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Abstract: Fungal food spoilage is a  common problem that leads to  both great economic losses and serious health 
problems. This  study screened the  antifungal activity of  137  Lactobacillus plantarum isolates against six common 
food spoilage indicator fungi using an overlay method and indicator strains of the species Aspergillus flavus, Fusarium 
moniliforme, Penicillium expansum, Penicillium chrysogenum, Cladosporium cladosporioides, and Aspergillus niger. 
Among Lactobacillus plantarum isolates, strain IMAU80174 was selected as the most effective based on the results 
of mycelium growth inhibition by its cell-free supernatant (CFS) and tolerance to simulated gastrointestinal juices and 
bile. The  CFS of  Lactobacillus plantarum IMAU80174 showed heat and protease resistance, and it  was active only 
in a low pH environment. The application of the CFS to golden-red apples could slow down spoilage caused by inocula-
tion of Penicillium expansum.
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Fungal food spoilage is a main cause that leads to great 
economic losses and serious health-related problems 
(Pitt & Hocking 2009). The most common food spoilage 
fungal species belong to the genera Aspergillus, Penicil-
lium (Le Lay et al. 2016a), Cladosporium, and Fusari-
um (Dalié et al. 2010). In order to  inhibit the activity 
of  food spoilage fungi so as to  extend product shelf 
life, different methods including heat treatment, modi-
fied atmosphere packaging, and addition of  chemical 
preservatives have been developed (Schnürer  et  al. 
2005). However, some of  these methods could dete-
riorate the  sensory quality of  the  products or  might 
involve the  addition of  food preservatives that might 
have potential health effects. Thus, to minimize the po-
tential undesirable effects, alternative methods such 

as the  supplementation of  natural preservatives have 
been investigated (Axel et al. 2017).

L.  plantarum is a  versatile and widespread spe-
cies found in  different environments, ranging from 
food to  animal and human gastrointestinal tracts 
(De  Vries  et  al. 2006; Papadimitriou  et  al. 2015). 
This  species is  an  ideal candidate for use in  biopreser-
vation against food spoilage fungi due  to  its  generally 
regarded as safe (GRAS) status. Especially, a  previous 
study showed that L.  plantarum has a  stronger and 
broader spectrum of  fungal inhibitory activity than 
other Lactobacillus species (Lavermicocca  et  al. 2000; 
Sevgi & Ignatova-Ivanova 2015). Further studies have 
confirmed that the  antifungal activity of  L.  plantarum 
was related not only to  competitive growth but also 
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to  a  wide variety of  active antifungal compounds such 
as organic acid, phenyllactic acid, 3-phenyllactic acid, 
cyclic dipeptide (Niku-Paavola et al. 1999; Lavermicoc-
ca et al. 2000; Ström et al. 2002; Bianchini & Bullerman 
2009; Prema  et  al. 2010; Sangmanee & Hongpattara-
kere 2014). A  published study has successfully applied 
L.  plantarum FST1.7 strain in  sourdough to  increase 
the  shelf life of  wheat bread by inhibiting the  growth 
of Fusarium (Dal Bello et al. 2007). Pretreatment of food 
and feed with cell-free supernatants (CFS) of  L.  plan-
tarum MYS44 could reduce or  eliminate aflatoxin B1 
production by inhibiting the toxin-producing fungus As-
pergillus parasiticus (Rao et al. 2019). At the same time, 
commercial solutions are gradually being developed and 
applied, for example, Holdbac® YM-XPM and YM-XPK 
(DuPont Danisco, China) containing L.  plantarum are 
used to  inhibit the  growth of  fungi in  dairy products. 
All these works have demonstrated the suitability of us-
ing L. plantarum as a natural biopreservative in modern 
food industry.

The aim of this study was to screen the antifungal ac-
tivity of 137 L. plantarum isolates against six common 
food-spoilage fungi and to  preliminarily characterise 
several isolates that showed a strong and broad spectrum 
of antifungal activity. Finally, the spoilage protection ef-
fect of a selected strain was tested in golden-red apple. 
This work helped identify strains that were suitable for   
use as natural biopreservatives in food.

