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Inhibitory effects of binary combinations of microbial metabolites on the 
growth of tolerant Penicillium roqueforti and Mucor circinelloides 
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Section of Food Microbiology and Fermentation, Department of Food Science, Faculty of Science, University of Copenhagen, Rolighedsvej 26, 1958, Frederiksberg C, 
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A B S T R A C T   

Dairy product spoilage by molds leads to substantial food waste and economic losses. Although some bio-
protective lactic acid bacteria exhibit antifungal activity, some spoilage molds displayed extensive tolerance to 
these antifungal cultures and their metabolites. This study aimed to investigate some combinations of selected 
microbial compounds on two molds, Penicillium roqueforti ISI4 and Mucor circinelloides 01180023, previously 
found to be tolerant. Of the thirteen compounds tested in susceptibility test, octanoic acid (OA) exhibited the 
most potent antifungal activity, followed by diacetyl and 3-Phenylpropanoic acid (3-PPA). Six compounds were 
chosen for assessing the antifungal activity of binary combinations. OA combined with either diacetyl (COD) or 3- 
PPA (COP) displayed synergistic antifungal effects in laboratory medium and yoghurt. Using oCelloScope, mold 
growth inhibition and morphological changes induced by COD and COP were observed. The increase of extra-
cellular conductivity, intracellular materials leakage, and the propidium iodide-stained spores demonstrated the 
membrane was damaged. The accumulation of reactive oxygen species and the elevated malondialdehyde (MDA) 
content indicated the two combinations induced oxidative stress, leading to membrane lipid peroxidation. These 
findings highlight some combinations may exhibit synergistic effects and open up for opportunities to design 
culture and metabolite mixes with effect even towards very robust mold species.   

1. Introduction 

Food spoilage caused by mold contamination is of deep concern in 
the food industry. It not only leads to considerable food waste and 
substantial economic losses, but also poses a threat to human health due 
to the potential pathogenic and carcinogenic toxins produced by some 
molds (Alshannaq & Yu, 2017). Dairy products are very susceptible to 
contamination with molds such as Penicillium and Mucor spp. (Pitt & 
Hocking, 2009). Penicillium spp. are mainly isolated from cheese and 
other dairy products, including yoghurt, butter, and milk. They vary in 
their tolerance towards preservation stresses but, in particular, Penicil-
lium roqueforti (P. roqueforti) has been observed to tolerate low con-
centrations of oxygen, low temperatures, weak organic acids such as 
sorbic acid, and a range of lactic acid bacteria (LAB) cultures and 
manganese depletion (Russo et al., 2017; Shi & Knøchel, 2021a). 
Although specific P. roqueforti strains are recognized as safe and used as 
dairy starter cultures, some wild-type strains may produce mycotoxins 
in moldy foods (Cakmakci et al., 2015). Dairy and meat products, fresh 
fruit, and vegetables are regularly contaminated by Mucor spp., leading 

to undesirable effects, such as off-flavors, discoloration, and texture 
alteration (Foschino et al., 1993; Morin-Sardin et al., 2016). Mucor cir-
cinelloides (M. circinelloides) is a dimorphic fungus, which can switch 
between yeast-like and hyphal phase, depending on the environmental 
conditions (Orlowski, 1991). The yeast-like growth of M. circinelloides in 
low-oxygen conditions plays a key role in yoghurt spoilage due to the 
production of CO2, leading to bloating and fizzing (Snyder et al., 2016). 

A consumer driven demand for “clean label” food products that are 
less processed and preservative-free has emerged, which has increased 
the interest in using antifungal LAB cultures as a natural technique to 
control microbial spoilage, and improve safety, nutritional value, and 
specific organoleptic features (Garnier et al., 2017). LAB metabolites 
such as organic acids, fatty acids, proteinaceous compounds, and 
diacetyl have been identified as having an antifungal activity (Leyva 
salas et al., 2019). However, numerous antimicrobial compounds pro-
duced by LAB are only found in low concentrations below their indi-
vidual minimal inhibitory concentrations (MICs) (Ndagano et al., 2011). 
Synergistic antimicrobial effects have been previously reported, such as 
lactic and acetic acid (Narendranath et al., 2001), and the components of 

* Corresponding author. 
E-mail address: ceshi@food.ku.dk (C. Shi).  

Contents lists available at ScienceDirect 

LWT 

journal homepage: www.elsevier.com/locate/lwt 

https://doi.org/10.1016/j.lwt.2021.112039 
Received 30 April 2021; Received in revised form 24 June 2021; Accepted 26 June 2021   

mailto:ceshi@food.ku.dk
www.sciencedirect.com/science/journal/00236438
https://www.elsevier.com/locate/lwt
https://doi.org/10.1016/j.lwt.2021.112039
https://doi.org/10.1016/j.lwt.2021.112039
https://doi.org/10.1016/j.lwt.2021.112039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2021.112039&domain=pdf
http://creativecommons.org/licenses/by/4.0/


LWT 149 (2021) 112039

2

essential oil used in bread preservation (Ju et al., 2020a). Thus, the 
synergistic interactions between two compounds may be necessary to 
obtain an efficient antifungal effect. 

In this study, we investigate several synergistic binary combinations 
against growth of the two tolerant dairy-associated molds, P. roqueforti 
ISI4 and M. circinelloides 01180023 (Shi & Knøchel, 2021b). The indi-
vidual antifungal effect of the thirteen compounds (Table 1) produced 
by LAB cultures on the two molds was determined before testing them in 
binary combinations. Then the synergistic antifungal activity of binary 
combinations was examined in laboratory medium and yoghurt, 
respectively, and the antifungal mechanisms behind the observed anti-
fungal activity of the binary combinations were explored. 

