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Abstract 
Postharvest fungal diseases cause serious fruit losses and food safety issues worldwide. The trend in preventing food loss 
and waste has shifted to environmentally friendly and sustainable methods, such as biological control. Penicillium expan-
sum is a common postharvest contaminant fungus that causes blue mould disease and patulin formation on apples. This 
study aimed to provide biocontrol using Metschnikowia pulcherrima isolates against P. expansum, and to understand their 
antagonistic action mechanisms. In vitro, 38.77–51.69% of mycelial growth inhibition of P. expansum was achieved by M. 
pulcherrima isolates with the dual culture assay, while this rate was 69.45–84.89% in the disc diffusion assay. The disease 
symptoms of P. expansum on wounds were reduced by M. pulcherrima, on Amasya apples. The lesion diameter, 41.84 mm 
after 12 d of incubation in control, was measured as 24.14 mm when treated with the most effective M. pulcherrima DN-MP 
in vivo. Although the antagonistic mechanisms of M. pulcherrima isolates were similar, there was a difference between their 
activities. In general, DN-HS and DN-MP isolates were found to be more effective. In light of all these results, it can be said 
that M. pulcherrima isolates used in the study have an antagonistic effect against the growth of P. expansum both in vitro 
and in vivo in Amasya apples, therefore, when the appropriate formulation is provided, they can be used as an alternative 
biocontrol agent to chemical fungicides in the prevention of postharvest diseases.
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Introduction

Postharvest losses due to unfavorable storage and trans-
portation conditions reach 25 and 50% of the total pro-
duction of fruit in developed and developing countries, 
respectively [1]. Fungal spoilage is the major reason for 
the economic losses, which gives rise to nutritional and 
visual defects in vegetables and fruit during the posthar-
vest period [2]. One of the most prevalent and commer-
cially significant postharvest fruit diseases in the world is 
blue mould disease, which is caused by Penicillium spe-
cies, especially Penicillium expansum [3].

P. expansum is one of the most common airborne 
necrotrophic fungi seen all over the world and may cause 
losses up to millions of dollars each year by decreasing the 
quality of fruit, making them inconsumable and causing 
adverse health effects on consumers due to their secondary 
metabolites [3, 4]. In addition to the fact that its spores are 
resistant and easily dispersed, they quickly invade the fruit 
through the wound and cause softening [5]; it produces 
more than 50 secondary metabolites, most importantly 
patulin, that have toxic and carcinogenic effects on con-
sumers [6]. Although P. expansum can use a wide variety 
of fruit as a host, it mostly affects climacteric fruit, espe-
cially pome fruit such as apples and pears [7].

Apple (Malus domestica) is a fruit that owns a nutri-
tional content consisting of various vitamins, miner-
als, sugars, biologically active compounds [5], phenolic 
compounds [8] and dietary fiber [3]. Apple is among the 
highest-produced commodities worldwide [9]. In other 
respects, the long storage periods of up to 6 months and 
the lack of fruit resistance against fungal pathogens make 
apples prone to postharvest decays [3]. About 15–20% of 
total apple losses are due to blue mould disease caused 
by P. expansum during storage that generally infects the 
wounded sites on the fruit [10]. Therefore, controlling the 
growth of P. expansum and the production of patulin in 
apples is an important step to protect consumer health and 
reduce the economic loss of those involved in the food 
chain from producer to consumer.

Chemical-synthetic fungicides have been widely used 
to prevent these fungi-induced food losses. However, the 
excessive usage of these fungicides has increased the fun-
gal strains’ resistance and caused many environmental 
and health-related issues [11]. Therefore, the demand to 
produce a new and greener solution has emerged by thor-
oughly investigating fungi’s pathogenicity and toxicity 
[12]. Eventually, people have towards biocontrol methods, 
such as using antagonistic microorganisms, whose stud-
ies are gradually increasing [13]. Among the microorgan-
isms involved in biocontrol agents, yeasts are particularly 
preferred because they mostly do not produce any toxic 

secondary metabolite, they are Generally Recognized as 
Safe (GRAS), can grow either in high sugar or acidic envi-
ronments, have genetic stability and high-speed coloniza-
tion capability, effective at low concentrations and against 
various pathogens [14, 15].

