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A series of aliphatic (2E)-alkenals from Cs to C,4 were tested for their antifungal activity against
Saccharomyces cerevisiae ATCC 7754. (2E)-Undecenal (C1;) was found to be the most effective
with the minimum fungicidal concentration (MFC) of 6.25 ug/mL, followed by (2E)-decenal (C1o) with
an MFC of 12.5 ug/mL. The time—Kkill curve study showed that (2 E)-undecenal was fungicidal against
S. cerevisiae at any growth stage, and this activity was not influenced by pH values. The (2E)-alkenals
inhibited glucose-induced acidification by inhibiting the plasma membrane H*-ATPase. The primary
antifungal action of medium-chain (Ce—C;,) (2E)-alkenals against S. cerevisiae comes from their
ability to function as nonionic surface-active agents (surfactants), disrupting the native membrane-
associated function nonspecifically. Hence, the antifungal activity of (2E)-alkenals is mediated by
biophysical processes, and the maximum activity can be obtained when the balance between the
hydrophilic and hydrophobic portions becomes the most appropriate.
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INTRODUCTION plants (6). This sesquiterpene dialdehyde exhibited potent
antifungal activity, particularly against yeasts suctCasdida
albicansand S. cereuvisiae, although it possessed little or no
activity against bacteria7( 8). The primary discussion in this
paper is centered agairfSt cerevisiae, but the same surfactant
concept can be applicable to the design of antifungal agents
againstC. albicans. In fact, polygodial is now available as a
commercial anti€andida agent. On the basis of the potent
antifungal activity, polygodial may be used as a leading
compound for new antifungal drugs. This involves the study of
their SAR. However, the study of SAR required the synthesis
of a series of analogues differing in the hydrophobic bicyclic
portion, but this may not be practical. In contrast, a series of
aliphatic (2E)-alkenals with different chain lengths is readily
available and, hence, a superior model for this study, although

bilayer of the membrane. This concept can also be further . . . .
. . - . the antifungal action of polygodial may differ from those of
extended to acyclic @)-alkenals. With the increase in drug the aliphatic aldehydes to some extent.

resistance and prevalence of opportunistic infections, there is a
great need for effective antifungal agents with new modes of
action (5). The current study was focused on modes of the
antifungal activity of (E)-alkenals againsSaccharomyces Chemicals. A series of (E)-alkenals and alkanalsl{3) and
cerevisiaeas a model. Accumulation of this knowledge may Polygodial, warburganal, mukaadial, and aframod#{ere available

provide a more rational and scientific approach to the design from our previous work. Cycloheximide, sorbic acid, and lactic acid
of safe and effective antifungal agents were purchased from Sigma Chemical Co. (St. Louis, MO). Anethole
’ was obtained from Aldrich Chemical Co. (Milwaukee, WNL,N-

Recently a homologous series of acyctigs-unsaturated
aldehydes [hereafter referred to ak)zalkenals for simplicity]
was characterized as antimicrobial agents from two pldnts (
3). In our previous reports on structdurantimicrobial activity
relationship (SAR) studies with the same series of acyclic
alcohols (alkanols), we have reported that their maximum
antimicrobial activity depends on the hydrophobic alky! (tail)
chain length from the hydrophilic hydroxyl group (head). It was
proposed that the hydrophilic head part binds with an inter-
molecular hydrogen bond like a “hook” attaching itself to the
hydrophilic portion of the membrane, and then the hydrophobic
tail portion of the molecule is able to enter into the membrane
lipid bilayers @). The result likely creates disorder in the fluid

MATERIALS AND METHODS

. We_have pre_viously reported characteriza’_[ion of the a_ntifungal Dimethylformamide (DMF) was purchased from EM Science (Gibbs-
bicyclic sesquiterpene dialdehyde, polygodiBl from various town, NJ).
Test Strain. The test strairS. cerevisiaeATCC 7754 used for this

* Author to whom correspondence should be addressed: [telephone (510)study was purchased from the American Type Culture Collection
643-6303; fax (510) 643-0215; e-mail ikubo@uclink.berkeley.edul]. (Manassas, VA).
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Medium. S. cerevisiaavas maintained at80 °C in yeast nitrogen
broth (YNB; Difco Laboratories, Detroit, MI) containing 25% glycerol
and subcultured at 3T in Sabouraud’s dextrose agar (SDA) medium
(Bactopeptone 1%, dextrose 4%, Bacto-agar 1.8%). A fresh culture
was preincubated with shaking for 16 h at 3Din 2.5% malt extract
(ME) medium (BBL).