MATERIAL AND METHODS

Bacterial strains and cultivation conditions. One 
hundred and thirty-seven isolates of L. plantarum avail-
able at the  Lactic Acid Bacteria Collection Center 
(LABCC) of the Key Laboratory of Dairy Biotechnology 
and Engineering, Inner Mongolia Agricultural Univer-
sity, Inner Mongolia, People’s Republic of  China, were 
used in  this work. These strains were previously iso-
lated from different food matrices and identified based 
on 16S ribosomal RNA gene sequence analysis. All iso-
lates were stored at –80 °C in 30% skimmed milk medi-
um and were routinely grown in MRS broth (Oxoid Ltd., 
England) at 37 °C for 24 h in the current experiments.

Fungal strains and cultivation conditions. Six com-
mon food spoilage fungi were chosen as indicator fun-
gi in  this work. Three of  them, Aspergillus (A.)  flavus 
CICC 2219, Fusarium (F.) moniliforme CICC 2490, and 
Cladosporium (C.)  cladosporioides CICC 2477, were 
obtained from the China Center of  Industrial Culture 
Collection (CICC, Beijing, China), while the other three, 
Penicillium (P.) chrysogenum BNCC 185782, P. expan-

sum BNCC 185786, and A. niger BNCC 186328, were 
purchased from the BeNa Culture Collection (BNCC, 
Beijing, China). The  lyophilized fungal cultures were 
resuspended in  sterile distilled water and recovered 
in  potato dextrose agar (PDA, Oxoid Ltd., England) 
slants by culturing at 25 °C for 5–7 days or until sporu-
lation. The fungal spore suspensions were filtered with 
five sterile layers of gauze to separate the spores from 
mycelia. The spore density was estimated by the spread 
plate method, and the concentration of spores was ad-
justed to around 106 spores mL–1.

Antifungal activity assays of L. plantarum isolates. 
An aliquot of 5 μL of L. plantarum culture was spotted 
on an MRS agar plate for the assays. After 24 h of  in-
cubation at 37 °C, the plates were overlaid with 10 mL 
of  PDA containing 0.1  mL (106  spores  mL–1) of  each 
fungus and were incubated aerobically at 25 °C for 5 days 
(Rouse et al. 2008). Antifungal activities of the L. plan-
tarum strains were assessed based on the  inhibition 
zone size around the bacterial spot: no  inhibition (–), 
no clear zone; weak inhibition (+), an  inhibition zone 
of  1–6 mm; moderate inhibition (++), an  inhibition 
zone of  6–12 mm; strong inhibition (+++), an  inhibi-
tion zone of more than 12 mm. The inhibition zone size 
was calculated as the diameter of fungal inhibition mi-
nus the diameter of L. plantarum growth.

Mycelium growth inhibition by L. plantarum CFS. 
L. plantarum strains were grown in MRS broth at 37 °C 
for 24 h. The corresponding CFS were obtained by cen-
trifugation at 8 000 × g for 5 min at 4 °C and filtered 
by a sterile 0.22 μm membrane. A 2 mL aliquot of CFS 
was mixed with 18 mL of PDA (10%, v/v), and the mix-
ture was poured into sterile Petri dishes. After the agar 
solidified, the  indicator fungus (3–5 mm diameter 
culture of  growing fungal mycelia) was inoculated 
in the middle of the Petri dishes. The plate was allowed 
to incubate at 25 °C for 7 days. Control plates contain-
ing 18 mL of PDA mixed with 2 mL of MRS broth were 
processed in parallel (Le Lay et al. 2016a). The antifun-
gal activity was calculated as follows: 

 – 100 %
C

C TI    (1)

where: I – the  hyphal radial growth inhibition rate;  
C – the diameter of mycelial growth on control plates 
(mm); T – the  diameter of  mycelial growth on test 
plates containing CFS (mm).