Antagonistic yeasts act on fungal pathogens mainly by 
the action mechanisms of competition for nutrients and 
space, secretion of antimicrobial compounds such as volatile 
organic compounds (VOCs), secretion of cell wall degrading 
enzymes and induction of host defence [2].

Extracellular polymeric substances envelop and attach 
dense communities of microorganisms as biofilms on fruit 
surfaces. This constitution is considered a technique for 
nutrient and space competition occupied by antagonist yeasts 
[1]. This morphological difference helps yeasts’ antago-
nism by forming a mechanical barrier between pathogen 
and fruit, interrupting the signals for spore germination of 
phytopathogens [16]. Secretion of the red-colored pigment 
called pulcherrimin is also a prime example of competition 
for nutrients since an antagonist may release siderophores, 
which bind to Fe+3 in the environment with very high affin-
ity, evicts iron from the complex structures and cause iron 
depletion [17, 18]. Because of the important role of iron in 
fungi pathogenicity, many cellular and metabolic pathways 
of postharvest pathogens may be eliminated by this mecha-
nism [18].

Secretion of VOCs like aldehydes, alcohols and esters 
produced by antagonist yeasts are considered potential bio-
logical control agents since they are not required to contact 
pathogens for inhibition effect [1]. These compounds inhibit 
fungal cultures with the mechanisms of hydrolyzation of 
the cell wall, induction of host resistance and inhibition of 
DNA synthesis as well as reducing fungal spore germina-
tion, decreasing the length of germ tube and mycelial growth 
[19].

Besides many action mechanisms owned by antagonists, 
it has been proved that cell wall degrading enzymes are also 
effective against pathogens. Tight binding of some antago-
nistic yeasts to fungal hyphae and secretion of lytic enzymes 
causes fractional degradation of mycelia [13]. These extra-
cellular enzymes like chitinase, proteases and glucanase are 
depolymerases that disrupt the cell wall of fungi and cause 
the release of nutrients for yeasts’ consumption [20].

Metschnikowia pulcherrima are highly favored as biocon-
trol agents due to several mechanisms against many posthar-
vest pathogens, especially competing for nutrients and space 
and by producing antimicrobial substances and pulcherrimin 
[17]. Some studies investigate the biocontrol ability of M. 
pulcherrima against Botrytis cinerea on grapes [21], Penicil-
lium digitatum and Penicillium italicum on mandarin [22, 
23], P. expansum on sweet cherries [24], P. digitatum and 
P. expansum on lemons [19], P. expansum on grapes [25]. 
Since antagonistic activity is specific to complex interactions 
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between the antagonistic yeast, the fungal pathogen and the 
host fruit [14, 15], the activity and the mechanism underlies 
the antagonism of each antagonistic isolate should be exam-
ined, even if only one of the factors is changed.

Therefore, the main goal of the study is to investigate 
the antagonistic activity of different M. pullcherima strains 
as a control agent against a major post-harvest disease in 
apples, which is called blue mold disease. For this purpose, 
the antagonistic effect of three Metschnikowia pulcherrima 
isolates from different local sources (grape leaf, corn tassel 
and hoşkıran) against Penicillium expansum was investigated 
by both in vitro and in vivo assays on apple fruit, by inocu-
lating yeast before mold formation in order to examine the 
preventive effectiveness. Besides, the comprehensive study 
evaluated the production of VOCs and pulcherrimin, lytic 
enzyme activity, biofilm formation, and spore germination to 
elucidate the background mechanisms leading to the antago-
nistic effect.

Materials and Methods

Yeast and Fungal Cultures

Antagonistic yeasts used in this study, Metschnikowia pul-
cherrima DN-HS, Metschnikowia pulcherrima DN-MP and 
Metschnikowia pulcherrima DN-UY, were isolated from 
hoşkıran (Amaranthus retroflexus, a consumable local herb 
that grows in the Black Sea region of Türkiye), corn tas-
sel and grape leaf collected from Ordu/Türkiye (40.963320, 
37.585060), respectively, and identified by Dikmetas et al. 
[26]. The Genbank accession numbers of M. pulcherrima 
DN-HS, M. pulcherrima DN-MP and M. pulcherrima 
DN-UY are PP496773, PP496774 and PP496775, respec-
tively. Yeast cultures were observed under both light micros-
copy (Nikon Eclipse Ni-U, Japan) and scanning electron 
microscopy (SEM) at 20 kV, and images are given in Fig. 
S.1. Penicillium expansum DSM62841 (German Collection 
of Microorganisms and Cell Cultures GmbH) was used as 
the fungal pathogen, which produce patulin. All yeast and 
fungal cultures were obtained from Food Microbiology 
Laboratory of Istanbul Technical University, Department 
of Food Engineering. Yeast cultures were grown on Yeast 
Extract Peptone Dextrose (YEPD) broth at 25 °C for 2 d, 
and mould culture was cultivated on Potato Dextrose Agar 
(PDA) at 25 °C for 7 d before the experiments. Culture con-
centrations were set by making dilutions and counting on a 
hemocytometer.