2. Materials and methods 

2.1. Chemicals and organisms 

Thirteen pure compounds (Table 1) were purchased from Sigma- 
Aldrich (Schnelldorf, Germany) except succinic acid and stearic acid, 
which were obtained from Merck Life Science (Denmark). Propidium 
iodide (PI) and 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) 
were purchased from Sigma-Aldrich. 

The target molds, P. roqueforti ISI4 (isolated from crème fraiche) and 
M. circinelloides 01180023 (isolated from yoghurt), were provided by ISI 
Food Protection (Denmark) and Arla Foods (Denmark), respectively. 
The molds were grown on malt extract agar (MEA, 30 g/L malt extract, 
5 g/L peptone, 15 g/L agar, pH 5.6) at 25 ◦C for around 7 days. The 
spores of each mold were harvested by centrifugation and resuspended 
in malt extract broth (MEB, 17 g/L malt extract, 3 g/L peptone, pH 5.6). 
The concentration of each mold suspension was adjusted to 1.0 × 106 

spores/mL using a hemocytometer and then stored at − 80 ◦C by adding 
20% glycerol until use. Crème fraiche (18% fat) and plain yoghurt with 
0.5% fat, 3.5% fat and 10% fat were purchased from local supermarket 
(Arla Foods, Copenhagen, Denmark). Yoghurt serum (pH 4.6) was ob-
tained by centrifugation (4400 × g, 30 min) of plain yoghurt (0.5% fat) 
and filtration through a 0.22-μm pore size filter for sterilization, then 

stored at 4 ◦C prior to use. 

2.2. Susceptibility test 

The MICs of the 13 compounds against P. roqueforti ISI4 and 
M. circinelloides 01180023 were tested according to the guidelines of 
Clinical and Laboratory Standards Institute (CLSI, 2017) using broth 
dilution method in MEB medium (pH 5.6) and yoghurt serum (pH 4.6), 
respectively, in 96-well microplates. Each compound was serially 
diluted two-fold in MEB or yoghurt serum to get a range of 8–4096 
μg/mL (for diacetyl, 3-PPA, OA and capric acid) or 16–8192 μg/mL (for 
other nine compounds). Spores of each mold were suspended in MEB or 
yoghurt serum to reach a final concentration of 1.0 × 105 spores/mL. 
One hundred microliters of spore suspension were added into 100 μL of 
each compound solution in a 96-well microplate. Then the microplates 
were incubated at 25 ◦C for 48 h. The lowest concentration at which a 
well had no fungal growth was recorded as the MIC value. 

Based on the results, six out of thirteen compounds, including 
diacetyl, 3-PPA, OA, stearic acid, acetic acid and capric acid (Table 2), 
exhibited efficient antifungal effect within the tested range on the two 
molds, and they were therefore studied further in the tests of combined 
antifungal effects. In the following tests in this study, the MICs in MEB 
medium were used. 

2.3. Checkboard microdilution test 

A microdilution checkerboard technique was used to determine the 
interaction between two compounds on target molds (Tamura et al., 
2014). In this test, the compounds were loaded into the 96-well plate, 
respectively, as follows: 50 μL of compound A with serial dilutions was 
inoculated in the horizontal direction, and another 50 μL of compound B 
with serial dilutions was inoculated in a vertical direction (varying the 
concentrations from high to low) in the 96-well microplates, which 
contained 100 μL prepared spore suspension of each mold (1.0 × 105 

spores/mL). The microplates were incubated at 25 ◦C for 48 h. The 
interaction between two compounds was expressed as the fractional 

Table 1 
In vitro MICs of thirteen compounds (μg/mL) against P. roqueforti ISI4 and M. circinelloides 01180023 in MEB and yoghurt serum, respectively.  

PubChem 
CID 

Compound (μg/ 
mL) 

Producing microorganisms Reference P. roqueforti ISI4 M. circinelloides 
01180023 

MEB Yoghurt 
serum 

MEB Yoghurt 
serum 

650 Diacetyl Lactobacillus paracasei DGCC2132 Aunsbjerg, Honoré, et al. 
(2015) 

256 256 256 256 

107 3-PPA Lactobacillus amylovorus DSM19280 Ryan et al. (2011) 256 256 512 512 
379 Octanoic acid Lactobacillus plantarum LPBF35 Viesser et al. (2020) 128 64 128 256 
5281 Stearic acid Lactobacillus plantarum K35; 

Lactobacillus plantarum MYS6 
(Sangmanee & 
Hongpattarakere, 2014; 
Deepthi et al. (2016)) 

2048 4096 1024 2048 

176 Acetic acid Lactobacillus mesenteroides L2 Ouiddir et al. (2019) 2048 8192 2048 4096 
2969 Capric acid Lactobacillus plantarum L244 combined with 

Lactobacillus harbinensis L172 
Leyva Salas et al. (2019) 1024 512 4096 4096 

9378 HPLA Lactobacillus plantarum L244 combined with 
Lactobacillus harbinensis L172 

Leyva Salas et al. (2019) >8192 >8192 8192 >8192 

10394 HPPA Lactobacillus plantarum CH1 Ouiddir et al. (2019) >8192 >8192 8192 8192 
499 PCA Lactobacillus plantarum K35 (Sangmanee & 

Hongpattarakere, 2014) 
>8192 >8192 8192 8192 

1110 Succinic acid Lactobacillus plantarum CH1 Ouiddir et al. (2019) >8192 >8192 >8192 >8192 
985 Palmitic acid Lactobacillus plantarum K35 (Sangmanee & 

Hongpattarakere, 2014) 
>8192 >8192 >8192 >8192 

3893 Dodecanoic acid Lactobacillus plantarum L244 combined with 
Lactobacillus harbinensis L172; 
Lactobacillus plantarum MYS6 

(Leyva Salas et al., 2019; 
Deepthi et al. (2016)) 

>8192 >8192 >8192 >8192 

179 Acetoin Lactobacillus paracasei DGCC2132 Aunsbjerg, Honoré, et al. 
(2015) 

>8193 >8192 >8192 >8192 

Results were determined by broth microdilution method in 96-well microtiter plates. 
HPLA: hydroxyphenyllactic acid; HPPA: 3-(4-Hydroxyphenyl) propanoic acid; PCA: 5-Oxopyrrolidine-2-carboxylic acid; 3-PPA: 3-Phenylpropanoic acid. 
The LAB strains in the table were shown by the names in the corresponding references rather than the new taxonomy. 

