck (23).
Allicin was synthesized according to a procedure described by Block
et al. (24). Analytical results for all of these compounds (melting points,
elemental analysis,1H NMR, IR spectra) were in accordance with
literature values. All sulfoxides were subsequently used as a racemic
mixture.

Metallothionein Oxidation Assay. The MT assay can be used to
monitor the general effects of oxidizing agents on cysteine proteins in
vitro (25). In accordance with literature, reconstituted zinc-MT (0.5

µM) was incubated with the chromophoric dye PAR (100µM) in 20
mM HEPES-Na+ buffer (pH 7.4) (25, 26). Oxidative zinc release from
MT was monitored spectrophotometrically at 500 nm (ε500(ZnPAR2)
) 65 000 M-1cm-1) for 30 min. Total zinc release after 30 min was
compared to an ebselen control (25).

Alliinase Extraction, Purification, and Characterization. Alliinase
was extracted from commercially available garlic cloves according to
a modified literature procedure (27). In short, fresh garlic cloves were
peeled and ground with buffer A in a blender (Warring model 35BL59)
until the mixture was homogeneous (27). Purification of the mixture
involved filtration, centrifugation, and precipitation, followed by
resuspension, further filtration, affinity column chromatography (ConA-
Sepharose), and finally a gel-filtration column (PD-10). For full details
of the purification, see Kuettner et al. (27) with the following
modifications: Since the enzyme extract was used for the generation
of antifungal activity, the enzyme preparation had to be modified to
avoid the presence of sodium azide, Perfabloc (a commonly used
protease inhibitor), and sodium phosphate. Extraction and purification
of the alliinase enzyme were therefore done with the following
modifications: Buffer A contained no sodium azide or Perfabloc; buffer
B contained no Perfabloc; buffer C contained no Perfabloc; buffer D
contained no sodium phosphate or sodium azide. Alliinase purity was
established using SDS PAGE and the enzyme was pure. The concentra-
tions in the individual fractions were determined using a standard
Bradford assay. Alliinase activity was measured using the recently
proposed method of Rabinkov et al., where the oxidation of 4-mer-
captopyridine (4-MP) by the enzymatically formed disulfide-S-
monoxides is monitored spectrophotometrically (ε343 ) 19 800 M-1cm-1)
(28). Initial, zero-order rates for the enzymatic formation of disulfide-
S-monoxides were calculated for 0-2 min.

Fungal Isolates.Strains ofM. griseaused in this study are stored
at the University of Exeter. The fungus was grown at 24°C on complete
medium following a standard procedure described previously (29,30).
For long-term storage ofM. grisea, the fungus was grown through
sterile filter paper disks; the latter were then desiccated for 48 h and
stored at-20 °C until further use.

Appressorium Development Assay.Appressorium development by
M. griseawas studied on plastic coverslips as described by Hamer et
al. (31). Briefly, a 100-µL drop of a conidial suspension at a
concentration of 105/mL with the compound or enzyme was placed on
the surface of a plastic coverslip (Gelbond, FMC) and left in a humid
environment at 24°C overnight. The frequency of appressorium
formation was determined by the number of appressoria which had
been elaborated from counting 300 conidia (29). In the “trigger assays”,
either the enzyme or the substrate was added to the conidial suspension
after 30 min of incubation.

Toxicity Assays.The toxicity of the alliin, alliiinase, and the binary
system was determined by incubating 550µL of a conidia suspension
of M. griseacontaining 106 conidia/mL with 200µL of 75 mM alliin
or 100µL of alliinase (264µM) or water (control), injecting the enzyme
to the solution at various time points. After incubating for an hour, the
conidia were recovered by centrifugation (13 000g, 5 min) and washed
with water (1 mL). The conidia were resuspended in water (1 mL) and
200 µL of the solution was spread onto the surface of a complete
medium agar plate (29). The plate cultures were incubated at 24°C
for 4 days and the number of conidial colonies was compared to the
control containing only water and conidia (“plate experiments”).

