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Abstract 
Penicillium expansum was cultured in apple juice media prepared from six different commercial apple juices. The 

patulin production was profoundly affected by the differences in apple juices, whereas fungal growth was generally 
not. The maximum concentration of patulin was 7 .3-fold of that in the media containing minimum concentration of 

patulin. The six apple juices were concentrated by evaporation and reconstructed to the original volumes by adding 
Milli-Q water. P. expansum was cultured in the media prepared from reconstructed apple juices, and the patulin 

concentration and fungal growth were determined. Evaporation of apple juice tended to decrease patulin production 
and to increase fungal growth, suggesting that the volatile compounds promote patulin production and inhibit fungal 
growth. The volatile compounds in the apple juice were then analyzed by GC-MS. The 13 compounds of which 

concentrations were largely decreased by evaporation were selected for evaluation of their stimulation of patulin 
production. Seven out of the 13 compounds, 2-methylpropyl acetate, ethyl butyrate, ethyl 2-methylbutanoate, 
3-methyl-l-butanol, hexyl acetate, 1-hexanol, and 2-methylbutanoic acid, increased the patulin production of P. 

expansum concentration-dependently; 2-methylbutanoic acid and its ethyl ester were highly effective. Our results 
indicated that the composition of volatile compounds in apple juice media largely affects the patulin production and 
the growth of P. expansum. 

Introduction 

Patulin is one of the mycotoxins, first isolated in 1940 from a culture of Penicillium patulum (also called 

P. griseofulvum)1
), and is a major contaminant for apples and pears2

l. Patulin shows immunotoxic and neuro

toxic effects in animal experiments3
• 
4
l, and is regulated in many countries, including the U.S.5

\ the European 

Union6
l, and Japan7l. These countries have adopted 50 µg/kg as a maximum residue limit in apple juice and 

apple-related foods. Many species of Penicillium and Aspergillus such as P. patulum, P. melinii, P. claviforme, 

A. clavatus, A. giganteus, and A. terreus produce patulin, and the most common species that causes patulin 

contamination in apples is P. expansum2
l. 
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Patulin contamination in foods results in great economic loss8l, and thus food industries are eager to 

develop a technique to prevent patulin contamination in apple juice. Until now, many investigations for 

prevention the growth of P. expansum and patulin contamination have been performed. Patulin production in 

apples usually occurs after harvesting. Appropriate quality control of postharvest apples, such as adequate 

handling and storage conditions, is very important to prevent patulin contamination9-13
l_ The Codex Alimen

tarius Commission (CAC) has been preparing guidelines to reduce patulin in apples. Chemical agents such as 

potassium sorbate and sodium propionate inhibit P. expansum growth and patulin production9
' 

14
l, and UV 

irradiation reduces patulin contents in apple cider15
l. However, patulin contamination of apples is still not 

adequately controlled. 

Some natural chemicals contributing to plant aroma have antibacterial and antifungal activities1
6-

22
l. 

These chemicals can reduce the risk of contamination of agricultural products and foods, and the health 

hazards presented by microorganisms. In particular, cinnamaldehyde, benzaldehyde, and aliphatic aldehydes 

were found to have potent inhibitory effects against microorganisms. Among these, (Z)-3-hexenal, 

2,4-hexadienal, and (E)-2-undecenal showed relatively strong antibacterial and antifungal effects, and those 

compounds prevented the production of toxic secondary metabolites. Gaseous (E)-2-hexenal was effective for 

preventing P expansum contamination in pears23
' 

24
l. In our previous study, the effects of 16 aliphatic 

aldehydes with 3-10 carbons on the growth and patulin production of P. expansum were examined, and we 

found that 2-propenal, (E)-2-butenal, (E)-2-pentenal, and (E)-2-hexenal added to apple juice media inhibited 

the germination of P. expansum spores and fungal growth25
l. 

On the other hand, gaseous (E)-2-heptanal, (E)-2-octenal, and (E)-2-nonenal have been reported to 

stimulate aflatoxin production by A. flavus inoculated into corn, but to suppress it in cotton seed and 

peanuts 26
l. In our study the aliphatic aldehydes with 8-10 carbons, octanal, (E)-2-octenal, nonanal, 

(E)-2-nonenal, decanal, and (E)-2-decenal added to the apple juice medium significantly enhanced the patulin 

production by P. expansum without affecting fungal growth25
l. These findings suggest that volatile compounds 

in apples and apple juice affect the patulin production by P. expansum growing in apples and apple juice. 