Preliminary characterisation of antifungal compounds 
of CFS. The CFS was heat-treated for 30 min at 100 °C 
(CFS-A) or  neutralised with 2  M  NaOH (adjusted 
to  pH  6.5) (CFS-B). Then  the  neutralized supernatant 
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(CFS-B) was incubated with proteinase K (1 mg mL–1;  
Sigma-Aldrich, USA) for 1 h, and the pH was readjusted 
to the initial value with 2 M HCl (CFS-C). The treatment 
effect was measured by the mycelium inhibition assay as 
described above (Russo et al. 2017).

Quantification of  organic acids and phenolic acid 
in  CFS. Organic acids (lactic, acetic, propionic) and 
phenolic acid (phenyllactic and 4-hydroxyphenyllactic 
acid) were determined in the CFS of 24 h by Sciex Qtrap 
6500+ LC-MS/MS system (AB  Sciex, USA). Sample 
preparation and quantitative  analysis method were 
done as described by Han et al. (2015).

Tolerance of  selected L.  plantarum to  artificial gas-
trointestinal juices. L.  plantarum strains were grown 
in  MRS broth at 37 °C for 12  h. Cells were collected 
by centrifugation, washed twice with PBS, and resus-
pended in  the  same buffer. The  simulated gastric juice 
was a preparation of 0.3% (w/v) pepsin (Sigma-Aldrich, 
USA) adjusted to  pH  2.5, followed by filtered sterilisa-
tion. The simulated intestinal juice was a mixture of 0.1% 
(w/v) trypsin (Sigma-Aldrich, USA) and 0.3% (w/v) bile 
(Sigma-Aldrich, USA) adjusted to  pH  8.0. An  aliquot 
of 0.5 mL of L. plantarum cell suspension was mixed with 
4.5 mL of the simulated gastric juice, and the mixture was 
incubated at 37 °C for 3 h. Then 0.5 mL of the cultured 
mixture was further inoculated into 4.5 mL of the sim-
ulated intestinal juice at 37  °C, followed by anaero-
bic incubation for 8 h (Li et al. 2017). An aliquot of 0.5 
mL of  the  bacteria-gastric juice mixture was sampled 
at 0 h and 3 h after incubation, as well as after 4 h and 
8  h of  incubation in  simulated intestinal juice plated. 
The  bacteria-simulated digestive juice mixtures were 
plated on MRS agar with appropriate dilutions and incu-
bated anaerobically for 48 h at 37 °C to calculate the total 
viable counts. Data were expressed as log10 CFU mL–1.

The survival rate was calculated according to the fol-
lowing equation:

 1

0

log Survival rate 100 %
log 

 
N
N

 (2)

where: N0 and N1 are the total viable counts of L. planta-
rum before and after the treatment, respectively.

Tolerance of selected L. plantarum to bile. The se-
lected strains (1%, v/v) were mixed with MRS broth 
containing 0.2% w/v sodium thioglycolate (Kanto, Ja-
pan) with and without 0.3% (w/v) oxgall (DIFCO, Can-
ada), respectively. The mixture was incubated at 37 °C 
for 12  h, and changes in  absorbance at 620  nm were 
monitored. The  delay time of  oxgall-containing cul-
ture in  reaching an  absorbance value of  0.3  in  com-

parison with the culture without oxgall was considered 
as the lag time (Walker & Gilliland 1993).

Protection of golden-red apples from fungal spoil-
age by CFS. Golden-red apples commercially available, 
mature, of  uniform size, pH range from 4.19 to  4.58, 
without spoilage were selected for the assay. The apples 
were washed with sterile distilled water and dried for 
30 min. Each fruit was punched a 5 mm diameter wound 
with a 1 mL sterile pipette tip. Then 5 µL of Penicillium 
expansum conidia suspension (106  spores  mL–1) and 
50  µL of  L.  plantarum CFS were inoculated together 
in the wound. The inoculated apples were incubated for 
7 days at 25 °C. The negative control (without fungus) 
and the positive control (inoculated only with the fun-
gus but not with CFS) were processed in parallel.

Statistical Analysis. Three independent replicates 
of each experiment were obtained. All data were pre-
sented as mean ± standard deviation (SD). Significant 
differences between groups were evaluated by analy-
sis of variance (ANOVA) using the software package 
SPSS 22. A value P < 0.05 was considered as statisti-
cally significant.