Acidification Measurement. The glucose-induced medium acidi-
fication of S. cereisiaewas measured with a modified procedut@)(

The test strain was cultured with shaking in YPD (glucose 2%,
Bactopeptone 2%, yeast extract 1%) broth overnight af@Gand
washed twice with cold distilled water. The cells were diluted te 5
10’ colony forming units (CFU)/mL with cold distilled water and kept
on ice. The reaction mixture contained 2.7 mL of cells and:BGf

the inhibitor in DMF and was preincubated at 3D for 5 min. A 20%
glucose solution of 0.3 mL was added (final 2%) to induce
acidification. After 10 min of incubation, the pH of external medium
was checked (Orion 8175 Ross semimicro electrode).

Antifungal Assay. The test compounds were first dissolved in DMF,
and the concentration of DMF in each medium was always 1%. The
highest concentration tested was 16Q@/mL, unless otherwise
specified. The maximum extent and rate of activity are known to vary
with the seed culture mediums, the physiological age of the culture,
and the type of culture medium. For example, the minimum inhibitory

alkanals

Kubo et al.

concentration (MIC) of anethole significantly varied with the inoculum ~ Figure 1. a,8-Unsaturated aldehydes and related compounds.

size. All antifungal susceptibility tests in this study were performed

under a standard condition using fresh inoculum from a 16 h shaking Table 1. Antifungal Activity (Micrograms per Milliliter) of Aldehydes

culture in ME medium, final inoculum size of 1CFU/mL, and 48 h

against S. cerevisiae?

stationary incubation in ME medium, unless otherwise specified. In

the preculture the log-phase inoculum was used. (2E)-alkenal alkanal
Broth macrodilution MICs were determined as previously described  aldehyde tested MIC MFC MIC MFC
(9). Briefly, serial 2-fold dilutions of the test compounds were made 5 100 200 _ _
in DMF, and 30uL of t_he sample splutlon was added to 3 m_L of ME c6 100 200 1600 1600
medium. These were inoculated with @D of seed culture to give the c7 100 200 400 400
final inoculum of 16 CFU/mL. The assay tubes were incubated without cs 100 100 200 200
shaking at 30C for 48 h. The MIC is the lowest concentration of test c9 25 25 100 100
compound that demonstrated no visible growth. The minimum fungi- C10 125 125 25 50
cidal concentrations (MFCs) were examined as follows. After the MIC C11 6.25 6.25 25 50
had been determined, a 20 aliquot was taken from each clear tube C12 12.5% 100 200 >800
and added into 3 mL of drug-free fresh medium. After 48 h of C13 >800 >800 >800 >800
incubation, the MFC was determined as the lowest concentration of C14 >400 - - -

the test compounds in which no recovery of microorganism was — - p— -

observed. The assays were performed in triplicate on separate occasions. VZE:; ;erl(lesvc;fr;bliere_zwf]l;etlvsetreedgrown in ME broth at 30 °C without shaking.
Time—kill studies were performed to examine the effects of ' s '

combinations of compounds in more detail. The culture tubes were

prepared as described above and incubated &€30r 16 h. A 30uL activity disappears after the chain length reaches that having

aliquot of the culture was inoculated into 3 mL of ME broth containing  the maximum activity. This so-called “cutoff’ is a known

appropriate concentrations of the test compounds. The initial population phenomenon. For example, (2E)-dodecenab@as found to

size forS. cerevisiaavas 5.8x 10° CFU/mL. Samples were taken at be very effectiv ins revisiaavith an MIC of 12.5ua/
selected times during 48 h of exposure, and serial dilutions were made € very efieclive againsi. cerevisiaavith a 0 ~ug

in sterile saline before the samples were plated onto YPD agar plates.ML, Whereas (E)-tridecenal (Gs) no longer showed any activity
The plates were incubated at 3G for 48 h before the number of ~ up to 800ug/mL. Interestingly, (2E)-dodecenal still exhibited
CFU was determined. the activity with an MIC of 12.5:g/mL but the MFC was 100
Adsorption Test. The test strain was cultured with shaking in YPD  4g/mL, indicating that residual fungistatic activity is involved.
broth OVernight at 30C and washed twice with 50 mM MOPS buffer The most potent fung|c|de |n the@_alkena' Senes was found
(pH 6.0). 'Ia‘f)ter each (Ed)-a_lkhenal (.5:’é5’ 12,5, 6.3, ||0r(i/§g/m||l_'/ to be (E)-undecenal (§) with an MFC of 6.25ug/mL
respectively) was mixed with or witho&. cerevisiaeells (16 cells . '
followed by (ZE)-decenal (&) with an MFC of 12.5ug/mL.

