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Abstract−Chlorination has been widely used to disinfect various microbials in the environment, but its fungicidal
activity is known to be limited. Here, we demonstrate that a combinatorial treatment with free chlorine and phytic acid
exerted high fungicidal activities against selected species of Aspergillus. Treatment with either chlorine (7 mg/l) or
phytic acid (~400 mg/l) without pH adjustment caused marginal inactivation of Aspergillus niger conidia within 5 min.
However, the combinatorial treatment with free chlorine and phytic acid inactivated 98% of A. niger conidia within
5 min (CT=25.7 mg/l·min). Overall fungicidal efficiency of combinatorial application was higher (~256%) than the
sum of inactivation levels by individual treatment, suggesting a synergistic effect between free chlorine and phytic acid.
Transmission electron microscopy observation showed that free chlorine primarily disrupted nucleo-cytosolic organs,
whereas phytic acid preferentially disintegrated the cell wall and plasma membrane. The combination of both agents
demolished the conidial structure of A. niger. The effects of these chemicals on the cell membrane were verified with
propidium iodide staining, lipid peroxidation, and extracellular ATP secretion. Fungicidal activities of chlorine and
phytic acid were further confirmed against A. parasiticus and A. flavus. Our data suggest that the mixture of free chlo-
rine and phytic acid without any additional preparation may efficiently disinfect Aspergillus spp. through the synergis-
tic activities of individual components.
Keywords: Free Chlorine, Phytic Acid, Combinatorial Treatment, Aspergillus spp., Inactivation

INTRODUCTION

Aspergillus is a genus of conidial fungi that is almost ubiquitously
present in indoor and outdoor environments [1,2]. The genus has
been taxonomically divided into eight subgenera containing more
than 200 species. Several Aspergillus spp. are associated with myco-
toxin excretion and infectious diseases of humans and animals.
Aspergillosis, a representative infectious disease mostly caused by
Aspergillus fumigatus, is a common infection of the respiratory tis-
sues of mammals [3]. In addition, species such as A. parasiticus and
A. flavus produce aflatoxin, a notorious mycotoxin and carcinogen
[4]. Aflatoxin increases the risk of metabolic aberration and DNA
mutations, thereby having adverse effects on various organs. A. niger
also generates ochratoxin A (OTA), which is considered harmful
to the kidneys and possibly carcinogenic to humans [5]. Regardless
of the high pathogenic potential and broad distribution of Asper-
gillus, the efficiency and safety of disinfection methods against these
fungi have been investigated under limited conditions and are not
well established.

Various sanitizers such as chlorine derivatives [6], UV irradiation
[7], photocatalytic nanoparticles [8], ozone [9], and organic acids
[10] have been used to disinfect fungal contamination. Among them,
due to easy accessibility and cost-effectiveness, chlorine derivatives
have been widely used to sanitize water and surface fungi in prac-

tical application [11]. Recently, free chlorine inactivated spores and
conidia of fungal species belonging to Cladosporium, Phoma, Asper-
gillus, and Penicillium, have been studied with different levels of sensi-
tivity [12]. Similarly, chlorine dioxide reduced the viability of fungi
(e.g., Cladosporium spp., Trichoderma spp., Penicillium spp.), depend-
ing on pH, temperature, and concentration [13]. However, chlori-
nation alone was reported to be insufficient to completely inactivate
fungi from drinking water [14,15]. Alternatively, the combinato-
rial and/or sequential effects of multiple treatments have been also
suggested. UV irradiation in combination with chlorination was
shown to effectively inactivate A. flavus [16]. Integrated treatment
with hypochlorite, UV, and cold atmospheric plasma (CAP) also
reduced conidial viability in three Penicillium species on a 1-3 log
scale [17,18]. In addition, treatment with chlorine derivatives along
with organic acids such as peracetic acid and humic acid was found
to increase the inactivation of target fungal species [13,14]. How-
ever, the synergistic effects of chlorine and organic acid were found
to be limited. Nevertheless, due to natural existence, low toxicity,
and high germicidal activities, organic acids could be versatile dis-
infectants to inactivate fungi and need to be investigated in broader
spectrum.