C. Shi and S. Knøchel                                                                                                                                                                                                                          
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inhibitory concentration index (FICI) with the formula: 

FICI= FICA + FICB =
MIC  of  A  in  combination

MIC  of  A  alone

+
MIC  of  B  in  combination

MIC  of  B  alone  

where MIC is measured for a single compound or in the combination of 
the two compounds. The FICI values obtained for the combined effect of 
two compounds were interpreted in the following way: FICI ≤ 0.5, 
synergy (SNY); 1.0 ≥ FICI > 0.5, addition (ADN); 2.0 ≥ FICI > 1.0, 
indifference (IFE); FICI > 2.0, antagonism (ATM) according to Odds 
(2003). 

By calculating the FICI values, the combination of OA and diacetyl 
(COD) and the combination of OA and 3-PPA (COP), showed synergistic 
inhibitory effects (FICI = 0.5) on P. roqueforti ISI4 (Table 2) and 
M. circinelloides 01180023 (Table 3). The two combinations were 
therefore studied further in the following experiments. 

2.4. Fungal growth inhibition test on MEA and yoghurt agar plates 

Antifungal activities of COD and COP at different concentrations (1/4 
× MIC and 1/2 × MIC) were tested by spotting 20 μL of spore suspension 
of each mold (1.0 × 105 spores/mL) on MEA plates in triplicate, which 
were then incubated at 25 ◦C for up to 5 days. A Videometer Lab2 
spectral imaging instrument (Videometer A/S, Hørsholm, Denmark) was 
used to capture the multispectral images of the plates spotted with 
molds. The images were subsequently analyzed to quantify the mold 
growth based on the colony size (total number of pixels) as previously 
described by Ebrahimi et al. (2015) using MATLAB 2018b software 
(MathWorks, inc., Natick, MA, USA). The inhibitory effect was calcu-
lated according to the formula: 

Inhibitory  Effect(%)=
(
Pcontrol–Pcompound

) /
Pcontrol × 100 

Pcontrol and Pcompound indicated the total number of pixels of each 
colony in control groups and sample groups, respectively. 

2.5. Fungal growth inhibition test on yoghurt agar plates 

Yoghurt agar plates were prepared by mixing yoghurt of different fat 
content (0.5%, 3.5% and 10% fat, respectively) with 2% agar (1:1, v/v) 
poured into plates. Crème fraiche agar plates (18% fat) were prepared 
likewise. Inhibitory effects of the two combinations (1/2 × MIC) in dairy 
products were tested as described in Section 2.4. 

2.6. Growth kinetics analysis and morphological changes 

Mold growth inhibition and morphological changes were monitored 
at 25 ◦C using the oCelloScope Detection System (BioSense Solutions 
ApS, Farum, Denmark) as previously described (Aunsbjerg, Andersen, & 
Knøchel, 2015). One hundred microliters of spore suspension of each 
mold were added into a 96-well microplate (100 spores/well). Then COD 
and COP at a final concentration of 1/2 × MIC were added into the wells 
containing spore suspension. The 96-well microplate was then taken 
into the oCelloScope system based on the user manual. Automated 
growth kinetic experiments and image processing were performed using 
the oCelloScope-specific software, UniExplorer (v.5.0.3). For each mold 
strain, growth testing was performed with three technical replicates. 

2.7. Extracellular electrical conductivity 

The changes of extracellular electrical conductivity of the spore 
suspensions of P. roqueforti ISI4 and M. circinelloides 01180023 were 
evaluated to determine the cell membrane permeability (Tao et al., 
2014). Briefly, 100 μL of each spore suspension at 1.0 × 106 spores/mL 
was added into 10 mL MEB medium. After incubation at 25 ◦C for 48 h, 
the spores and mycelia were harvested and washed three times with 
sterile MilliQ water by centrifugation (4400 × g, 10 min, 4 ◦C). Subse-
quently, the samples resuspended in sterile MilliQ water were treated 
with COD and COP at 1 × MIC, respectively. Spore and mycelia suspen-
sion with no additions served as control. After incubation for 8 h at 
25 ◦C, the supernatants were collected by centrifugation at 4400 × g for 

Table 2 
FICI values of fifteen binary combinations against P. roqueforti ISI4 in MEB 
medium.  