Karlsh0j et al. (2007) investigated the composition of volatile compounds by electric nose analysis to 

clarify the relationship between P. expansum infection and patulin spoilage in apples27
l. To the best of our 

knowledge, however, there is no report on the effects of individual volatile compounds in apples on the 

patulin production by P. expansum. Here we describe the effect of volatile compounds in apple juice on the 

patulin production by P expansum, and we discuss our finding that some of the compounds, such as 

2-methylbutanoic acid and its ethyl ester, increased the patulin contents in apple juice culture concentration

dependently. 

Materials and Methods 

Apple juices Clear apple juices A-F made by six different domestic companies were purchased from 

grocery stores and stored at 4 °C in dark until experiment. Reconstructed apple juices were prepared as 

follows: apple juices were concentrated by a rotary vacuum evaporator equipped with a vacuum controller 

NVC-1100 (Tokyo Rikakikai Co., Tokyo, Japan) at 45°C. The respective concentration rates were 7.5, 7.0, 

6.9, 7.1, 7.6, 8.0 for apple juices A-F. The concentrates were filled up to their original volumes by adding 

Milli-Q water. Reconstructed apple juices were also stored at 4°C in dark until experiment. 



Vol. 64, No. l, 1-14 (2014) 3 

Chemicals Patulin standard was purchased from Wako Pure Chemical Industries (Osaka, Japan). The 13 

volatile compounds were purchased from Wako or from Tokyo Chemical Industry Co. (Tokyo, Japan). 

Ethanol (EtOH), methanol (MeOH), hydrochloric acid (HCl), and sodium chloride (NaCl) were of analytical 

grade, and acetonitrile (MeCN) was of high-performance liquid chromatography (HPLC) grade. 

Fungal strain and spore preparation Penicillium expansum ATCC28876 was purchased from the 

American Type Culture Collection (Rockville, MD, USA). P. expansum spore suspension was prepared and 

preserved as described25l_ 

Patulin production by P. expansum in six media made from different commercial apple juices and the 

effect of evaporation of apple juices on patulin production Heated apple juice media were prepared 

from apple juices A-F by sterilization at 121°C for 10 min. These media are referred to as AJMs (apple juices 

media) A-F in this study. Reconstructed apple juice media were also prepared from reconstructed apple juices 

A-F by sterilization, and are referred to as RAJMs (reconstructed apple juices media) A-F. 

P. expansum spores were inocultaed to apple juice media (10 mL) in 50-mL cell culture flasks (Becton 

Dickinson, Franklin Lakes, NJ, USA) with the final spore concentration of 1 x 104 spores/mL and cultured 

statically at 25°C for 7 d. The dry weight of mycelia was measured as an indicator of fungal growth, and the 

patulin concentration in the culture medium was determined. The differences in the patulin concentrations 

and the dry weights ofmycelia between culture media were analyzed by t-test of five individual experiments. 

Measurement of fungal growth The growth of P.expansum is expressed as a dry weight. P. expansum 

cultures in the apple juice media were filtered through No. 2 filter paper (Advantec Toyo Kaisha, Tokyo, 

Japan). Collected mycelia were frozen at - 80°C, lyophilized and weighed. 

Determination ofpatulin concentration in apple juice medium P. expansum culture in apple juice media 

was filtered through No. 2 filter paper. The filtrate was mixed with an equal volume of MeOH and then 

filtered through a 0.2-µm Ultrafree-MC Centrifugal Filter (Merck Millipore, Billerica, MA, USA). The 

mixture was subjected to high-performance liquid chromatography (HPLC) analysis with an HP-llOO high

performance liquid chromatograph equipped with a TSK gel ODS-lOOV separation column (2 x 150 mm, 3 

µm; Tosoh, Tokyo, Japan). The HPLC system was connected to a UV detector and a mass selective detector 

with an electron spray ionization interface (Agilent Technologies, Santa Clara, CA, USA). The mobile phase 

A and B were Milli-Q water and MeCN, respectively. Separation was done at a flow rate of 0.2 mL/min by 

the following linear gradient program: from 0.0 to 5.0 min, 95% A, 5% B; from 5.0 to 13.0 min, 95% A, 5% 