To date, several organic acids have been evaluated for their poten-
tial applications as disinfectants against fungi [10]. The fungicidal
activity of most organic acids is pH dependent. However, several
derivatives of carboxylic acids, fatty acids, and/or amino acids exerted
antifungal activities that were associated with polyvalent function-
alities such high oxidation potentials, hydrophobicity, and amphip-
athic properties, thereby causing oxidative stress, membrane disinte-
gration, and inhibition of fungal cell metabolism [19]. Propionic acid,
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a naturally existing carboxylic acid, was shown to efficiently induce
death of yeast cells by mediating oxidative stress [20]. Fatty acids such
as undecylenic acid and acetylenic acid exerted potent antifungal
activities against Candida, Aspergillus, and Trichoderma [21,22].
2-Hydroxyisocaproic acid, an amino acid derivative, displayed
antifungal activities against Candida and Aspergillus [23]. Poacic
acid was also found to inactivate various plant pathogenic fungi
through the inhibition of glucan synthesis in fungal cell walls [18].

Phytic acid, a polyvalent organic acid used as a food additive and
metal chelator, was reported as a safe germicide against various
bacteria [24]. Phytic acid alone and in combination with sodium
hypochlorite was used to eradicate Enterococcus faecalis [25] and
Bacillus subtilis [26], the most resistant bacteria in endodontic den-
tal treatment. Phytic acid was also efficient in inactivating Esche-
richia coli O157:H7 [27,28]. However, regardless of its high germicidal
activity and polyvalent functionality, phytic acid has never been
investigated for its antifungal activity. Therefore, evaluation of the
effects of phytic acid alone and/or with other agents on fungal
growth will be of interest to facilitate the development of advanced
disinfectants against fungi.

In the present study, we investigated the effects of free chlorine
and phytic acid alone and in combination against conidia produced
by A. niger. We monitored the ultrastructural changes of conidia
treated under various conditions and explored the potential mode
of action of free chlorine and phytic acid. In addition, we com-
pared the disinfectant efficiency of the combination of free chlo-
rine and phytic acid with three representative species of Aspergillus
(i.e. A. niger, A. flavus, and A. parasiticus).

EXPERIMENTAL DETAILS

1. Chemical Agents and Fungal Strains
Sodium hypochlorite solution (5%, Junsei Co., Japan) and phytic

acid solution (50%, Sigma-Aldrich Co., USA) were used as sources
of free chlorine and phytic acid, respectively. All stock solutions
were freshly prepared before experiment. Mycelial plates of A.
niger (KACC 43547), A. flavus (KACC 41730), and A. parasiticus
(KACC 46037) strains were obtained from the Korean Agricultural
Culture Collection (KACC).
2. Preparation of Fungus Culture and Conidium Suspension

Mycelia of Aspergillus spp. were initially inoculated in 2 ml of
MP media (malt extract 10g/l, Bacto-peptone 10g/l, pH 7.4 adjusted
with potassium hydroxide [KOH]) and cultured with gentle shak-
ing at 25 oC for 24 h. Mycelial suspensions were obtained and re-
inoculated onto potato dextrose agar (PDA, Difco Co., USA) plates,
followed by incubation at 25 oC. After seven days, the conidia pro-
duced were collected by washing with sterilized 0.1% Tween-80
solution and filtering with sterile Miracloth (Millipore, Billerica,
MA). Conidia were harvested by centrifugation at 4,000 rpm for
10 min and subjected to three rounds of washing with phosphate-
buffered saline (PBS, pH 7.2, Sigma-Aldrich Co., USA). The num-
ber of viable conidia in the stock was determined by accessing col-
ony-forming units (CFUs) per milliliter on PDA plates and adjusted
to 3×106 CFU/ml for conidia inactivation tests.
3. Investigation of Fungal Conidia

To investigate the efficiency of free chlorine and/or phytic acid

to inactivate Aspergillus spp. conidia, 30 ml of a reaction mixture
containing conidia (9×105) and chemicals was stirred in Pyrex reac-
tor at room temperature (20±1 oC) for designated time course. The
reaction was terminated with sodium thiosulfate (Sigma-Aldrich
Co., USA), which was used to quench the residual free chlorine.
Concentration of free chlorine in the reaction mixture was deter-
mined with N,N-diethyl-p-phenylene diamine (DPD, Hach Co.,
USA) using colorimetric method with a Pocket Colorimeter II
(Hach Co., USA). After treatment, 1 ml of the reaction mixture was
inoculated onto PDA plates at various dilutions. After two days of
incubation at 25 oC, the number of fungal colonies was counted.