RESULTS AND DISCUSSION

Antifungal activity assays of L. plantarum strains. 
To identify L. plantarum that possessed wide-spectrum 
antifungal activity, 137  L.  plantarum isolates were 
screened against six indicator fungi using an  overlay 
method (Figure 1). The species A. niger was the most re-
sistant fungal isolate because 74% of the tested L. plan-
tarum strains were unable to  inhibit its growth, while 
the  remaining 26% of  the  isolates showed only weak 
antifungal activity. In contrast, 71% and 98% of L. plan-
tarum isolates exerted moderate or strong antifun-
gal activity against the  strains of  F.  moniliforme and 
C.  cladosporioides, respectively. In  addition, between 
22% and 41% of the tested L. plantarum isolates showed 
moderate or strong antifungal activity against A. flavus, 
P. expansum, and P. chrysogenum. Finally, in all L. plan-
tarum isolates, only a few isolates could inhibit all six 
indicator fungi, and ten L. plantarum strains were se-
lected for further investigation (Table S1).

Our results are consistent with some published 
works. For example, a  recent work screened the  an-
tifungal activities of  270 LAB strains and only a  low 
proportion of  the  screened strains could suppress 
the growth of A. niger (Le Lay et al. 2016b). Another 
study reported that 88 L. plantarum strains exhibited 
strong inhibitory activity against P. chrysogenum, P. ex-
pansum, and F. culmorum (Russo et al. 2017).
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Antifungal activity of CFS of selected L. plantarum 
isolates. The antifungal activity of LAB can be achieved 
either directly through competition among living cells 
or indirectly through secretion of  active antagonistic 
metabolites. To  verify the  antifungal activity of  the  ten 
selected L.  plantarum isolates, the  effect of  their CFS 
on mycelial growth inhibition was determined by assay. 
The results showed that the CFS of all ten strains could 
not inhibit the growth of A. niger BNCC186328. In con-
trast, all the tested L. plantarum CFS exhibited a variable 
inhibition response towards the other five indicator fungi. 
Among them, the isolates IMAU10382, IMAU80174, and 
IMAU10418 showed an overall higher inhibitory fungal 
activity compared with the other seven strains (Table S2).

A previous report has shown that the addition of CFS 
(12%,  v/v) of  L.  plantarum UFG  108 and UFG  121 
to the culture media conferred a strong antifungal activi-
ty, with a hyphal radial growth inhibition rate of 50% and 
60% against P. expansum and F. culmorum, respectively 

(Russo et al. 2017). Another study found that the CFS 
of  L.  plantarum MYS44 (6%) exhibited the  maximum 
inhibition of  growth against A.  parasiticus (Rao  et  al. 
2019). The  antifun gal activity patterns of  the  CFS 
of  the  ten selected L.  plantarum isolates were largely 
consistent with those conferred by live cells determined 
in the preliminary overlay assay, except that the CFS was 
not effective in  inhibiting A. niger at all. This could be 
due to an insufficient concentration of CFS (10%) used 
in the assay or the possibility that the inhibitory mecha-
nism was at least partially cell-based.

Tolerance of selected L. plantarum isolates to sim-
ulated gastrointestinal juices and bile. The  ability 
to  survive the  gastrointestinal tract transit is consid-
ered as an important criterion of probiotics. So, the tol-
erance of selected isolates (IMAU10382, IMAU80174 
and  IMAU10418) to  simulated gastrointestinal juic-
es  and bile was evaluated. The  isolate IMAU80174 
had the  highest tolerance and survival rates when 

Figure 1. Antifungal activity of 137 L. plantarum strains against six indicator fungi by the overlay method 
Antifungal activity of L. plantarum strains was classified as: (–) no; (+) weak; (++) moderate; (+++) strong
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Table 1. Tolerance of three Lactobacillus plantarum strains to simulated gastrointestinal juices