B to 0% A, 100% B; from 13.0 to 15.0 min, 0% A, 100% B; from 15.0 to 15.1 min, 0% A, 100% B to 95% A, 

5% B; and from 15.1 to 25.0 min, 95% B, 5% A. The column temperature was 40°C and the injection volume 

was 2.0 µL. The UV absorbance at 290 nm and mass spectrometry at m/z 153.0 (negative, single-ion 

monitoring mode) were used in quantitative and qualitative analyses, respectively. The capillary voltage, 

fragmentor voltage, and temperature for mass spectrometry were -6,000 V, 60 V, and 340°C, respectively. For 

the calibration standards, patulin standard solutions (0, 1, 4, 7, 10, 40, 70, and 100 µg/mL) were prepared 

using 5% MeCN. The measured patulin concentration was expressed as the concentration in the apple juice 

medium. 
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Analysis of volatile compounds in apple juices by GC-MS coupled with headspace SPME Ten-milliliter 

aliquots of 1 % apple juice in saturated NaCl solution were poured into 20-mL glass vials, and then 50 µL of 1 

mol/L HCl was added. After the addition of 10 µL of a mixture of methyl isobutyl ketone (10 µg/mL) and 

cyclooctyl alcohol (10 µg/mL) in EtOH as internal standards, the glass vials were sealed with PTFE-lined 

caps (GL Sciences Inc., Tokyo, Japan). Volatile compounds in headspace from the apple juices were extracted 

using a solid phase micro-extraction (SPME) fiber: 50 I 30 µm DVB/CAR/PDMS, 2-cm length (Sigma

Aldrich, St. Louis, MO, USA). Extraction was performed at 60°C for 40 min under agitation (speed 400 rpm). 

After extraction, the SPME fiber was immediately inserted into the gas chromatography (GC) injector for 

thermal desorption for 5 min at 250°C. An Agilent 6890 N gas chromatography system coupled to a 5975 

inert Mass Selective Detector (MSD; Agilent Technologies) was used for capillary GC-mass spectrometry 

(MS) analyses in the electron impact mode. Volatile compounds were separated using a poly (ethylene glycol) 

column DB-WAX (Agilent Technologies, 30 m x 0.25 mm i.d., film thickness 0.25 µm). The chromato

graphic conditions were as follows: injection system, splitless; injector temperature, 250°C; temperature 

program, from 0 to 5 min at 40°C, from 5 to 19 min at 15°C/min and from 19 to 29 min at 250°C; carrier gas, 

He; flow rate, 1.0 mL/min; transfer line to MSD, 250°C. Estimation of compounds was made by the 

comparison of the mass spectra with those in the National Institute of Standards and Technology (NIST) mass 

spectra libraries (NIST, Gaithersburg, MD, USA). Linear Kovats indices of authentic compounds were also 

used to confirm the identification. 

Effects of volatile compounds in apple juice on the patulin production by P. expansum The 13 

compounds of which concentrations were largely decreased by evaporation were added separately to RAJM 

Cat the same concentrations as those determined for AJM C (original concentration), and also at the concen

trations ten times higher than those in AJM C (ten-times concentration). AJM C was used as the positive 

control and RAJM C as the negative control. Volatile compound was added as an EtOH solution to the 

medium immediately before inoculation, the final concentration of EtOH in the medium was 0.1 %. The same 

amount of EtOH was added to positive and negative controls. P. expansum spores were inocultaed to apple 

juice media with the final spore concentration 1 x 104 spores/mL and cultured statically at 25°C for 7 d. The 

differences in the patulin concentrations between culture media were analyzed by t-test of five individual 

experiments. 

Effect of 2-methylbutanoic acid on fungal growth and patulin production An EtOH solution of 

2-methylbutanoic acid was added to RAJMs A-F at the same concentration as that in AJM C, and at the 

concentration ten-times higher than that in AJM C. RAJMs A-F without adding of 2-methylbutanoic acid 

were used as controls. A spore suspension of P. expansum was inoculated and cultured statically at 25°C. 