Combination MIC (μg/mL) 
of compound 
alone 

MIC (μg/mL) 
of compound 
in 
combination 

FICI Outcome 

A + B A B A B 

Diacetyl + 3-PPA 256 256 64 128 0.75 ADN 
Diacetyl þ Octanoic acid 256 128 64 32 0.50 SNY 
Diacetyl + Stearic acid 256 2048 128 1024 1.00 ADN 
Diacetyl + Acetic acid 256 2048 128 256 0.63 ADN 
Diacetyl + Capric acid 256 1024 256 256 1.25 IFE 
3-PPA þ Octanoic acid 256 128 64 32 0.50 SNY 
3-PPA + Stearic acid 256 2048 128 128 0.56 ADN 
3-PPA + Acetic acid 256 2048 256 256 1.13 IFE 
3-PPA + Capric acid 256 1024 256 512 1.50 IFE 
Octanoic acid + Stearic 

acid 
128 2048 64 1024 1.00 IFE 

Octanoic acid + Acetic 
acid 

128 2048 64 256 0.63 ADN 

Octanoic acid + Capric 
acid 

128 1024 64 128 0.63 ADN 

Stearic acid + Acetic acid 2048 2048 2048 1024 1.50 IFE 
Stearic acid + Capric acid 2048 1024 2048 512 1.50 IFE 
Acetic acid + Capric acid 2048 1024 2048 256 1.25 IFE 

Note: The values obtained for this index determined the combined effect of both 
the compounds: 
FICI ≤ 0.5 (SNY, synergy), 0.5 < FICI ≤ 1.0 (ADN, addition), 1.0 < FICI ≤ 2.0 
(IFE, indifference) or FICI > 2.0 (ATM, antagonism). 
“A” indicates the former compound in the combination; 
“B” indicates the latter compound in the combination. 

Table 3 
FICI values of fifteen binary combinations against M. circinelloides 01180023 in 
MEB medium.  

Combination Single MIC 
(μg/mL) 
compound 
alone 

Combined 
MIC (μg/mL) 
compound in 
combination 

FICI Outcome 

A + B A B A B 

Diacetyl + 3-PPA 256 512 128 128 0.75 ADN 
Diacetyl þ Octanoic acid 256 256 64 64 0.50 SNY 
Diacetyl + Stearic acid 256 2048 128 1024 1.00 ADN 
Diacetyl + Acetic acid 256 2048 256 1024 1.50 IFE 
Diacetyl + Capric acid 256 1024 128 512 1.00 ADN 
3-PPA þ Octanoic acid 512 256 128 64 0.50 SNY 
3-PPA + Stearic acid 512 1024 256 512 1.00 ADN 
3-PPA + Acetic acid 512 2048 128 2048 1.25 IFE 
3-PPA + Capric acid 512 4096 512 512 1.13 IFE 
Octanoic acid + Stearic 

acid 
128 1024 32 512 0.75 ADN 

Octanoic acid + Acetic 
acid 

128 2048 64 512 0.75 ADN 

Octanoic acid + Capric 
acid 

128 4096 64 1024 0.75 ADN 

Stearic acid + Acetic acid 1024 2048 512 1024 1.00 ADN 
Stearic acid + Capric acid 1024 4096 512 2048 1.00 ADN 
Acetic acid + Capric acid 2048 4096 1024 1024 0.75 ADN 

Note: The values obtained for this index determined the combined effect of both 
the compounds: 
FICI ≤ 0.5 (SNY, synergy), 0.5 < FICI ≤ 1.0 (ADN, addition), 1.0 < FICI ≤ 2.0 
(IFE, indifference) or FICI > 2.0 (ATM, antagonism). 
“A” indicates the former compound in the combination. 
“B” indicates the latter compound in the combination. 
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10 min. The extracellular electric conductivity of each sample was 
determined using a sensION + EC71 GLP Lab Conductivity Benchtop 
Meter (Hach). The results were expressed as μs/cm. 

2.8. Release of cellular materials 

The release of 260-nm-absorbing material from P. roqueforti ISI4 and 
M. circinelloides 01180023 into the suspension was measured based on 
Shi and Knøchel (2021b). The spores and mycelia were collected by 
centrifugation (4400 × g, 10 min, 4 ◦C), then washed three times and 
resuspended in sterile MilliQ water. After exposure to COD and COP at 1 
× MIC for 8 h at 25 ◦C, a 2 mL sample of each group was collected and 
centrifuged at 12000 × g for 10 min. Spores and mycelia without 
addition served as control. To determine the concentrations of the 
released constituents, 1 mL of supernatant was used to measure the 
absorbance at 260 nm with an Evolution™ 300 UV–Vis Spectropho-
tometer (Thermo Scientific). Results were expressed as the fold change 
of 260-nm-absorbing material in each compound-treatment group with 
respect to control group (fold change = 1.0). 

Intracellular  materials  leakage  (fold  change  of  OD260nm)=
ODcompound

ODcontrol  

ODcontrol and ODcompound indicated the absorbance value at 260 nm in 
the control groups and sample groups, respectively. 

2.9. Assay of membrane integrity 

The assay of membrane integrity of P. roqueforti ISI4 and 
M. circinelloides 01180023 spores was evaluated according to previous 
research (Shi & Knøchel, 2021b). Spores of each mold were collected by 
centrifugation (4000 × g, 10 min, 4 ◦C) and washed three times with 
0.9% saline solution (pH 7.0). Then the spores resuspended in 0.9% 
saline solution were exposed to COD and COP at 1 × MIC and incubated 
for 8 h at 25 ◦C. Spores without compound treatment were used as 
control. Afterward, the samples were stained with 10 μg/mL PI at 30 ◦C 
for 5 min in the dark. The samples were then washed three times to 
remove the remained dye and resuspended in 0.9% saline solution. The 
spores were observed with a fluorescence microscope (Carl Zeiss, Ger-
many). Three fields of view from each sample were randomly chosen. 
The number of spores in bright-field was defined as the total number, 
and membrane integrity was calculated according to the formula: 

Membrane  Integrity  (%)=

(

1 −
Number  of  stained  spores
Numbers  of  total  spores

)