RESULTS

Allicin, Cystamine-S-Monoxide, andL-Cystine-S-Monox-
ide. The MT oxidation assays were concerned with the question
of whether allicin could be substituted for other, more stable
disulfide-S-oxides. The results indicate that the disulfide-S-
monoxides allicin,L-cystine-S-monoxide, and cystamine-S-
monoxide all readily release zinc ions from MT (43, 41, and
21%, respectively), while neither alliin nor diallyl disulfide (the
enzymatic and chemical precursors of allicin, respectively)
interacts with MT with a zinc release of less than 5%. Although
there is some variation in the activity of the individual disulfide-

Table 1. Selection of Important Antimicrobial Activities of Allicin Known
to Datea

IC50 value
(µg/mL) ref

Bacteria
Escherichia coli, MDR and sensitive strain 15 17
Staphyloccocus aureus, MDR and senstive strain 12 17
Streptococcus pygenes 3 17
Pseudomas, senstive to cefprozil 15 17
Pseudomas aeruginosa, MDR mucoid strain >100 17
Helicobacter pylori 6 38

Yeast
Aspergillus spp. 8−32 12
Candida albicans, clinical isolates 0.8 17
Candida neoformans 0.3 17
Candida tropicalis 0.3 17
Torulopsis glabrata, clinical isolates 1.9 17

a This list is far from complete. The appropriate references can be consulted
for more detailed information regarding individual activities. Examples of antifungal
activity of allicin have also been reported (12−14).
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S-monoxides, the MT assay confirms the ability of all of the
disulfide-S-monoxides to attack cysteine-containing proteins.

In contrast, the results obtained in the fungal assays clearly
indicate that allicin, but not cystamine-S-monoxide, possesses
effective antifugal activity. (No reliable results were obtained
for L-cystine-S-monoxide in this assay, because acetic acid had
to be used to solubilize the compound, and the resulting drop
in pH observed under these conditions also prevented conidial
germination byM. grisea.) Allicin was able to almost completely
(99%) inhibit spore germination by the rice blast fungusM.
griseaat a concentration of 50µg/mL (309µM), while neither
cystamine-S-monoxide nor alliin had any significant effect at
concentrations up to 500µg/mL (3.0 mM and 2.8 mM,
respectively). Properties such as polarity and hydrophobicity
of the molecules, rather than simple chemical reactivity, might
therefore play an important role in biological activity of different
disulfide-S-monoxides. This might give allicin, and chemically
related compounds, an advantage over other, more polar
disulfide-S-monoxides.

Alliin/Allinase System. As a consequence, allicin was used
as a focus for the second set of experiments. It is well known
that allicin is formed in vivo from alliin by the enzymatic action
of alliinase (Figure 1). This natural binary system can therefore
be modeled to induce or “trigger” antifungal activity in situ.
Initial in vitro assays with isolated alliinase indicated that
catalytic amounts of the enzyme were able to convert alliin,
MCSO, and ECSO within minutes to reactive disulfide-S-oxides,
which in turn were able to oxidize 4-MP.Figure 2 shows a
representative kinetic trace illustrating that the mixture of MCSO
and alliinase, but not the individual components, leads to 4-MP
oxidation (via the formation of dimethyl disulfide-S-monoxide,
Figure 1). Very similar rates of about 3-6 µM s-1 were
observed for all three substrates (510µM sulfoxide substrate,
13 µM enzyme, respectively), while neither the substrates nor
the enzyme itself was active (rates between 0 and 0.03µM s-1).
Racemic mixtures of the sulfoxides were used, and the enan-
tionmerically pure, (+)-forms of the sulfoxides, such as (+)-
alliin, that is, the preferred substrates for alliinase, might give
even higher turnover rates.

As would be expected from the enzyme mechanism, alliinase
does not significantly convert the sulfide precursors of the
sulfoxides, that is, S-methyl cysteine and S-ethyl cysteine, in
these assays, and rates for the sulfide/enzyme combination were
about 0.1-0.4µM s-1.