Lactobacillus 
plantarum  
strains

Survival in simulated gastric juice at pH 2.5 Survival in simulated intestinal juice at pH 8
0 h 3 h 3 h 4 h 8 h 4 h 8 h
(log10 CFU mL–1) (%) (log10 CFU mL–1) (%)

IMAU10382 9.04 ± 0.06 5.87 ± 0.04 64.87 ± 0.39b 5.50 ± 0.05 5.23 ± 0.05 60.85 ± 0.21b 57.88 ± 0.33b

IMAU10418 8.70 ± 0.02 5.72 ± 0.04 65.77 ± 0.49b 5.32 ± 0.06 5.12 ± 0.09 61.17 ± 0.53b 58.90 ± 0.97b

IMAU80174 8.82 ± 0.06 6.91 ± 0.07 78.37 ± 0.46a 6.62 ± 0.07 6.39 ± 0.34 75.14 ± 1.05a 72.50 ± 4.08a

Data are expressed as mean ± SD; experiments were done in triplicate; statistically significant differences between strains within 
each column are indicated by different letters (P < 0.05)

A. flavus          F. moniliforme    P. expansum      P. chrysogenum  C. cladosporioides A. niger
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treated with simulated gastric juice and intestinal juice 
(P < 0.05) (Table 1). No significant difference was found 
between the three tested strains in the lag time when 
grown in the presence of bile salt (P > 0.05) (Table 2).

A well-studied probiotic strain, L. plantarum DSM 2648, 
showed good tolerance to  gastrointestinal conditions,  
and there was no loss in cell viability after incubating for 4 h 
at pH 4.0 and 0.5% bile in an in vitro assay (Anderson et al. 
2010). Similar results were observed for L.  plantarum 
LZ95 and CY3; over 90% of cells survived 4- hour incuba-
tion in simulated gastric juice and 0.3% bile salt (Li et al. 
2017). Our data showed that L. plantarum IMAU80174 
exhibited moderate tolerance towards simulated digestive 
juices and 3% oxgall (survival rate of 78.37 ± 0.46%).

Resistance of antifungal activity of L. plantarum 
IMAU80174 CFS towards heat, alkali, and pro-
teinase K treatments. Based on the antifungal profile 
and tolerance to  simulated digestive juices and bile, 

the CFS of the isolate IMAU80174 was further char-
acterised for its resistance towards heat, alkali, and 
proteinase  K treatments. A  repeated assay showed 
a similar pattern of inhibition against all five indicator 
fungi. No significant reduction of antifungal activity 
was observed after heat and proteinase K treatments. 
However, the  antifungal activity was drastically re-
duced when the  pH of  CFS was adjusted to  a  rela-
tively neutral value of  pH 6.5 (P  <  0.05 in  all cases) 
(Figures 2 and 3).

A previous study found that the acidity in the mi-
croenvironment might influence the efficacy of anti-
fungal activity (Suhr & Nielsen 2004; Lv et al. 2018). 
In addition to acidity, some bioactive substances were 
sensitive to heat or protease treatment (Le Lay et al. 
2016a; Muhialdin  et  al. 2018). The  L.  plantarum 
IMAU80174 CFS fungal activity was active only 
in the acidic environment and its heat- and protease-

Table 2. Tolerance of three Lactobacillus plantarum strains to 3% oxgall

Lactobacillus  
plantarum strains

Time needed to increase the absorbance by 0.3 at 620 nm (h) Lag time
(h)no oxgall 0.3% (w/v) oxgall

IMAU10382 5.23 ± 0.55 6.13 ± 0.51 0.91 ± 0.05a

IMAU10418 5.12 ± 0.32 6.06 ± 0.37 0.94 ± 0.05a

IMAU80174 3.70 ± 0.02 4.58 ± 0.35 0.88 ± 0.35a

Data are expressed as mean ± SD; experiments were done in triplicate; statistically significant differences between strains within 
each column are indicated by different letters (P < 0.05)

Figure 2. Growth inhibition rate of different treatments with the CFS from L. plantarum IMAU80174 against indicator 
fungi for 7 days at 25  °C
Data points are expressed as mean ± SD of triplicate replications; statistically significant differences are indicated by dif-
ferent letters (P < 0.05)
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resistant activity might suggest a non-proteinaceous 
nature of the antifungal materials.