× 100  

2.10. ROS accumulation 

The intracellular reactive oxygen species (ROS) accumulation levels 
in P. roqueforti ISI4 and M. circinelloides 01180023 spores were assessed 
by the oxidant-sensitive probe DCFH-DA. Spores of each mold were 
harvested after incubation for 3 days and treated with COD and COP at 1 
× MIC for 8 h of incubation, respectively. Spore suspensions without 
compound treatment served as control. The spores were collected, 
washed three times with 0.9% saline solution (pH 7.0) by centrifugation 
at 5000 × g for 5 min, then resuspended in 0.9% saline solution and 
stained with 10 μM DCFH-DA (dissolved in dimethylsulfoxide) for 2 h at 
28 ◦C in the dark. After washing three times with 0.9% saline solution, 
the spores were observed under a fluorescence microscope (Carl Zeiss, 
Germany). Three fields of view were randomly chosen from each sam-
ple. The number of spores in bright-field was defined as the total num-
ber, and the percentage of cells stained with DCFH-DA (%) was 
calculated based on the formula: 

Spores  stained  with  DCFH–DA(%)=
Number  of  stained  spores
Numbers  of  total  spores

× 100  

2.11. MDA content determination 

Spores and mycelia were harvested and treated with COD and COP at 
1 × MIC for 8 h. Malondialdehyde (MDA) content was measured using a 
Lipid Peroxidation Assay Kit (Sigma-Aldrich) according to the manu-
facturer’s protocol. The absorbance at 532 nm of each sample was 
measured using a plate reader. The concentration of the 
malondialdehyde-thiobarbituric acid (MDA-TBA) adduct (nmol/mL) 
was determined by comparing the measured OD532nm against a previ-
ously generated MDA standard curve. 

2.12. Statistical analyses 

Results are expressed as mean ± standard deviation (SD) of three 
replicates. Statistical analyses were performed by GraphPad Prism 9.0.2 
(GraphPad Software, Inc., San Diego, CA). The data were processed by 
one-way analysis of variance (ANOVA) followed by Tukey’s multiple- 
comparison test to identify statistical differences. Differences between 
binary combination-treatment groups and the corresponding single 
compound-treatment groups were considered to be significant when P 
< 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 

3. Results 

3.1. MICs determination 

The MICs of thirteen compounds against P. roqueforti ISI4 and 
M. circinelloides 01180023 were determined by broth microdilution 
method in MEB (pH 5.6) and yoghurt serum (pH 4.6), respectively 
(Table 1). In MEB medium, OA had the strongest inhibitory effect (128 
μg/mL) among the 13 compounds, followed by diacetyl (256 μg/mL) 
and 3-PPA (256 μg/mL for P. roqueforti ISI4 and 512 μg/mL for 
M. circinelloides 01180023). The MICs of capric acid, stearic acid, and 
acetic acid against the two molds ranged from 1024 to 4096 μg/mL. 
HPLA, HPPA, PCA, succinic acid, palmitic acid, dodecanoic acid and 
acetoin exhibited weaker antifungal activities than other compounds, 
with MICs beyond the tested range of 8192 μg/mL for both molds. The 
MICs of these compounds in yoghurt serum did not differ markedly from 
those in MEB. Compared with the results in MEB, the MIC of OA and 
capric acid against P. roqueforti ISI4 in yoghurt serum was 64 and 512 
μg/mL, respectively, while the MIC of stearic acid or acetic acid was 
4096 μg/mL. M. circinelloides 01180023 in MEB was more sensitive to 
OA with a lower MIC than that observed in yoghurt serum. MICs of 
HPLA, HPPA, PCA, succinic acid, palmitic acid, dodecanoic acid and 
acetoin against the two indicator molds were equal or more than 8192 
μg/mL. 

3.2. FICI determination 

The interactive effects of the fifteen binary combinations on 
P. roqueforti ISI4 (Table 2) and M. circinelloides 01180023 (Table 3), 
respectively, were obtained using a microdilution checkerboard tech-
nique in MRS. Results demonstrated that OA showed a synergistic effect 
with either diacetyl (COD, FICI = 0.5) or 3-PPA (COP, FICI = 0.5) on both 
molds. The MIC of each single compound in binary combinations was 
reduced compared with their respective individual MIC. When added 
individually, the MIC of OA and diacetyl against P. roqueforti ISI4 was 
128 and 256 μg/mL, respectively, whereas the MICs of the two com-
pounds in COD and COP, decreased to 32 and 64 μg/mL, respectively. 
Regarding 3-PPA, the MIC against P. roqueforti ISI4 and M. circinelloides 
01180023 was 256 and 512 μg/mL, respectively, while it decreased to 
64 and 128 μg/mL, respectively, after combination with OA. Similar 
results were observed in diacetyl. Apart from synergistic combinations, 
additive effects were observed in six binary combinations against 
P. roqueforti ISI4 and ten binary combinations against M. circinelloides 
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01180023. The remainder displayed indifference against both molds, 
and no antagonistic effects were observed. 

3.3. Fungal growth inhibition test on MEA plates 

COD and COP with synergistic antifungal effect were investigated 
further. Results here demonstrated that the three individual compounds 
inhibited mold growth in a dose-dependent manner, and the two com-
binations synergistically inhibited mold growth on MEA plates (Fig. 1). 
In Fig. 1 (A), the inhibitory effect of OA, diacetyl, or 3-PPA at 1/4 × MIC 
on P. roqueforti ISI4 was less than 45%, while it significantly increased to 
more than 60% when combining OA with one of the other compounds. 
At 1/2 × MIC, the growth of P. roqueforti ISI4 was almost completely 
inhibited by COD, indicating this mold was more sensitive to COD than 
COP. Similarly, results in the growth inhibition of M. circinelloides 
01180023 (Fig. 1B) demonstrated that each compound at 1/4 × MIC 
showed very weak inhibitory effects on this mold. Whereas after com-
bination, the inhibitory effects of COD and COP at 1/4 × MIC markedly 
increased to around 40% and 30%, respectively. At 1/2 × MIC, the 
growth of M. circinelloides 01180023 was almost completely inhibited by 
COP, indicating this mold was more sensitive to COP than COD. 