The sulfoxide/alliinase combinations were therefore tested in
a biologically more relevant scenario usingM. grisea, an
agriculturally important, highly damaging fungus, as a target
organism. We were particularly interested in determining
whether infection-related development of the fungus could be
inhibited.M. griseaproduces specialized cells called appressoria
which are able to generate turgor pressure and allow the fungus
to breach the plant cuticle and gain entry to leaf tissue (19,
29-31). Appressoria can be induced to form on hydrophobic
plastic surfaces, andFigure 3 illustrates the results obtained in
the coverslip experiments for different sulfoxide substrates in
the absence and presence of alliinase. The figure shows that
neither alliin, MCSO, nor ECSO inhibited germination or
appressorium formation (Figure 3a). Likewise, alliinase on its
own had only a minor effect on fungal growth, with over 96%
of conidia germinating and just 3.8% nongerminated conidia
(although there was a slight reduction of appressorium formation
to around 10%). In stark contrast, a combination of alliinase
and either alliin, MCSO, or ECSO effectively abolished
germination and appressorium formation (Figure 3b). Complete
loss of spore germination was observed, for example, at
sulfoxide concentrations of around 500µM (472 µM for alliin,
511 µM for MCSO, and 477µM for ECSO) and catalytic
alliinase concentrations of 12µM.

These substrate/alliinase concentrations reflect the ones used
in the 4-MP oxidation assay, and the sulfoxide concentrations
used are in the range of the (chemically prepared) allicin
concentration required to fully abolish germination (309µM,
see previous), indicating extensive in situ enzymatic activation
of the substrates by alliinase in the coverslip experiments.

To confirm that the absence of germination and appressorium
formation presented inFigure 3 was due to irreversible damage
of the conidia and not just a temporary effect, toxicity assays
were performed. The results for the alliin/alliinase combination
are summarized inTable 2. While neither alliin nor alliinase
affected M. grisea vegetative development on their own, a
combination of the two effectively prevented fungal growth.
Interestingly, alliin and alliinase on their own even slightly
increased colony formation, possibly by providing a feedstock
for the fungus.

The plate assay was then used in a time-course study to
investigate if the enzyme could be added to the conidia/alliin
incubation at different time intervals, or if up-front mixing of
sulfoxide and alliinase was required for antifungal activity.
While the alliin (and alliinase) controls did not prevent colony
formation, injection of alliiinase to the alliin/conidia incubation
mixture at 0, 0.5, 1.5, and 4 h almost completely inhibited fungal
growth. The enzyme could therefore be used as a trigger and
could be added to the substrate at various times during
incubation, without loss of antifungal activity (Table 2).

DISCUSSION

The results obtained in the MT assay and experiments on
infection-related development ofM. grisea underline the
exceptional activity of allicin, when compared to other sulfox-
ides and disulfide-S-monoxides. Compared to the sulfoxides and
diallyl disulfide, allicin is considerably more active in the MT
assay and in theM. griseaspore germination and appressorium
development assay. This is hardly surprising, because disulfide-
S-monoxides, but not sulfoxides, are able to undergo a rapid
cascade of thiol-specific oxidation reactions (26). Although
disulfides such as diallyl disulfide can undergo thiol/disulfide
exchange reactions, their reactivity as oxidants is usually
considerably lower than the one of the corresponding disulfide-

Figure 2. Enzymatic formation of dimethyl disulfide-S-monoxide (dimeth-
ylthiosulfinate) from MCSO (510 µM) in the presence of alliinase (13 µM).
Similar activity was observed for alliin and ECSO in the presence of
alliinase. S-Methyl cysteine and S-ethyl cysteine had no significant activity
at these concentrations. The conversion was continuously monitored in a
spectrophotometer cuvette, with readings taken every 10 s. Reproducibility
of the kinetic trace was within a 5% experimental error. Initial rates for
the overall reaction are given in the text.
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S-monoxides (32). As far as reactivity toward cysteine proteins
is concerned, all three disulfide-S-monoxides tested, that is,
allicin, cystamine-S-monoxide, andL-cystine-S-monoxide, showed
comparable reactivity in the MT assay. In contrast, there was a
dramatic difference in activity between allicin and cystamine-
S-monoxide in theM. griseaspore germination assays. While
allicin abolished conidial germination at around 50µg/mL,
cystamine-S-monoxide was unable to inhibit spore germination

at concentrations as high as 500µg/mL. At first this might be
rather surprising, because their chemical reactivity toward
cysteine residues seems to be similar to that of allicin. Both
cystamine-S-monoxide andL-cystine-S-monoxide are, however,
considerably more polar than allicin, and this might reduce their
biological activity. It has already been shown by Miron et al.
that the activity of allicin as an antimicrobial agent might be
linked to its high lipophilicity, that is, its ability to penetrate
bacterial or fungal cell walls and membrane (33). Although other
underlying biological factors cannot be ruled out, this difference
might well explain the exceptionally high activity of allicin in
the spore germination assays. As a consequence, allicin might
be considered as a lead compound for novel antibacterial and
antifungal agents.