mL) in the above buffer at 30C, the suspension was vortexed for 2
s. Absorbance of the supernatants obtained by centrifugation ag4000  The fungicidal activity of (E)-undecenal again&. cereisiae
for 5 min was measured at 255 nm. was confirmed by the timekill curve experiment Eigure 2).
Cultures of (E)-undecenal, with a cell density of 5.8 10°
CFU/mL, were exposed to two different concentrations &){2
The antimicrobial activity of a homologous series of (2E)- u_ndecenal. The nurr_1ber of \_/iable_cells was determined following
alkenals Figure 1) characterized from two plants has previously dlﬁg_rent periods of incubation with (2E)-undecenal. The result
been reported (1—3) and is generally similar to that described Verifies that the MIC and 2 MFC of (2E)-undecenal showed
for the corresponding alkanolg) Their MIC and MFC values  the same fungicidal effect. Notably, lethality occurred remark-
againstS. cerevisiaeare listed inTable 1. In general, the  ably quickly, within the first 1 h after the addition of £
differences between the MIC and MFC values are not more undecenal. This rapid lethality very likely indicates that the
than 2-fold, suggesting no residual fungistatic activity. As the antifungal activity of (E)-undecenal agains$. cerevisiaes
carbon chain length increases, the activity is increased, and theassociated in part with the disruption of the membratiB.(

RESULTS
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Figure 2. Time=Kkill curve of (2E)-undecenal against S. cerevisiae. A 16

h culture was inoculated into ME broth containing 0 u«g/mL (@), 6.25
ug/mL (M), and 12.5 ug/mL (A) of (2E)-undecenal.
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Figure 3. Fungicidal effect of (2E)-undecenal in cycloheximide-treated
cells. After 5.8 x 10° cells had been inoculated in ME broth, compounds
were added as follows: 50 ug/mL cycloheximide (O, O), 12.5 ug/mL
(2E)-undecenal (M), no compound (@). After a further 2 h of incubation,
12.5 ugimL (2E)-undecenal was added in cycloheximide-treated cells (O).
Viability was estimated by the number of colonies formed on a YPD plate
after incubation at 30 °C for 48 h.
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Figure 4. Time—Kkill curve of undecanal against S. cerevisiae. A 16 h
culture was inoculated into ME broth containing 0 u«g/mL (@), 25 ug/mL
(m), and 50 ug/mL (A) of undecanal. Viability was estimated by the
number of colonies formed on a YPD plate after incubation at 30 °C for
48 h.

decanal (Gy) were found to be the most potent, with MFCs of
50ug/mL. Although the current study emphasize&)-alkenals
because of their greater structural similarity to polygodial, the
data obtained with alkanals are basically the same as those
obtained with (E)-alkenals. In the case of short-chainCy)
(2E)-alkenals, the activity did not increase with each additional
CH, group in the alkyl chain, indicating their mode of antifungal
action may somewhat differ from that of alkanals.

The fungicidal activity of undecanal agail&tcereisiaewas
confirmed by the timekill curve experiment as shown in
Figure 4. Cultures ofS. cerevisiae, with a cell density of 5.8
x 10°P CFU/mL, were exposed to two different concentrations
of undecanal. The number of viable cells was determined
following different periods of incubation with undecarflgure
4 verifies that MIC slowed growth but that the final cell count
was not significantly different from the control. Notably,
lethality at the MFC occurred remarkably quickly, within the
first 1 h after the addition of undecanal, indicating that undecanal
possesses a membrane disruptive effect, in a manner similar to

Further support for the membrane action was also obtainedthat described for (2E)-undecenal.

in experiments that showed the rapid decline in the number of
viable cells after the addition of BE)-undecenal both at the