After culturing for 7 d, the dry weight of mycelia and the patulin concentration were determined. The differ

ences in the weight of mycelia and the patulin concentrations between culture media were analyzed by t-test 

of five individual experiments. 
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Results 

Patulin production by P. expansum in six media made from different commercial apple juices and the 

effect of evaporation of apple juices on patulin production A spore suspension of P expansum was 

inoculated into the apple juice media (AJMs) A-F and the reconstructed apple juice media (RAJMs) A-F, and 

cultured at 25°C for 7 d. The dry weight of mycelia was measured as an indicator of fungal growth, and the 

patulin amount in the culture medium was determined by LC/MS. 

Table 1 shows the patulin production by P expansum in the AJMs A-F of five individual experiments. 

The difference in apple juices markedly affected the patulin production by P expansum. The lowest patulin 

concentration was 22.9 ± 1.0 µg/mL in AJM E, and the highest patulin concentration was 167.3 ± 24.3 µg/ 

mL in AJM C. Table 1 also shows the effect of the evaporation of apple juices on the patulin production by P 

expansum in apple juice medium. The evaporation significantly reduced the patulin concentrations, by 43%, 

61 %, 46% and 31 % in apple juices A, B, C, and E, respectively (significance level 1 %). In apple juices D and 

F, the evaporation scarcely changed the patulin concentrations in culture. These results suggested that some 

volatile compounds in apple juices might stimulate the patulin production by P expansum. 

Table 2 shows the fungal growth on the six AJMs of five individual experiments. The smallest dry 

weight of mycelia was recorded in AJM D (81 % of the average value in the six media), and the largest dry 

weight was obtained in AJM C (119% of the average value), indicating that fungal growth was not greatly 

affected by the difference in apple juices. Table 2 also shows the fungal growth on the RAJMs A-F. Except 

for apple juice E, the evaporation significantly increased the dry weight of mycelia. In particular, in apple 

juices B, C, and D, the evaporation increased the dry weight of mycelia by 2.9-, 2.0-, and 2.3-fold, respec

tively. These results suggested that some volatile compounds in apple juices inhibited P expansum growth. 

Table 1. Patulin production in apple juice media and reconstructed apple juice 
media prepared from 6 apple juices 

Patulin concentrations (µg/mL) 

Apple juice AJM" 

mean± SD' 

A 55.4 ± 7.8 

B 27.9 ± 7.4 

c 167.3 ± 24.3 

D 31.2 ± 3.8 

E 22.9 ± 1.0 

F 39.3 ± 12.1 

'AJM: apple juice medium without evaporation. 
bRAJM: reconstructed apple juice medium. 
'The means and SD for five individual experiments. 

RAJMb 

mean± SD'·' 

31.6 ± 10.9 * * 
11.0 ± 2.4** 

90.3 ± 33.0* * 

29.8 ± 3.3 
15.7 ± 1.3* * 

25.7 ± 3.5 

'Asterisks indicate significant differences (**p < 0.01) from AJMs values as deter
mined by Aspin-Welch's I-test. 
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Table 2. Fungal growth in apple juice media and reconstructed apple juice media 

prepared from 6 apple juices 

Dry weights ofmycelia (mg) 

Apple juice AJM' 

mean± SD' 

A 56.6 ± 16.0 
B 51.1 ± 11.4 
c 65.3 ± 7.8 
D 44.6 ± 4.0 
E 57.5 ± 17.0 
F 54.l ± 5.2 

'AJM: apple juice medium without evaporation. 
bRAJM: reconstructed apple juice medium. 
'The means and SD for five individual experiments. 

RAJMb 

mean± SD'·d 

82.9 ± 19.5* 
146.1 ± 17.0** 
129.2 ± 22.7*. 
101.0 ± 11.9*. 
56.8 ± 7.2 
83.8 ± 21.9* 

dAsterisks indicate significant differences (*p < 0.05, **p < 0.01) fromAJMs 
values as determined by Aspin-Welch's I-test. 

JSM Mycotoxins 

Analysis of volatile compounds in original and evaporated apple juices Since the volatile compounds in 

the apple juice might affect the growth of P. expansum and its patulin production, the contents of volatile 

compounds in the apple juices A-F and in the reconstructed apple juices A-F were determined before steril

ization. The volatile compounds of these 12 apple juices were analyzed by GC/MS coupled with headspace

SPME, and a number of volatile compounds were detected as shown in Supplementary Table 1. 