Unfortunately, the chemical properties of allicin make it
difficult to apply this compound on a larger scale. An agent
with chemical properties similar to cystamine-S-monoxide, but
a biological activity comparable to allicin, would therefore be
superior to both the polar S-monoxides and the unstable allicin.
Interestingly, plants such as garlic using the allicin defense
system are faced with similar problems and encounter the
additional difficulty of using allicin without oxidizing their own,

Figure 3. Use of a binary substrate/enzyme system to prevent germination and appresoria formation of M. grisea spores in the coverslip experiments.
While the substrates on their own did not prevent germination and appressoria formation, a combination of substrate and enzyme effectively abolished
germination and appressoria formation. This effect was observed for all three substrates tested, that is, alliin, MCSO, and ECSO, and complete inhibition
of germination in these assays was achieved in assays typically containing around 500 µM substrate and 12 µM enzyme. At this concentration, alliinase
on its own had no effect on germination, with just 3.8% of conidia not germinated.

Table 2. M. grisea Colony Formation after Incubation of the Conidia
with Alliin (950 µM), Alliinase (48 µM), and an Alliin/Alliinase
Combination of the Same Concentrationsa

rel no. of colonies (control ) 1)

treatment 0 min 30 min

time lag (alliinase injection)
control (water) 1.0 1.0
alliin 1.3 1.9
alliinase 2.0 3.0
alliin/alliinase 0.1 0

a Changes in alliinase injection time (0 and 30 min shown here) had little effect
on antifungal activity. The plate experiments generally required higher concentrations
of both allicin and allin/allininase mixtures to show full antimicrobial effect.
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cysteine-containing plant enzymes. As a consequence, allicin
is not stored in the plant but is enzymatically synthesized “on
demand” by the alliin/alliinase substrate/enzyme couple (34).

The results shown inFigures 2-4indicate that it is possible
to mimic this natural substrate/enzyme defense system using
chemically synthesized substrates and catalytic amounts of
isolated alliinase. Like its natural analogue, this semisynthetic
bicomponent system provides a means to effectively generate
antifungal disulfide-S-oxides in situ. Enzymatic activation of
an unreactive sulfoxide, such as MCSO (Figure 2), results in a
disulfide-S-monoxide that is then able to oxidize thiol com-
pounds such as 4-MP and also cysteine residues in proteins (as
already shown for allicin). This reactivity would be specific for
thiol groups in peptides and proteins but not specific for
individual cysteine proteins. As a consequence, the bicomponent
system may provide broad-spectrum antimicrobial activity,
similar to that of naturally occurring allicin (Table 1).

The in vitro findings reported here are supported by our
experiments withM. grisea. While both individual components
of the substrate/enzyme system show little antimicrobial activity,
a mixture of both almost completely abolished germination and
appressorium formation byM. grisea (Figures 3 and 4). As
Table 2shows, this process is irreversible and the conidia have
been effectively disabled. It is likely that this process involves
the oxidation of cysteine residues in fungal proteins to disulfides.
Earlier studies have shown that disulfide-S-monoxides readily
react with a range of different thiol groups, such as MT, where
each disulfide-S-monoxide can oxidize a total of four cysteine
residues (via sulfenic acids and disulfides), making this class
of sulfur compounds highly effective oxidizing agents (26).
Interestingly, a recent report has demonstrated thatM. grisea
secretes an MT-like protein to the cell wall during appressorium
formation and this is required for plant infection to occur (35).
This redox-sensitive protein may provide one of the many
potential targets that an agent such as allicin can react with.

This rapid and effective oxidation of cysteine residues is
matched by the efficiency of the substrate/enzyme system itself.
As an enzyme-driven, catalytic process, the latter is able to
convert significant quantities of sulfoxides to disulfide-S-
monoxides within minutes. As the germination process ofM.
griseaconidia takes between 1 and 4 h, activation is sufficiently
fast to allow the enzyme to effectively trigger antimicrobial
activity at a desired point in time. This is also consistent with
the time-dependence study, where alliinase was able to trigger
disulfide-S-oxide formation and subsequently prevent fungal
growth even 4 h after the conidia were incubated with sulfoxide
solution.