Fruit

Amasya apples (Malus domestica) were obtained from a 
commercial market in Istanbul, Turkey. Uniform and healthy 

apples were selected randomly and washed with tap water. 
The surface sterilization of apples was carried out by immer-
sion in 1% (w/v) of sodium hypochlorite (NaOCl) for 2 min. 
Afterwards, apples were rinsed with sterile distilled water. 
Then, apples were left to dry with sterile laminar air flow in 
the biosafety cabinet.

Antagonistic Activity of Metschnikowia Isolates

In Vitro Assays

The in vitro antagonistic activities of Metschnikowia isolates 
were determined by dual culture [27] and agar plate inhibi-
tion assays [28] with slight modifications. For the dual cul-
ture assay, 100 µL of each yeast suspension (108 CFU/mL) 
was spread on PDA as a line 4.5 cm away from the plate’s 
edge (90 mm). After 2 d of incubation at 25 °C, 5 μL of P. 
expansum (105 CFU/mL) was inoculated on the same plate 
by putting a disc 1.5 cm apart from the yeast colonies. For 
the agar plate inhibition assay, 100 µL of each yeast suspen-
sion (108 CFU/mL) was inoculated on PDA by the spread 
plate technique. After that, all plates were dried, and 5 μL of 
P. expansum (106 CFU/mL) was inoculated on a disc placed 
in the middle of the same plates. The plates without yeasts 
were used as a control.

All plates were incubated at 25 °C until the growth of 
moulds in control plates reached the plate’s edge. After 
measuring the radius of the growth area of moulds, the 
mycelial growth inhibition rate (%) was calculated as 
I% = (C − T/C) × 100 (I%: mycelial growth inhibition, C: 
colony diameter (mm) of mould in the control plate, T: the 
diameter (mm) of mould in the presence of yeast).

In Vivo Assay

The antagonistic effect of yeasts against P. expansum was 
investigated by the method of Liu et al. [29] with slight 
modifications. Each sterilized apple was punctured twice 
using a sterile needle to create artificial wounds (3 mm deep 
and 3 mm diameter). Each wound was inoculated with 20 
μL of 108 CFU/mL yeast suspension and dried at room tem-
perature for 24 h while sterile distilled water was used for 
the control group. And then 20 μL of P. expansum suspen-
sion (105 CFU/mL) was inoculated to each wound. Apples 
were placed in sterilized plastic packages with 90% rela-
tive humidity and incubated at 25 °C. On the 7th and 12th 
days of incubation, the disease symptoms were examined 
and the lesion diameters were measured as two perpendic-
ular diameters using a digital calliper (JKTOOL, Resolu-
tion: 0.01 mm). By using the obtained data, disease inci-
dence (DI%, (number of decayed wounds/number of total 
wounds) × 100%) and average lesion diameter (mm) was 
calculated. “Initial” symptoms were assessed based on the 
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observation of browning tissues, while “deep” symptoms 
were scored based on the sporulation and/or liquation of 
tissues. (Fig. S.2). Experiments were carried out in four dif-
ferent plastic packages, each containing four apples.

Effect of Extracellular Metabolites of Yeasts

Effects of Volatile Organic Compounds (VOCs)

Growth inhibition of P. expansum by VOCs of yeast cultures 
was tested with a slight modification of the method described 
by Parafati et al. [21]. 100 µL of each yeast suspension 
(108 CFU/mL) were inoculated on YEPDA by the spread 
plate technique and incubated for 2 d at 25 °C. And five μL 
of P. expansum (105 CFU/mL) were inoculated on the center 
of PDA plates. Each inoculated PDA and 2-d-incubated 
YEPDA plate were sealed face-to-face with ParafilmR, with 
YEPDA at the bottom. The yeast-free YEPDA plates were 
used as a control. All plates were incubated at 25 °C for 7 d. 
After measuring the radius of the growth area of moulds at 
3, 5 and 7th days, the mycelial growth inhibition rate (%) of 
moulds was calculated as described in Sect. 2.1.1.