3.4. Inhibitory effect in dairy products 

A challenge test was performed in a food matrix: yoghurt with 

different fat content and crème fraiche (Fig. 2). Based on the results in 
mold growth inhibition test on MEA plates, 1/2 × MIC of each com-
pound was used in this test. As expected, the inhibitory effects of COD 
and COP on the growth of P. roqueforti ISI4 and M. circinelloides 
01180023 markedly enhanced compared with those of the individual 
compounds. The inhibitory effects of COD on P. roqueforti ISI4 and 
M. circinelloides 01180023 in yoghurt agar plates with 0.5% fat 
increased to 83% and 88%, respectively; in the case of COP, it increased 
to 79% and 89%, respectively. Noteworthy, in the dairy products with 
different fat content, the inhibitory effects of COD and COP on 
P. roqueforti ISI4 were similar. In contrast, the antifungal activity against 
M. circinelloides 01180023 decreased with increasing fat content in the 
yoghurt. 

3.5. Growth inhibition and morphological changes of molds monitored by 
oCelloScope 

Growth inhibition curves and morphological changes of P. roqueforti 
ISI4 and M. circinelloides 01180023 in MEB were recorded with the 
oCelloScope detection system (Fig. 3). The results of mold inhibition in 
this test were in comparison with the results in Section 3.3. The anti-
fungal effects of COD and COP were superior to the individual compound 
at the same concentrations against the target molds. In addition, 
morphological changes induced by the compounds alone or in combi-
nation were recorded in oCelloScope images. After incubation at 25 ◦C 
for 12 h, the hyphae of P. roqueforti ISI4 in the control group showed 
healthy hyphal structure with a linear, regular, and homogenous cell 

P. roqueforti ISI4

M. circinelloides 01180023

Fig. 1. Inhibitory effect (%) of the compounds alone or in combination on the 
growth of P. roqueforti ISI4 (A) and M. circinelloides 01180023 (B), on MEA 
plates, respectively. The concentration of each compound used in this assay was 
1/4 × MIC and 1/2 × MIC, respectively. Error bar represents the mean value of 
three replicates. 3-PPA: 3-Phenylpropanoic acid. ****P < 0.0001. 

P. roqueforti ISI4

Inhibitory Effect (%)

M. circinelloides 01180023

Inhibitory Effect (%)

Fig. 2. Inhibitory Effect (%) of the compounds alone or in combination on the 
growth of P. roqueforti ISI4 (A) and M. circinelloides 01180023 (B), respectively, 
on the agar plates prepared by yoghurt with different fat levels (0.5% fat, 3.5% 
fat and 10% fat) and crème fraiche (18% fat). The concentration of each 
compound used in this assay was 1/2 × MIC. All the agar plates with spotted 
molds were incubated at 25 ◦C for 5 days. Error bar represents the mean value 
of three replicates. 3-PPA: 3-Phenylpropanoic acid. 
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wall. However, when the mold exposed to individual compounds, the 
hyphal structure became flattened and wrinkled. The exposure to COD 
and COP completely destroyed the hyphae. The growth of 
M. circinelloides 01180023 was only slightly inhibited by each single 
compound after 18 h of incubation, whereas COD and COP markedly 
delayed germination of M. circinelloides 01180023 at 1/2 × MIC. 
Compared with the changes observed in P. roqueforti ISI4, the spores or 
hyphae of M. circinelloides 01180023 were much less affected. 

3.6. Effect of compounds on the plasma membrane 

3.6.1. Extracellular electrical conductivity 
In this assay, the extracellular conductivity in mycelia and spore 

suspensions increased due to the compound treatments, which indicated 
that the cell membrane permeability was increased, leading to the 
leakage of cellular metal ions. Both COD and COP resulted in a significant 
increase of conductivity value than the corresponding individual com-
pounds (P < 0.05) (Fig. 4A and B). In the control groups, the conduc-
tivity value of P. roqueforti ISI4 and M. circinelloides 01180023 was 
around 23 and 33 μs/cm, respectively. With the addition of individual 
compounds, the conductivity increased, ranging from 63 to 92 μs/cm. 
Predictably, the two combinations gave rise to a higher conductivity 
with 134 and 131 μs/cm for P. roqueforti ISI4 and M. circinelloides 
01180023, respectively, in the case of COD; and 129 and 123 μs/cm, 
respectively, in the case of COP. 

3.6.2. Leakage of 260 nm-absorbing materials 
The leakage of intracellular materials, such as nucleic acids induced 

by antimicrobial compounds, can be determined from the strong 
absorbance at 260 nm (Pan et al., 2019). In this assay, the release of 260 
nm absorbing materials increased due to exposure to the compounds 
compared to the control groups (Fig. 4C and D). Moreover, the absor-
bance values of combined compounds-treated samples were signifi-
cantly higher than those of each single compound-treated group (P <
0.05). For P. roqueforti ISI4, COD and COP resulted in an 8.9- and 6.8-fold 
increase of absorbance values, respectively, compared with the control 

group. Regarding M. circinelloides 01180023, it increased by 5.4- and 
5.0-fold, respectively. 

3.6.3. PI staining 
The integrity of the plasma membrane was qualitatively detected 

using a fluorescence microscope by PI staining (Fig. 5). In this test, the 
fluorescence intensity and the percentage of PI-stained spores treated 
with COD and COP markedly increased than the individual compounds 
and control groups (P < 0.05), indicating a significant percentage of 
spores were damaged and lost membrane integrity. The membrane 
integrity of P. roqueforti ISI4 in control group was 94%, while it 
decreased to 4.5% and 8.9%, respectively, due to the treatment with 
COD; In the case of M. circinelloides 01180023, COP resulted in a decrease 
of the membrane integrity to 7.3% and 12.8%, respectively. 