It is known thatS. cerevisiagoroduces the acidification of
the external medium during growth on glucose. This external

stationary growth phase and in the presence of cell growth acidification is closely associated with the metabolism of the

inhibitors, as shown ifrigure 3. That is, (£)-undecenal rapidly
killed S. cerevisiaecells in which cell division was inhibited

sugar, and its magnitude depends on the buffering capacity of
the growth mediumi2). The H-ATPase (P-type) is important

by cycloheximide. This antibiotic is known to inhibit protein  not only in the regulation of internal pH but also in the energy-
synthesis in eukaryotes, thereby restricting cell division. The dependent uptake of various metabolité8)( (2E)-Alkenals
fungicidal effect of (Z)-undecenal appears to be independent inhibit the external acidification by inhibiting the ‘HATPase

of the necessary functions accompanying the reproduction ofas shown inFigure 5. Their antifungal activity is also partly
yeast cells, which are macromolecule biosyntheses of DNA, due to the inhibition of this H-ATPase. Interestingly, the
RNA, protein, and cell wall components. Hence, the antifungal potency of H-ATPase inhibition in each &-alkenal differs,
mechanism of (B)-undecenal is associated in part with mem- and the cutoff phenomenon does not occur. It is an interesting
brane functions or derangement of the membrane. question how these (2E)-alkenals inhibit{ATPase. (2E)-

In our preliminary test, octanal also showed a similar Alkenals with chain lengths of less tharny @nd longer than
antifungal activity againsS. cerevisiae, so that the above- C;;exhibited weaker inhibition activity. This inhibition pattern
mentioned antifungal activity should not be specific t&)2 is not specific not only to (B)-alkenals but also to alkanals. It
alkenals because the conjugated double bond is unlikely essentiakeems that medium-chaind€Cs) (2E)-alkenals have a better
to elicit the activity. This prompted us to test the antifungal balance between the hydrophilic and hydrophobic portions of

activity of the same series of alkanals agai@sterevisiador
comparison. The results are listedTiable 1. The activities of
alkanals are slightly less than those of the correspondiBg (2
alkenals. Similar to (B)-alkenal series, dodecanalfCwas
effective with an MIC of 20Qug/mL but did not exhibit any
fungicidal activity up to 80Qug/mL. Thus,S. cerevisiaecells

the molecules to act as surfactants. It should be remembered
here that (E)-dodecenal exhibited fungistatic activity with an
MIC of 12.5ug/mL againstS. cerevisiadut did not show any
fungicidal activity up to 10Q«g/mL.

In the aforementioned acidification inhibitory activity, the
effect of the fungicidal (E)-undecenal was gradually enhanced,

appeared to adapt to dodecanal stress, eventually recovering and/hereas cells treated with fungistatid&q2dodecenal gradually

growing normally. In connection with this, undecanal {f&and

recovered with time, as shown kkigure 6. Yeast cells appeared
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100 nonspecific. This can be explained as the amphipathic medium-
chain aldehydes are nonionic surfactants and disrupt the
hydrogen bonding in the lipidprotein interface irs. cereisiae
As surfactants, the binding site of the aliphatic aldehydes should
not be specific and their broad antimicrobial spectrum supports
50 this postulate.
Further supporting generalized surfactant action at the plasma
25 membrane is the observation that thE)}2lkenals do not appear
to inhibit the major energy production pathwé. cereisiae
0 is a facultative anaerobic organism that is able to survive without
67 8 910111213 a functional respiratory chain by relying on the fermentation of
sugars to supply its energy demand, which is the state yeast
(2E)-alkenal prefer when sugars are present in significant amounts)- (2
Alkenals are inhibitory to the yeast while in this fermentative
state. (2E)-Alkenals also inhibit the growth 8f cerevisiae
growing on nonfermentable carbon sources such as ethanol-,
lactate-, acetate-, and glycerol-containing media. Because no
suppression of fungicidal activity was seen as would be expected
by removal of the potential target, it is unlikely thatER

75

Medium acidification (%)

Figure 5. Inhibition of medium acidification by (2E)-alkenals (400 wug/
mL) for short-time incubation. The acidification was assayed for 10 min.
The inhibition ratio (percent) was calculated as follows: (1 — [H*]ihibitor/
[H+]mhibit0r free) x 100.