From detected compounds in 12 apple juices by GC/MS analysis, 13 compounds were selected on the 

basis of two criteria. First, we selected the compounds of which intensity values were larger than one-tenth of 

those of internal standards in the original apple juice C. The greatest amount of patulin was produced in AJM 

C among the six AJMs. Second, we selected the compounds of which the concentrations were reduced to 

one-fifth or less by evaporation. Those 13 compounds were identified to be 2-methylpropyl acetate, ethyl 

butyrate, ethyl 2-methylbutanoate, butyl acetate, hexanal, 2-methylbutyl acetate, 1-butanol, (E)-2-hexenal, 

3-methyl-l-butanol, hexyl acetate, octanal, 1-hexanol, and 2-methylbutanoic acid by comparison ofretention 

time on GC and MS fragmentation pattern with authentic standard compounds. Their actual concentrations in 

the original apple juices and reconstructed apple juices were determined more accurately by standard curves 

generated for each compound, and are shown in Table 3. Indeed, the selected compounds were confirmed to 

be present at a high concentration in original juice C, and their concentrations were greatly reduced by evapo

ration. 



Table 3. Concentrations of thirteen volatile compounds of six commercial apple juices ~ 
Concentration (µg/mL) "' ·""" Detected z 

Compound 
RT Apple Juice A Apple Juice B Apple Juice C Apple Juice D Apple Juice E Apple Juice F !=' 

Fragment; 
(min) 

,_. 
m/z Recon- Recon- Recon- Recon- Recon- Recon- ,_. 

Original' 
structedb 

Original' 
structedb 

Original' 
structedb 

Original' 
structedb 

Original' 
structedb 

Original' 
structedb 

I ,_. 
""" 

2-Methylpropyl 43 5.18 1.293 N.D.' N.D. N.D. 0.311 N.D. 0.498 N.D. 0.495 N.D. 0.024 N.D. 
N 
0 

acetate ,_. 

Ethyl butyrate 71 5.77 0.434 N.D. 5.074 N.D. 0.348 N.D. 2.911 N.D. 1.178 N.D. 0.280 N.D. 
b 

Ethyl 57 6.16 0.354 N.D. 0.013 N.D. 0.465 N.D. 0.593 N.D. 0.134 N.D. 0.031 N.D. 
2-methylbutanoate 
Butyl acetate 43 6.59 24.390 0.007 0.754 0.007 11.156 0.007 11.599 0.010 7.185 0.008 0.937 0.007 

Hexanal 44 6.69 0.274 0.019 2.722 0.127 0.051 0.005 1.325 0.057 0.607 0.070 0.060 0.017 

2-Methylbutyl 43 7.43 0.518 0.001 0.537 N.D. 0.649 N.D. 0.339 N.D. 0.094 N.D. 0.074 N.D. 
acetate 
1-Butanol 56 8.24 7.816 0.105 1.837 0.065 1.115 N.D. N.D. N.D. N.D. N.D. 1.543 N.D. 

2-(E)-Hexenal 41 8.89 0.553 0.007 1.292 0.034 0.467 0.002 0.233 0.010 0.024 0.009 0.031 0.005 

3-Methyl-l-
55 9.04 N.D. N.D. N.D. N.D. 0.094 N.D. 0.121 N.D. 0.337 N.D. N.D. N.D. 

butanol 
Hexyl acetate 43 9.49 5.449 0.002 0.133 0.002 2.458 0.004 2.852 0.002 1.644 0.003 0.128 0.003 

Octanal 43 9.87 0.009 0.004 0.015 0.004 0.044 0.008 N.D. 0.004 N.D. 0.011 0.012 0.010 

1-Hexanol 56 10.68 5.831 0.006 2.840 0.006 0.522 4.849 2.471 0.006 1.154 0.007 0.613 0.009 

2-Methylbutanoic 74 13.49 0.309 0.247 0.267 0.185 10.138 1.051 2.318 0.247 0.264 0.093 0.687 0.062 
acid 
--
'Original: apple juice without evaporation 
bReconstructed: apple juice prepared from concentrated juice. Apple juice was concentrated by evaporation, and filled up to original volumes by Milli-Q water. 

'N.D., not detected. 

-.J 
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Fig. 1. Effects of the 13 volatile compounds on the patulin production by P expansum in apple juice medium. 