3.7. Oxidative stress induced by the compounds 

3.7.1. Intracellular ROS accumulation 
In this assay, the changes of intracellular ROS levels in P. roqueforti 

ISI4 and M. circinelloides 01180023 induced by OA, diacetyl and 3-PPA 
alone or in combination were investigated using a cell-permeable fluo-
rogenic probe, DCFH-DA (Fig. 6). COD and COP strongly induced the ROS 
accumulation in the spores of two molds based on the DCFH-DA fluo-
rescence signal measurements. In the control groups, almost no spores 
associated with green fluorescence were observed in both two molds. 
However, after treatment with diacetyl, 3-PPA or OA, the percentage of 
P. roqueforti ISI4 spores stained with DCFH-DA increased to 20%, 15%, 
and 20%, respectively (Fig. 6A) and it significantly increased to 63% and 
58% in the presence of COD and COP, respectively. Regarding 
M. circinelloides 01180023, after exposure to individual compounds, the 
percentage of stained spores increased to 13%–18%, respectively 
(Fig. 6B). Here, the percentage increased to 62% and 53% due to the 
treatment with COD and COP, respectively. Results demonstrated that the 
two combinations potentiated the oxidation-induced ROS accumulation 
(P < 0.05). 

Fig. 3. Growth inhibition curves and oCelloScope images of morphological changes of spores and mycelia of P. roqueforti ISI4 (A, B) and M. circinelloides 01180023 
(C, D) induced by the compounds in MEB medium, respectively. Measurements corresponding to images are marked on graphs by a dotted rectangle. The con-
centration of each compound used in this assay was 1/2 × MIC. Error bar represents the mean value of three replicates. Scale bar: 50 μm. 3-PPA: 3-Phenyl-
propanoic acid. 
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3.7.2. MDA content 
Compared with the control groups, the MDA content in the 

compound-treated groups markedly increased, which demonstrated that 
these compounds induced lipid peroxidation (Fig. 7). In particular, 
comparing with the individual compounds, COD and COP induced a sig-
nificant increase of MDA content in both P. roqueforti ISI4 and 
M. circinelloides 01180023, respectively (P < 0.05). Results suggested 
that the two combinations potentiated the lipid peroxidation in the 
membrane due to ROS accumulation. Regarding P. roqueforti ISI4, the 
MDA content in the control group was 0.80 nmol/mL, while it markedly 
increased after exposure to individual compounds. In the presence of 
COD and COP, the MDA content significantly increased to 9.1 and 8.7 
nmol/mL, respectively, which was much higher than those treated with 
individual compounds (P < 0.05). Similar results were observed in 
M. circinelloides 01180023. The MDA content increased to around 7.6 

nmol/mL due to the treatment with COD and COP, which were also 
significantly higher than that in single compound-treatment groups (P <
0.05). 

4. Discussion 

Recently, there is an increasing interest in the identification and 
quantification of bioactive compounds produced by bioprotective LAB 
cultures as the natural preservatives, and the antimicrobial activities of a 
range of bioactive compounds have been determined. However, some 
spoilage molds are not sensitive towards weak acids, even very robust, 
such as P. roqueforti. Some M. circinelloides strains have been described 
as resistant to several antifungal agents (Rogers, 2008; Shi & Knøchel, 
2021b). Synergistic antimicrobial combinations are more effective than 
individual compounds due to their multiple modes of action, and the 

P. roqueforti ISI4 M. circinelloides 01180023

P. roqueforti ISI4 M. circinelloides 01180023

Fig. 4. (A, B) Extracellular conductivity of fungal suspensions exposed to the compounds alone or in combination. (C, D) Intracellular materials leakage induced by 
the compounds alone or in combination. The concentration of compounds used here was 1 × MIC. Fold changes in compound-treated groups were compared with 
control groups: Intracellular materials leakage (fold change of OD260nm) = OD260nm of compound-treated group/OD260nm of control group. Fold change of control 
group served as 1. Error bar represents the mean value of three replicates. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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amount of each compound required to achieve growth inhibition is 
decreased (Kumar et al., 2014). In this study, thirteen bioactive com-
pounds, including organic acids, fatty acids and volatiles produced by 
LAB were chosen based on previous studies, and used to evaluate the 
inhibitory effect of binary combinations on the two tolerant molds. 

Among the 13 compounds, diacetyl, OA and 3-PPA exhibited effi-
cient antifungal effect on P. roqueforti ISI4 and M. circinelloides 
01180023. The antifungal potentials of the three compounds are in line 
with previous studies. Diacetyl, a common volatile metabolite in fer-
mented milk products, exhibited potent antifungal activity against 
Penicillium commune and Penicillium crustosum at 32 μg/mL in yoghurt 
(Shi & Knøchel, 2021b) and P. solitum at 75 μg/mL (Aunsbjerg, Honoré, 
et al., 2015). OA, which is also known as caprylic acid, is a 

medium-chain fatty acid. It is naturally found in some mammal’s milk, 
and can inhibit the spore germination of Colletotrichum Lagenarium at 
144 μg/mL (Liu et al., 2008). Regarding 3-PPA, the MIC against Peni-
cillium citrinum, Aspergillus flavus and Aspergillus niger was 25, 25, 50 
μg/mL, respectively (Narayana et al., 2007). 