) alkenals’ lethal action in yeast is caused by inhibiting compo-
‘; 2 nents of the respiration or fermentation pathway.
P In addition, further support for the surfactant concept was
E:_;. 15 F obtained in an additional experiment that indicates antifungal
c (2B)-undecenal rapidly adsorbed onto the surfacs.afereisiae
% 1t cells but (E)-hexenal did so only slightly, as shownkigure
RS; 7. It appears thaS. cerevisiaeshowed different affinities to
f'-cj (2E)-alkenal having different alkyl chain lengths. The hydro-
g 05 r philic enal moiety was adsorbed by an intermolecular hydrogen
£ bond by attaching itself to the hydrophilic portion of the
._g 0 OO L membrane surface. The adsorbing sites may not be specific but
it} 1 10 100 1000 need to be clarified.
= Time (min) The current SAR study of (Qealkenals was initiated largely
as a model to understand the modes of the potent antifungal
Figure 6. Effects of incubation time on the inhibition of (2E)-undecenal action of polygodial. The data described so far demonstrate the
(O) and (2E)-dodecenal (@) to the _m_edium acidification by the plasma similarity between polygodial and (3&lkenals in many aspects,
membranel H*-ATPase of S. cerevisiae. Alkenals were tested at the but there are also significant differences. For example, polygo-
concentration of 5 mM. dial loses its potent antifungal activity in YPD medium but

to adapt to (E)-dodecenal stress, eventually recovering and aliphatic aldehydes do not, as shown Table 2. This is
growing normally, similar to the behavior under weak-acid stress consistent with the previous report that a primary amino group
(14). Among the alkanals tested, dodecanal was still effective réacts with the dialdehyde moiety of polygodial and inactivates
againstS. cerevisiaavith an MIC of 200ug/mL, but it was not it (15), but not (E)-alkenals. YPD contains very high levels of
fungicidal. This can be explained in the same manner describedcomponents with amine groups. The result indicates that
for (2E)-dodecenal. polygodial forms a pyrrole derivative with the compounds
The data obtained so far indicate that the medium-chdij (2 ~ POSSessing a primary amino group. Therefore, the binding site
alkenals act as nonionic surfactants at the figicotein interface, ~ ©f polygodial may be, at least in part, a primary amino group
in a manner similar to that reported for alkanol).(For in living systems. On the other hand, neither (2E)-alkenals nor
example, the absence of a functioning state of tHeATPase ~ alkanals can form a pyrrole derivative. Notably, isolated
could be due to its relative sensitivity to functional disruption Mitochondrial ATPase (F-type) is strongly inhibited by polygo-
by (2E)-alkenals. It is suggested that the intrinsic proteins of dial (16), whereas it is only weakly inhibited by theER
the membranes are held in pOSition by hydrogen bonding, asalkenals. In connection with thiS, Ez-alkenals and alkanals
well as by hydrophobic and electrostatic forces, and that Were found to inhibit the succinate-supported respiration of intact
hydrogen bonding also mediates the penetration of membranednitochondria isolated from rat liver, similar to those found for
by proteins. The binding of nonionic surfactants such as the alkanols (17). However, results already discussed above show
aliphatic aldehydes can involve only relatively weak headgroup that these slight mitochondrial inhibitory activities are not
interactions, such as hydrogen bonding, so that the predominanfrimarily responsible for cellular inhibition. The antifungal
interactions will be hydrophobic, involving the alkyl tails. As Mechanism of polygodial seems to be associated in part with
proposed above’ hydrogen bonds are formed or broken by the|ts SpecifiC d|a|dehyde structural features and differs from that
aliphatic aldehydes and redirected. Thereby the conformation Of aliphatic (2E)-alkenals.
of membrane protein may be changed. For example, the H The volume of the hydrophobic portions also seems to be
ATPase in particular could lose its proper conformation, which related to the activity because the antifungal activity of aliphatic
would lead to cell death. The'HATPase is the most abundant a,3-unsaturated aldehydes is weaker than that of the bicyclic
plasma membrane protein, constitutimg20% of the total sesquiterpene, polygodial. For example, the best fungicidal
membrane protein ir8. cerevisiae, but the above-mentioned activity of the (Z)-alkenal series againSt cerevisiads that
fungicidal mechanism of the aliphatic aldehydes seems to be of (2E)-undecenal with an MFC of 6.2&g/mL, which is 2-fold
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a Table 3. Antifungal Activity (Micrograms per Milliliter) of Polygodial and
0.5 Its Related Compounds against S. cerevisiae?
£ 04} aldehyde tested MIC MFC
c polygodial 1.56 3.13
8 q mukaadial >200 -
N o3t warburganal 313 6.25
> aframodial 0.78 1.56
(%}
S 0.2} @ The cells of S. cerevisiae were grown in ME broth at 30 °C without shaking.
£
5 -, not tested.
7]
Q2
< 01r Table 4. pH Effect of Fungicidal (MFC) Activity (Micrograms per
Milliliter) of (2E)-Undecenal, Sorbic Acid, and Undecanal against S.
A A . . cerevisiae
0.0
1
0 0 20 30 40 50 pH (2E)-undecenal sorbic acid undecanal
1 (ng/mL) 3 3.13 400 25
5 6.25 1600 50
7 6.25 >1600 50
9 6.25 >1600 50
b
labdane diterpene dialdehyde, aframodiy, exhibited even
£ more potent activity as listed ifable 3. It seems that the
T activity increased with increasing volume of the hydrophobic
g portions. On the other hand, mukaadi4) ¢lid not exhibit any
8 activity up to 200ug/mL, but warburganaly) still exhibited
5 the activity but to a lesser extent than polygodif). (It is
'g therefore apparent that the activity decreased for each additional
2 hydroxyl group beyond polygodial. However, the rationale for
< these remains unclear.
Safety is a primary consideration for antifungal agents,
L L L L especially concerning their use in food products. The aldehydes