The 13 compounds were added to RAJM C. The final concentrations of compounds were adjusted to the 

same concentrations as AIM C (center bars), and ten times concentrations (right bars). AJM C (dotted 

line) and RAJM C (left bars) were used as positive and negative controls. The patulin concentrations in 

the graph are expressed as the means ± SD of five individual experiments. * p < 0.05, ** p < 0.01 compared 

with values for negative controls; • p < 0.05, ## p < 0.01 compared with values for original concentrations. 
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Effects of volatile compounds in apple juice on the patulin production by P. expansum The effects of 

the above-mentioned 13 volatile compounds on the patulin production by P expansum were investigated 

using RAJM C. The 13 compounds were added separately to RAJM C at the same concentrations as those 

determined for AJM C shown in Table 2 (original concentration), and also at the concentrations ten times 

higher than those in AJM C (ten-times concentration). AJM C and RAJM C were used as positive and 

negative controls. The patulin concentrations in culture media were determined after culturing for 7 d. 

Figure 1 demonstrates that the addition of butyl acetate, hexanal, 2-methylbutyl acetate, 1-butanol, 

(E)-2-hexenal, and octanal did not affect the patulin production. By contrast, 2-methylpropyl acetate, ethyl 

butyrate, ethyl 2-methylbutanoate, hexyl acetate, 1-hexanol, and 2-methylbutanoic acid increased the patulin 

concentration in the cultures. In the media to which 2-methylpropyl acetate or ethyl butyrate were added up to 

original concentrations, the patulin amounts in the cultures were significantly increased compared to that in 

negative control. However, when two compounds were added up to ten-times concentrations, the patulin 

concentration in cultures did not increase any further. The addition of 3-methyl-l-butanol and 2-methylbu

tanoic acid up to the original concentrations stimulated the patulin production up to or over the patulin 

concentration (175.2 ± 71.5 µg/mL) in the positive control, AJM C. Also, the addition of ethyl 2-methylbu

tanoate, 1-hexanol, and 2-methylbutanoic acid up to the ten-times concentrations stimulated the patulin 

production up to or over the patulin level in the positive control, whereas the addition of 3-methyl-l-butanol 

up to the ten-times concentration did not affect it. 

Effect of 2-methylbutanoic acid on fungal growth and patulin production Since 2-methylbutanoic acid 

effectively stimulated the patulin production in RAJM C (Fig. 1), its effect on the patulin production by P 

expansum were investigated in the other five apple juices. 2-Methylbutanoic acid was added to RAJMs A-F 

at the same concentration (9.1 µg/mL) as that in AJM C, and at the concentration (90.9 µg/mL) ten times 

higher than that in AJM C. The six RAJMs were used as negative controls. The patulin concentration (Fig. 

2A) and fungal growth (Fig. 2B) in culture media were determined after 7 d culturing. 

In the cultures of RAJMs A, B, C, D and E, the addition of 2-methylbutanoic acid significantly increased 

the patulin amount in a concentration-dependent manner, and in RAJM F, a weak tendency to increase patulin 

concentration was observed. Conversely, in the A-F media, the addition of 2-methylbutanoic acid signifi

cantly decreased the dry weights of mycelia of P expansum. The relationship between decrease in the fungal 

growth and enhancement of patulin production in apple juice medium by the addition of 2-methylbutanoic 

acid was the same as the relationship observed for some AJMs and RAJMs. That is, the evaporation signifi

cantly reduced the patulin productions and significantly increased the fungal growth in apple juices A, B, and 

C (Table 1, 2). 

Thus the relation between concentrations of 2-methylbutanoic acid (Table 3) and patulin production 

(Table l) in the six AJMs and six RAJMs was investigated; a positive correlation was observed between the 

2-methylbutanoic acid concentration and the patulin production in twelve apple juice media as shown in 

Figure 3. 

Discussion 

The present study demonstrates that patulin production by P expansum depends on media made from the 
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Fig. 2. Effects of 2-methylbutanoic acid on patulin production (A) and fungal growth (B) in six apple juice media. 

2-Methylbutanoic acid was added to RAJMs A-F. The final concentration were adjusted to the same 
concentration as AJM C (9.1 µg/mL: center bars), and the ten times concentration (90.9 µg/mL: right bars). 