Here, two binary combinations composed of OA and either diacetyl 
or 3-PPA exhibited synergistic antifungal effects on P. roqueforti ISI4 and 
M. circinelloides 01180023. Other synergistic antimicrobial effects of OA 
combined with compounds, such as citric acid, have been reported 
against Escherichia coli (E. coli) O157:H7 in carrot juice (Kim & Rhee, 
2015). Here, the synergistic effects were observed in both MEA and 
yoghurt agar plates. COD and COP displayed enhanced inhibitory effects 
in yoghurt at 1/2 × MIC. Diacetyl, 3-PPA and OA are food-grade 

Fig. 5. Percentage of membrane integrity of spores of P. roqueforti ISI4 (A) and M. circinelloides 01180023 (B) induced by the compounds, respectively. (C) Mi-
croscopy images of fungal spores. The fungal spores and mycelia of the control groups and sample groups treated with different compounds at 1 × MIC were 
measured after incubation for 8 h at 25 ◦C. Error bar represents the mean value of three replicates. 3-PPA: 3-Phenylpropanoic acid. ****P < 0.0001. Scale bar: 20 μm. 
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compounds included in the U.S. Food and Drug Administration’s (FDA) 
Generally Recognized as Safe (GRAS) list. 

Although the mechanisms behind the inhibition of some compounds 
have been studied in recent years, the antifungal mechanisms behind the 
antifungal activity of microbial metabolites against spoilage fungi are 
not fully characterized. Here, the contribution of plasma membrane 
disruption and ROS accumulation to the antifungal activity of COD and 
COP against P. roqueforti ISI4 and M. circinelloides 01180023 were 
examined. Based on the results of the morphological changes of spores 
and mycelia, we preliminarily determined that the antifungal mecha-
nism of the compounds was associated with the disruption of the plasma 
membrane. Results in the extracellular conductivity test showed that 
these compounds alone or in combination increased the cell membrane 
permeability; The increase of 260 nm-absorbing materials leakage also 
suggested loss of membrane integrity. The membrane damage was 

further verified using the PI staining method. PI cannot penetrate the 
intact cell membrane, but if the cell membrane is damaged, it can 
penetrate into the cells, bind with nucleic acids, and generate fluores-
cence (Breeuwer & Abee, 2000). Here, the increased percentage of 
PI-stained spores demonstrated that binary combinations resulted in 
enhanced membrane disruption. Based on these results, it can be 
concluded that the synergistic antifungal effects of COD and COP are 
attributed to destructive synergistic damage to the cell membrane of 
both P. roqueforti ISI4 and M. circinelloides 01180023, leading to the 
leakage of intracellular materials, and eventually to cell death. Jang and 
Rhee (2009) found that the addition of OA enhanced the effect of mild 
heat on the membrane permeability and integrity in Cronobacter spp. 
Membrane damages induced by OA have also been reported in yeasts, 
such as Saccharomyces cerevisiae (Viegas et al., 1998). In addition, 
diacetyl has been shown to damage the membrane of Penicillium strains 

Fig. 6. (A, B) Percentage of fungal spores stained by DCFH-DA. (C) Fluorescence microscopy images of ROS generation. The fungal spores in the control and 
treatments groups with different compounds at their 1 × MIC were measured after incubation for 8 h at 25 ◦C. Error bar represents the mean value of three replicates. 
3-PPA: 3-Phenylpropanoic acid. ****P < 0.0001. Scale bar: 20 μm. 
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(Shi & Knøchel, 2021b). 
Apart from membrane damage, we found that the percentage of 

spores stained by DCFH-DA increased after exposure to the compounds, 
which indicated that ROS was generated and accumulated in the spores. 
ROS play an important physiological role in the survival of fungi, and 
ROS generation is a momentous hallmark in fungal apoptosis (Madeo 
et al., 1999). Several studies have suggested that ROS production is 
involved in the antifungal mechanisms utilized by several antifungal 
agents, such as citral (Ju et al., 2020b) and trans-cinnamaldehyde 
(Huang et al., 2019). Polyunsaturated lipids distributed in lipids are 
susceptible to an oxidative attack, typically by ROS, resulting in a 
well-defined chain reaction with the production of multiple breakdown 
molecules such as MDA (Ayala et al., 2014). MDA is a toxic aldehyde and 
has been identified as the most cytotoxic breakdown products (Ester-
bauer et al., 1991). The MDA contents in P. roqueforti ISI4 and 
M. circinelloides 01180023 were elevated, suggesting COD and COP 
induced severe lipid peroxidation and massive oxidative damage to the 
membrane. Similar results were reported by Wang et al. (2018), who 
suggested that the combination of cinnamaldehyde and citral induced 

MDA and ROS accumulation in P. expansum cells in a dose-dependent 
manner. Lipid peroxidation induced membrane disruption, leading to 
severe cellular dysfunction (Catalá, 2009). In the present study, lipid 
peroxidation caused by ROS could be another reason for the leakage of 
cellular materials, membrane disruption, intracellular materials release, 
and eventually cell death. However, the mode of action is likely multi-
factorial, more investigations such as transcriptomic analysis should be 
carried out in the future. 

5. Conclusions 

In conclusion, among the fifteen binary combinations based on the 
six selected compounds, no antagonistic and mainly additive effects 
were observed. In particular, COD and COP yield a synergistic antifungal 
effect both in laboratory medium and yoghurt, indicating the amount of 
compounds required to completely inhibit fungal growth were reduced. 
In dairy products, the sensitivity of P. roqueforti ISI4 towards COD and 
COP was non-affected by the fat content. However, the antifungal ac-
tivity against M. circinelloides 01180023 decreased with increasing fat 
content in yoghurt. The underlying antifungal mechanisms of the com-
pounds were associated with membrane damage and elevated ROS 
levels. Our findings highlight the possibility of using combinations of 
metabolites or cultures producing these as a strategy to control tolerant 
spoilage isolates and improve the understanding of bacteria-derived 
antifungal agents. 
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