Generally, some research reported that organic 
acids and phenolic acids had antifungal activities 
(Russo  et  al. 2017). Therefore, the  CFS of  L.  planta-
rum IMAU80174 was analysed by LC-MS/MS after 
24-hour fermentation. All five acids were detected and 
the concentrations of lactic acid, acetic acid, propionic 
acid, phenyllactic acid and 4-hydroxyphenyllactic acid 
were 3.53 g L–1, 0.88 g L–1, 0.88 mg L–1, 9.17 mg L–1 
and 6.14 mg L–1, respectively.

Previous studies showed that lactic acid alone had 
a  low antifungal activity, but the synergistic antifun-
gal effect of lactic acid and acetic acid was enhanced 
(Le  Lay  et  al. 2016a). As expected, phenyllactic and 
4-hydroxyphenyllactic acids were found in  the  CFS 
of  L.  plantarum IMAU80174, but their concentra-
tions were far from reaching the inhibition of fungal 
growth. So, lactic and acetic acid may be the  major 
antifungal substances of  the  CFS of  L.  plantarum 
IMAU80174, other acids like propionic, phenyllactic 
and 4-hydroxyphenyllactic acid may have a synergis-
tic effect at a low concentration.

Protection of golden-red apple spoilage. P. expan-
sum was chosen as it is a natural pathogen of the apple 
disease and spoilage by producing patulin and initiat-
ing infection often at sites of fruit injury. 

P.  expansum was inoculated to  the  golden-red 
apple alone, with or without CFS of  L.  plantarum 
IMAU80174. After seven days of  incubation, obvi-
ous differences were found in  the  average diameter 
of the browning and rotting area between the negative 
control (without P.  expansum; no  rotting area), posi-
tive control (inoculated with P. expansum without CFS; 
39.82 ± 5.30 mm) and the experimental group (inocu-
lated with both P. expansum and CFS; 23.91 ± 3.08 mm) 
(Figure 4).

To protect from food spoilage, the species L. planta-
rum has been successfully applied as a biopreservative 
in a wide range of food, including cereals-based foods, 
wild cherries, peanuts, and muskmelon (Lipińska et al. 
2016; Russo et al. 2017; Lv et al. 2018; Rao et al. 2019). 
Our results suggested that the application of L. plan-
tarum CFS could effectively decrease the  rate of  de-
cay and lesion in  apples subject to  inoculation with 
the spoilage fungus P. expansum. Thus, it is worth fur-

Figure 3. Examples of inhibiting A. flavus: Control – no CFS; CFS – untreated CFS; CFS-A – heat treated for 30 min 
at 100 °C, CFS-B – neutralized with 2M NaOH (6.5); CFS-C – incubated with 1 mg mL–1 proteinase K for 1 h

Figure 4. The contamination zone of P. expansum in golden-red apple during storage at 25 °C for 7 days: negative con-
trol – without P. expansum (A), positive control – infected by P. expansum (B), P. expansum and CFS of L. plantarum 
IMAU80174 were inoculated (C)

(A) (B) (C)
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ther exploring the potential of applying L. plantarum 
as a biopreservative for apples and other fruits.

CONCLUSION

The antifungal activity of 137 L. plantarum strains was 
studied using an  overlay method against the  six com-
mon indicator and food spoilage fungi. The antifungal 
activities of CFS from selected isolates and their resis-
tance to heat, acidity, and protease were characterised. 
The  isolate IMAU80174 was found to  have an  overall 
strong and broad spectrum of  antifungal activity, and 
its CFS was highly resistant to heat and protease. How-
ever, the efficacy of  the antifungal activity was limited 
to  an  acidic range. Finally, this isolate could also slow 
down the decay rate of golden-red apples subject to in-
oculation by the  spoilage fungus P.  expansum. Taken 
altogether, this isolate has a good potential to serve as 
a biopreservative, which needs to be further explored.
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