The delayed Chick-Watson model with a time-averaged free
chlorine concentration was chosen to explain the kinetics of Asper-
gillus spp. conidia in the presence of free chlorine, as described by
Eq. (1) [29-31].

(1)

where N=concentration of viable Aspergillus conidia at time t
(CFU/ml), N0 = initial concentration of viable Aspergillus conidia

(CFU/ml), C= dt=time-averaged free chlorine concentra-

tion (mg/l), C=free chlorine concentration at time t (mg/l), k=in-
activation rate constant (l/mg·min), CTlag=x-axis intercept of the
inactivation curve.
4. Transmission Electron Microscopy (TEM)

To examine their ultrastructure after treatment with chemical
agents, conidia were subjected to TEM observation. Conidia were
washed with 10 mM PBS (pH 7.2) and fixed with Karnovsky’s fix-
ative (2% glutaraldehyde and 2% paraformaldehyde mix [Sigma-
Aldrich Co., USA]) [32] at 4 oC for 24 h. The samples were washed
with 0.05 M sodium cacodylate buffer (pH 7.2) and post-fixed with
1% osmium tetroxide (OsO4, Sigma-Aldrich Co., USA) at 4 oC for
2 h. After washing twice with distilled water, the conidia were sub-
jected to electro-conductive staining at 4 oC for overnight using
0.5% uranyl acetate (VWRTM, USA). The sample solution was sub-
sequently dehydrated with sequential changes of solvent to 30%,
40%, 50%, 70%, 80%, 90%, and 100% ethanol. The solvent was
substituted with 100% propylene oxide, and conidia were embed-
ded in Embed 812 resin mixture (VWRTM, USA). Thin specimens
of approximately 70 nm thickness were sectioned using an ultra-
microtome (LC7, LEICA, Germany) and placed on copper grids
of 200 mesh (Sigma-Aldrich Co., USA). The sectioned specimens
were stained with 2% uranyl acetate for 7 min and incubated in
Reynold’s lead citrate (LC, Agar Scientific Co., UK) for 7 min.
Finally, the prepared specimens were observed with TEM (Hita-
chi H-7650, UK).
5. Propidium Iodide (PI) Staining of Conidia

A. niger conidia were stained with PI [33]. After chemical treat-
ment, 1 ml of the reaction mixture was mixed with 10µl PI stock
(Sigma-Aldrich Co., USA) and incubated in dark conditions for
30 min. The fluorescence intensity emitted at 617 nm was meas-

Log N
N0
------ = 

0 if CT CTlag = 
1
k
--Log N

N0
------

⎝ ⎠
⎛ ⎞≤

−  k CT −  CTlag( ) if CT CTlag = 
1
k
--Log N

N0
------

⎝ ⎠
⎛ ⎞≥

⎝ ⎠
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎛ ⎞

C/t
0

t

∫



Fungicidal activity of free chlorine and phytic acid 1801

Korean J. Chem. Eng.(Vol. 36, No. 11)

ured with an absorbance/fluorescence microplate reader (Tecan Co.,
Austria).
6. Lipid Peroxidation Assay of Conidia

To investigate the lipid peroxidation in conidia membrane, we
determined the production of total malondialdehyde (MDA) by
modifying a previously described procedure (EZ-TBARS kit,
DoGenBio, Korea). About 2×106 conidia were exposed to each
chemical treatment and harvested by centrifugation at 6,000 rpm
for 5 min. The harvested conidia were suspended in 200µl of 10
mM PBS (pH 7.2) and subjected to cell lysis at 95 oC for 30 min.
MDA standards and conidia samples were mixed with thiobarbi-
turic acid (TBA) at equal volumes and incubated at 65 oC for 45
min. The total amount of MDA was determined by monitoring
the absorbance at 540 nm using a spectrophotometer.
7. Determination of ATP Released from Conidia