Unlike the natural defense system, the isolated, semisynthetic
bicomponent system described here has an additional, major
advantage: Alliinase is not substrate-specific and is able to
activate a range of “synthetic” substrates (23, 36). This opens
the door to different antimicrobial agents that can all be
enzymatically synthesized from harmless sulfoxides in situ. The
chemical properties and biological activity of the resulting, active
disulfide-S-monoxides can be controlled by changing the
structure of the sulfoxide substrates, making the alliinase-based
bicomponent approach widely applicable.

Taken together, these results have several important implica-
tions for the practical use of disulfide-S-oxides as antimicrobial
agents.

First, the use of the bicomponent system avoids many of the
problems associated with allicin. Cysteine-based sulfoxides
mostly are chemically stable solids without noticeable odor or
toxicity toward humans and can easily be synthesized from the

cysteine. Since alliinase is also rather stable, and is only required
in catalytic amounts, the bicomponent system is relatively cheap,
effective, and easy to handle when compared to allicin. Because
chemically pure substrates can be used, the bicomponent
approach might also be superior to extracted or chemically
synthesized allicin that would be likely to contain impurities
and decomposition products. Interestingly, a related system
based on alliinase/antibody hybrids has recently been considered
in a medical context (37).

Second, the substrate/enzyme system is not limited to the
alliin/alliinase couple, and the methyl and ethyl disulfide-S-
monoxides generated as part of this study are chemically
distinctively different from allicin. While their enzymatic
generation and practical use requires further investigation,
additional substrates, such as S-propyl cysteine sulfoxide
(PCSO), have already been reported in the literature (36),
supporting the notion that there is considerable flexibility in
the bicomponent system.

Figure 4. Representative images of conidia incubated with alliin (468
µM) in the absence (a) and presence (b) of alliinase (2 µM). The images
were taken with a Zeiss Axioskop 2 mot plus microscope/camera with
Zeiss AxioVisiona 3.0 software at 10 times magnification. Experimental
details are in the text. Higher concentrations of alliinase completely abolish
germination.

578 J. Agric. Food Chem., Vol. 53, No. 3, 2005 Fry et al.



Third, the trigger assays indicate that it is possible to apply
the sulfoxides on their own and then use small amounts of an
enzyme formulation to trigger activity at the exact place and
time where and when antimicrobial activity is required. This
aspect might become important if plants were used that actually
express enzymes with alliinase-like activity. In this case,
antimicrobial activity might simply be triggered by the (injured)
plant itself, as a response to injury or infection. Amazingly, in
this case the “fungicide” to be applied, that is, the sulfoxide,
would be completely nontoxic on its own. This would allow an
approach toward antimicrobial treatment far superior to most
available agents by merely mimicking a naturally occurring
defense system that has been successfully operating in many
plants for millions of years. This has important consequences
for limiting the emergence of resistance in the field and for
public acceptance of such a disease-control strategy. If alliinase
activity were provided by the infected plant itself, this would
also reduce the overall costs of the bicomponent approach and
make it economically more competitive than a system based
on purified enzyme.

In summary, the studies presented here have shown that it is
possible to mimic the natural antimicrobial defense ofAllium
species to inhibit germination and appressorium formation of
fungal pathogens such asM. grisea. A triggered antimicrobial
system based on different sulfoxide substrates and alliiinase
might be superior to the application of conventional fungicides
or allicin itself. Although higher concentrations of this natural
antimicrobial system might have to be used, its intrinsically low
toxicity toward humans, biodegradability, and low costs make
it an interesting alternative to current agents, especially in
developing countries, whereM. griseaposes a major problem.
Although extensive future studies will be necessary to evaluate
and refine such a system in practice, the idea of mimicking a
successful, bicomponent system with broad-spectrum antimi-
crobial activity deserves further attention.

SAFETY

This work has no wider safety implications. None of the
sulfoxides, alliinase, or disulfide-S-oxides used are harmful to
humans in the concentrations used here. TheM. griseaspores
used in some of the experiments are not dangerous to animals
or humans.
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