0 10 20 30 40 50

[ (ug/mL)

Figure 7. Binding of (a) (2E)-hexenal and (b) (2E)-undecenal to S.
cerevisiae cells. After each (2E)-alkenal was mixed with (@) or without

characterized as antifungal agents from edible plants should be
superior compared to non-natural antifungal agents. In addition,
aldehydes have another superior property as antifungal agents
compared to sorbic acid, a common commercial antifungal
agent. As a weak acid antifungal agent, the activity of sorbic

(O) yeast cells (108 cells/mL), the suspension was vortexed for 2 s.
Absorbance of the supernatant obtained by centrifugation at 40009 for 5
min was measured. Each plot is the mean of triplicate determinations.

acid is pH dependent and increases as the pH of the substrate
decreasesdl@), as shown irmable 4. At higher pH values5),
sorbic acid did not show any antifungal activity up to 16QfJ

mL due to a higher degree of dissociated molecules. In contrast,
the aldehydes are not affected by pH. This would appear to be
of greater overall value than other pH-sensitive antimicrobials,
because many foods have near-neutral pH values.

Table 2. Antifungal (MIC) Activity (Micrograms per Millilter) of
Aldehydes against S. cerevisiae in Different Media

aldehyde tested ME RPMI1640 YPD
polygodial 1.56 1.56 >100
(2E)-undecenal 6.25 6.25 125 DISCUSSION
undecanal 25 25 50

The fluidity of the lipid bilayer is partly regulated by hydrogen
bonding. For example, the hydroxyl group of ergosterol resides
less potent than that of polygodial. In the case of alkanals, the near the membrane—water interface in the lipid bilayer and is
most potent undecanal is 16-fold less effective. There are two likely to be bonded with the carbonyl group of phospholipids
ways to increase the activity. First, the activity can be enhanced (19, 20). As nonionic surfactants, the aliphatic aldehydes first
by combining with synergists. For example, the MFC dE)2 approach the binding site with the electron negativity of the
undecenal again§. cerevisiaavas enhanced 16-fold when it  aldehyde oxygen atom and may function by disrupting and
was combined with/;MFC of anethole (2) ). This combina- disorganizing the hydrogen bonds such as the above-mentioned.
tion strategy may be superior to enhance and broaden the totaErgosterol is a major component of the plasma membraig of
biological activity and, more importantly, it may hinder the cerevisiaeand owes its modulation of membrane fluidity to its
development of resistant mechanisms in microorganisms. It rigid longitudinal orientation in the membrane. Because ergo-
should be noted that fungistatic compounds did not provide the sterol has profound influences on membrane structure and
stable enhancing activity in combination with other antifungal function, if the hydrogen bond is broken, cell function will be
compounds. In fact, the combination data of the above- impaired. If the aldehydes target the extracytoplasmic region,
mentioned fungistatic @-dodecenal varied. Second, the activ- it is highly desirable because they do not need to enter the cell,
ity may be enhanced by increasing the volume of the hydro- thus avoiding most cellular pump-based resistance mechanisms.
phobic portion through synthetic modification. For example, the A similar hydrogen bond-breaking concept was proposed to
volume of polygodial is unlikely the maximum because a bulkier explain the anesthesia cutoff phenomenon (21).
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