Conidia leakage induced by chemical treatment was accessed
by evaluating the content of extracellular ATP released from conidia.
A total of 2×106 conidia per treatment were collected by gentle
centrifugation at 6,000 rpm for 5 min and suspended in 200µl of
10 mM PBS (pH 7.2). Conidial suspensions were vigorously vor-
texed for 30 min, followed by high-speed centrifugation at 14,200
rpm for 15 min. The amounts of ATP in standards and sample
conidia were determined using Sigma ATP bioluminescent assay
kit (Sigma-Aldrich Co., USA) and tube luminometer (Lumat LB
9508, Berthold, Germany).
8. Statistical Analysis

Statistical analysis was performed using one-way analysis of
variance (ANOVA) in R software (https://www.r-project.org/). Multi-
ple comparisons of means were analyzed by Duncan’s multiple
range tests at p<0.05.

RESULTS AND DISCUSSION

1. Inactivation of A. niger Conidia by Free Chlorine and Phytic
Acid

Free chlorine was previously shown to efficiently inactivate conid-
ial spores of several Aspergillus spp. [6,12]. In addition, the combi-
natorial treatment of free chlorine and organic acids was found to
exhibit antifungal effects, but the synergistic effects of thee agents
were limited [13,14]. In the present study, we investigated the fun-
gicidal action of the combination of free chlorine and phytic acid,
another polyvalent organic acid. The number of colonies formed
from the conidia treated with free chlorine and phytic acid alone
and in combination was counted for different time points (Fig. 1).
The treatment with free chlorine (7 mg/l) alone without pH ad-
justment resulted in a gradual conidial inactivation in a time-depen-
dent manner. According to 5 min of treatment, the germinated
CFU/ml of A. niger conidia was reduced in a 0.5 log scale (approxi-
mately 70% inactivation). Inactivation rate as the function of CT
value was estimated as 53.23 mg/l·min. Even though the parame-
ters were not equivalent to be compared in parallel, previous study
reported that A. niger was resistant up to 10 mg/l of free chlorine
for 5 min [14], which was similarly observed in our study. On the
other hand, the measured pH of the chlorine suspension was pH
8.8. When pH of free chlorine was adjusted to 7 prior to experi-
ment [6,12], the CT values required to inactivate various Aspergil-

lus spp. to 0.5 log scale were estimated to be less than 20 mg/l·min.
This inactivation rate was more efficient than the CT value deter-
mined in this study (i.e., 53.23 mg/l·min). In general, disinfection
activity of free chlorine was dependent on the amount of hypo-
chlorous acid (HOCl, pKa=7.4) and was high in the pH range of
4 to 8 [34,35]. At pH above 8, hypochlorite ions (OCl−) undergo
dissociation as major species and their germicidal activity is 80%
less than that of HOCl. Thus, the low fungicidal activity of free chlo-
rine observed herein was likely due to the high pH (i.e., 8.8).

The treatment with phytic acid alone had no significant inacti-
vation effects on A. niger conidia in the range of 100 to 400 mg/l
within designated time courses (~5 min of treatment) (Fig. 1). Up
to the treatment with 400 mg/l of phytic acid for 5 h resulted in a
decrease in the viability of A. niger conidia to only 0.6 log scale
(i.e., 60% inactivation) (Supplementary Information Fig. S1). Taken
together, the individual treatment with free chlorine without pH
adjustment or phytic acid was insufficient to completely inactivate
A. niger conidia.

Next, we examined the combined effect of free chlorine and
phytic acid on the inactivation of A. niger (Fig. 2). In comparison
with the condition treated with free chlorine only, combinatorial
treatment of agents showed a strong inactivation of conidia, pro-
portionate to the concentration of phytic acid. Treatment with free
chlorine (7 mg/l) and 400 mg/l of phytic acid for 5 min resulted in
a reduced viability of A. niger conidia to about 1.78 log scale (approxi-
mately 98% inactivation). In terms of inactivation kinetics, CT
value at 1.78 log scale was estimated to be 25.2 mg/l·min (data not
shown). This inactivation efficiency was higher than that previ-
ously determined (37.55 to 57.35 mg/l·min for 2 log scale) with
free chlorine at around pH 7 for A. fumigatus and A. versicolor [6].