RAJMs A-F ( 0 µg/mL: left bars) were used as negative controls. The patulin concentration and fungal 
growth in the graph are expressed as the means ± SD of five individual experiments. *p < 0.05, **p < 0.01 
compared with values for negative controls; 'p < 0.05, "'p < 0.01 compared with values for original concen

trations. 

six different apple juices. Evaporation of these juices reduced the patulin production and simultaneously 

increased fungal growth, suggesting that some volatile componds in these juices stimulate patulin production 

and inhibit fungal growth. In fact, seven volatile compounds ( 2-methylpropyl acetate, ethyl butyrate, ethyl 

2-methylbutanoate, 3-methyl-l-butanol, hexyl acetate, 1-hexanol, and 2-methylbutanoic acid) in the apple 

juices were found to enhance the patulin production. 

Especialy, the addition of 2-methylbutanoic acid stimulated patulin production in the six different apple 

juices in a concentration-dependent manner. We also observed a positive correlation between the 2-methylbu

tanoic acid concentration and the patulin production in the six AJMs and six RAJMs. The concentration of 

2-methylbutanoic acid may affect the patulin production of P. expansum in apple juice. However, the data for 

AJM D largely departed from this correlation; even though the concentration of 2-methylbutanoic acid was 

2.32 µg/mL (Table 3), the patulin concentration was 31.2 ± 3.8 µg/mL (Table 1 ). More experiments are 

needed before determining completely the role of2-methylbutanoic acid on patulin production of P. expansum 
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in apple juice. 

11 

The addition of ethyl 2-methylbutanoate also stimulated the patulin production in RAJM C at a lower 

concentration than that of 2-methylbutanoic acid, indicating that ethyl 2-methylbutanoate is a more effective 

compound on patulin production than 2-methylbutanoic acid. This may imply that the stimulating activity of 

these volatile compounds is affected by their hydrophobicity and permeability. The 2-methylbutanoyl group 

might be an essential structural unit to elicit the enhancement of patulin production of P. expansum, and in 

that sense, it is of interest to analyze the structure-activity relationship among 2-methylbutanoic acid deriva

tives. 

Our previous study showed that some aliphatic aldehydes, such as octanal, increased the patulin 

production of P. expansum in apple juice without affecting fungal growth25
l. Although the most effective 

concentration of octanal on patulin production in our previous study was 300 µg/mL, the maximum concen

tration of octanal in the six apple juices used in the present study was only 0.04 µg/mL, in AJM C. Therefore, 

aliphatic aldehydes at their actual concentrations in apple juice can not stimulate the patulin production of P. 

expansum. In contrast, 2-methylbutanoic acid and its ethyl ester stimulated the patulin production by P. 

expansum at their actual concentrations in apple juice. 

Manganese was reported to play an important role in patulin production by P. expansum28
l. We therefore 

suspected that there were significant differences among the juices in the contents of metals, and determined 

the contents of metals in the six apple juices. Potassium, phosphorous, sodium, magnesium, calcium, and 

manganese were detected in all six juices, but there was no correlation between the patulin production and 

contents of any of these metals (data not shown). 

The present study showed that at least five other compounds, besides 2-methylbutanoic acid and its ethyl 

ester, stimulated patulin production. In apple juice, they may interact with each other in the stimulation of 

patulin production. The identification of such interactions in the patulin production of P. expansum will 
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contribute to the development of methods to control the patulin contamination of apples and apple products. 

Ethyl 2-methylbutanoic acid is present in many types of fruit, and descriptions of its aroma include 

"fruity" and "sweet" aroma notes; it apparently contributes greatly to the aroma of many fruits, including 

apple29
-

33>. By contrast, the odor of 2-methylbutanoic acid is described as "cheesy" or "rancid," and it is very 

different from apples' aroma30
• 

34
l, The results of these sensory evaluations indicate that 2-methylbutanoic acid 

is not necessarily an important aromatic component in apples and apple juice. Several maize lines are known 

to have resistance to A. flavus infection and aflatoxin contamination, and the elucidation of their mechanism 

has been carried out by molecular breeding35
l. Our present results demonstrate that the selective breeding of 

an apple cultivar is a promising approach for reducing the patulin contamination without the loss of sensory 

values if the cultivar does not contain compounds that stimulate the patulin production of P. expansum and 

simultaneously have little effect on apple aroma (such as 2-methylbutanoic acid). Both a reduction of the risk 

of health hazards and a reduction of economic losses could thus be achieved by this approach. 
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