Our data indicated that combinatorial application of free chlo-
rine and phytic acid efficiently inactivated A. niger conidia. As the
function of ‘percent synergistic effect’ in inactivation efficiency in

Fig. 1. Effect of individual treatment with free chlorine and phytic
acid on the inactivation of A. niger conidia. Free chlorine and
phytic acid were used to treat A. niger conidia (3×104 CFU/
ml) without any pH adjustment. The inactivation of A. niger
conidia was presented as the log N/N0 scale. N denotes the
CFU/ml at a designated time and N0 is the CFU/ml at initial
time point.
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log N/N0 scale [36], combination of free chlorine and phytic acid
increased fungal inactivation 21.4-256%, compared to the arith-
metic sums of individual treatments (Table 1). This strongly sug-
gests that free chlorine and phytic acid inactivated the A. niger
conidia via the synergistic effect rather than additive effect.

The pH might be an important factor for the fungicidal activi-
ties of chlorination and/or acid treatment. In our study, pH values
of conidia suspensions treated with free chlorine in presence of
100, 200, and 400 mg/l of phytic acid were 2.83, 2.68, and 2.58,
respectively. In comparison with the condition treated with free
chlorine only (Fig. 1), combined treatment with free chlorine and

Fig. 2. Effect of the combinatorial treatment with free chlorine and
phytic acid on the inactivation of A. niger conidia. Free chlo-
rine and phytic acid were mixed to obtain [HOCl]0=7 mg/l
and [phytic acid]0=100-400 mg/l and used to treat A. niger
conidia (3×104 CFU/ml) without pH adjustment. The inacti-
vation of A. niger conidia was presented as the log N/N0 scale
(N, CFU/ml at designated time; N0, CFU/ml at initial time
point. Inset, inactivation efficiency of free chlorine under low
pH condition.

Fig. 3. Ultrastructure of A. niger conidia treated with free chlorine and phytic acid. Transmission electron micrographs of A. niger conidia
untreated (a), treated with free chlorine (b), phytic acid (c), and mixture of free chlorine and phytic acid (d). The pH of the medium
was not controlled. [HOCl]0=7 mg/l, [phytic acid]0=400 mg/l, treatment time=5 min, CW, cell wall; V, vacuole; N, nucleus; Mt, mito-
chondria; MVB, multivesicular body; ER, endoplasmic reticulum.

Table 1. Synergistic effect in combinatorial treatment with free chlo-
rine and phytic acid on the inactivation of A. niger conidia

Disinfection agent HOCl 007 mg/l 007 mg/l 007 mg/l
PA 100 mg/l 200 mg/l 400 mg/l

Predicted inactivationa 0.56 log 0.59 log 0.50 log
Observed inactivation 0.68 log 1.35 log 1.78 log
Percentage increase 21.4% 128.8% 256.0%

aArithmetic sum of inactivation level (logN/N0) via individual treat-
ment of free chlorine and phytic acid (ex., 0.56 log was the sum of
0.50 log by HOCl 7 mg/l and 0.06 log by PA 100 mg/l)
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phytic acid showed a significant reduction in the pH of conidia
suspension. Therefore, the high fungicidal activity with the combi-
nation of free chlorine with phytic acid could be attributed to the
pH-lowering effect. To clarify this mechanism, we adjusted the pH
of the conidia suspension treated with free chlorine alone to 2.5
and 3.0 with hydrochloric acid (HCl), resulting in the reduction in
the viability of conidia to less than 0.75 log scale within 5 min (Fig.
2 subset). Noticeably, such inactivation level was not enough to
account for the inactivation scale (i.e., 1.78 log; Fig. 2) observed by
combinatorial treatments without adjusting pH. This implied that
the high fungicidal activity with the combinatorial treatment could
be associated with the pH-lowering effect along with an additional
but yet to be known modes of action of phytic acid.
2. Ultrastructural Changes of A. niger Conidia Treated with
Free Chlorine and Phytic Acid

To investigate the mode of action underlying the fungicidal effects
of free chlorine and phytic acid against A. niger, we monitored the
changes in the ultrastructure of conidia following treatment with
the two chemicals using TEM (Fig. 3). Untreated A. niger conidia
(Fig. 3(a)) exhibited intact cell walls and plasma membranes. The
nucleus, mitochondria, and other organelles also displayed intact-
ness and definite shapes. The conidia treated with free chlorine
(Fig. 3(b)) also maintained the morphology of a normal cell wall
and plasma membrane, but their nuclei and cell peripheries were
less confined and appeared disrupted. HOCl is known to pene-
trate across the plasma membrane and cause damage to proteins
and lipids, leading to the inhibition of cell metabolism in the cyto-
sol and disruption of DNA integrity in the nucleus [14,37]. In gen-
eral, sodium hypochlorite dominantly formed HOCl in the pH
range of 4 to 8. In our study, the pH of the conidia suspension
treated with free chlorine alone was 8.8. Under these circumstances,
OCl− functions more favorably than HOCl [34,35]. Regardless of
the low amount, however, HOCl produced at pH 8.8 may have
disrupted the ultrastructure of the cytosol. On the other hand, the
conidia treated with phytic acid only (Fig. 3(c)) revealed intact cyto-
solic organelles but partially impaired cell walls and plasma mem-
branes. The intactness of the conidia subcellular organelles supported
the low fungicidal activities of phytic acid alone (Fig. 1). The com-
binatorial treatment of free chlorine and phytic acid induced the
complete disruption and burst of A. niger conidia (Fig. 3(d)). Taken
together, although the individual treatment with free chlorine and
phytic acid was insufficient to cause any damage to conidia, each
chemical partially disrupted A. niger conidia with a different poten-
tial mode of action. The combinatorial treatment with the two
chemical agents caused death of A. niger conidia in a synergistic
manner.
3. Membrane Disintegrity of A. niger Conidia Treated with Free
Chlorine and Phytic Acid

To investigate how free chlorine and phytic acid inactivated A.
niger conidia, we examined several parameters reflecting the mem-
brane integrity of conidia. PI is a fluorescent dye that stains the
nucleus by binding to the DNA but is often known to indicate
membrane disintegration, owing to its inability to across the intact
lipid bilayer [38,39]. In our study, the conidia treated with free chlo-
rine and/or phytic acid showed higher fluorescence intensity than
those from untreated condition (Fig. 4(a)). In particular, the com-

Fig. 4. Influence of free chlorine and phytic acid on the membrane
integrity of A. niger conidia. (a) The comparison of fluores-
cence intensities of conidia stained with PI after treatment with
free chlorine and phytic acid. (pH not controlled, [HOCl]0=
7 mg/l, [phytic acid]0=400 mg/l, treatment time=5 min, exci-
tation wavelength=535 nm, emission wavelength=617 nm).
(b) Level of MDA produced from the conidia treated with
free chlorine and phytic acid. The concentration of total MDA
produced from conidia was determined by monitoring adduct
with TBA (pH not controlled, [HOCl]0=7mg/l, [phytic acid]0=
400mg/l, treatment time=5min, absorbance evaluated at 532
nm). (c) Quantitation of extracellular ATP excreted from the
conidia. The total concentration of ATP excreted from conidia
was determined by measuring luminescence from the lucif-
erase reaction requiring ATP as a cofactor. a-dMean values with
the different letters are significantly different per Duncan’s
multiple comparison test (p<0.05).
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binatorial treatment with free chlorine and phytic acid resulted in
the highest fluorescence of PI.

Free chlorine and several acids are known to cause lipid peroxi-
dation and disruption of proton gradient in the plasma mem-
brane. To investigate the effects of free chlorine and phytic acid on
the oxidation state of the plasma membrane of A. niger conidia, we
examined the concentration of MDA produced from the conidia
treated with the disinfectants (Fig. 4(b)). MDA level was similar
between untreated and free chorine-treated samples, implying that
free chlorine may not be effective enough under these conditions
to cause lipid peroxidation. Treatment with phytic acid treated
alone (400 mg/l) caused a slight increase in the level of MDA as
compared with that reported for non-treated control and free
chlorine-treated samples. However, we observed almost a twofold
increase in the MDA level for the combinatorial treatment group
as compared with other treatment groups. Although the impact
on the redox state of the membrane relies on the dosage and time
of chemical treatment, the individual treatment with free chlorine
(7 mg/l) and phytic acid (400 mg/l) caused no detectable changes
in lipid oxidation state. However, the combinatorial treatment with
same dosages caused a significant level of lipid peroxidation.

The conidial leakage induced by free chlorine and phytic acid
was examined by monitoring the concentration of ATP that poten-
tially diffused from the organelles of A. niger conidia. In compari-
son with the untreated conidia, those treated with phytic acid alone
and together with free chlorine showed a significant leakage of
ATP (Fig. 4(c)). However, as shown in Fig. 1, phytic acid alone
(~400 mg/l) had no effect on the inactivation of A. niger conidia
within 5 min. Thus, our data suggest that phytic acid facilitated the
leakage of conidia but was insufficient to kill the fungi. In previ-
ous reports, phytic acid similarly disrupted the bacterial membrane,
although the cells remained viable [28,40]. Phytic acid, often called
as myo-inositol hexakisphosphate (IP6), carries negative charges
and acts as an efficient chelator. Phytic acid was bound to various
divalent cations (e.g., Mg2+ and Ca2+), which played a role in the
maintenance of the stable structure of the fungal cell wall [28]. In
addition, membrane integrity in bacteria was affected by ethylene-
diaminetetraacetic acid (EDTA) or citric acids [41-43], suggesting
that chelating or binding of cations may interrupt with the process
of maintenance or synthesis of cell wall and membrane integrity.
4. Combination Treatment of A. niger, A. parasiticus, and A.
flavus Conidia with Free Chlorine and Phytic Acid

The fungicidal activity of free chlorine and phytic acid was fur-
ther tested against other Aspergillus spp. such as A. parasiticus and
A. flavus (Fig. 5). Within 5 min of treatment with free chlorine (7
mg/l) and phytic acid (400 mg/l), almost 99.9% (3 log scale) of A.
parasiticus and A. flavus conidia were inactivated. Under same con-
ditions, free chlorine and phytic acid reduced the conidial viability
by up to 1 log scale. In terms of kinetics, CT values required to
achieve 90% reduction (1 log scale) in conidial viability for A. niger,
A. parasiticus and A. flavus were 22.1, 17.1, and 17.8 mg/l·min
(Supplementary Information Fig. S2). Taken together, A. parasiti-
cus and A. flavus were more sensitive to the combinatorial treat-
ment of free chlorine and phytic acid than A. niger. These differences
in sensitivities among Aspergillus spp. have been previously reported,
and A. niger was recalcitrant to disinfection with free chlorine [14].

Nonetheless, the combination of free chlorine and phytic acid effi-
ciently inactivated the three major species of Aspergillus.

CONCLUSION

The establishment of efficient and safe disinfection agents and
methods is critical to controlling fungal contamination in the envi-
ronment. So far, chlorination has been widely used to disinfect
water and surface, but toxicity, pH dependence, and by-products
are the major disadvantages that restrict the practical application
of this technique. Therefore, reducing usage or developing alterna-
tive disinfectants with chlorine species would be desirable to estab-
lish a good sanitization technology. In the present work, we exploited
the safe nature of phytic acid as a food additive and its efficient
germicidal activity against Aspergillus spp. The combination treat-
ment with free chlorine and phytic acid without pH adjustment
served as a rapid and an efficient inactivation method against
selected Aspergillus spp. Therefore, the simple mixing of free chlo-
rine and phytic acid could be a promising alternative as a disinfec-
tant to conventional chemicals. Our study provides an insight into
the mechanism underlying the effects of these chemicals on the
inactivation of fungal species.
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Fig. 5. Comparison of inactivation kinetics for conidia from Asper-
gillus spp. with free chlorine/phytic acid system (pH not con-
trolled, [HOCl]0=7 mg/l, [phytic acid]0=200 mg/l).
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Supporting Information

Free chlorine and phytic acid synergistically inactivated conidia of Aspergillus spp.
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Fig. S1. Inactivation of A. niger conidia with phytic acid (pH not
controlled, [phytic acid]0=400 mg/l).

Fig. S2. Comparison of inactivation kinetics for Aspergillus spp.
conidia with free chlorine/phytic acid system (pH not con-
trolled, [HOCl]0=7 mg/l, [phytic acid]0=200 mg/l).
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