Pulcherrimin Production

Pulcherrimin production of antagonistic yeasts under dif-
ferent iron concentrations was determined by the method 
described by Saravanakumar et al. [30], with some modifica-
tions. PDA plates were prepared with iron supplementation 
at 0, 5, 10, 15 and 20 μg iron/mL concentrations. 100 μL of 
each yeast isolate (108 CFU/mL) was spread as a line with a 
1 cm width at the center of the plate. Plates were incubated 
at 25 °C for 3 d, and halo width was measured in mm.

Extracellular Lytic Enzyme Activity

Yeast isolates’ lytic enzyme activity, including cellulase, chi-
tinase, lipase, pectinase, protease and β-glucosidase, were 
visualized on agar plates. Each of the yeast suspensions 
(107 CFU/mL) was taken from 24 h of yeast culture from 
YEPD broth and was spot inoculated (10 µL) on a specific 
solid medium [19].

Cellulase production was evaluated with the YEPD agar 
plates (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose, 
15 g/L agar) supplemented with 0.4% carboxymethylcellu-
lose. The agar plates were incubated at 30 °C for 5 d. Firstly, 
the colonies were rinsed with sterile distilled water and 
stained with 0.1% Congo red for 30 min. Finally, colonies 
were rinsed off with 1 M NaCl for 15 min. Clear halo zones 
around the colony indicated the cellulase-positive yeast iso-
lates [31, 32]. The β-glucosidase activity was tested on agar 
medium (5.0 g of esculin, 20.0 g of peptone from meat, 
10.0 g of yeast extract, and 12.0 g of agar) solubilized in 

990 mL deionized water. It was vigorously stirred at 100 °C, 
and pH was arranged to 5.0 before the sterilization (20 min, 
121 °C). Before pouring Petri dishes, 10 mL of sterile-fil-
tered ammonium iron (III) citrate solution (1.0% w/v) was 
added. Esculin was converted to glucose and esculetin on 
β-glucosidase positive yeast with dark brownish color [32].

Yeast isolates were tested for chitinase activity on col-
loidal chitin selective medium (1 g/L (NH4)2SO4, 0.2 g/L 
MgSO4.7H2O, 1.6 g/L K2HPO4, 0.2 g/L KH2PO4, 0.1 g/L 
NaCl, 0.02 g/L CaCl2.2 H2O, 0.01 g/L FeSO4.7H2O and 
15  g/L agar) supplemented wiTh 1.2% colloidal chitin 
described by [21]. According to Roberts and Selitrennikoff 
[33], colloidal chitin was prepared from shrimp cell chitin. 
5 g of chitin powder was gently added to 60 mL of concen-
trated HCl, and the mixture was maintained at room tem-
perature for 1 h with vigorous stirring. The obtained mixture 
was filtered through glass wool, and then 200 mL of 50% 
ethanol was added to the filtrate with rapid stirring. Then it 
was centrifuged at 3000 × g for 20 min, and obtained pre-
cipitate pH was arranged to neutral (pH 7.0) with washing 
sterile distilled water. Colloidal chitin solution (10 mg/mL) 
was kept at 4 °C before the analysis. A clear zone around the 
colony was used to determine chitinase activity daily after 
1–7 d of incubation at 25 °C. After autoclaving at 110 °C for 
5 min, protease activity was assayed on milk solid medium 
(100 g/L skim milk powder, 15 g/L agar). Inoculated plates 
were examined daily for 7 d at 25 °C incubation. The light 
halo zone around the colony showed enzymatic activity 
[29]. Pectinase activity was examined with the enrichment 
of citrus pectin as a carbon source in a mineral medium 
(citric pectin, 2.0 g/L; yeast extract 1.0 g/L; agar 15.0 g/L; 
KH2.PO4 0.2 g/L; CaCl2 0.05 g/L; (NH4)2SO4 1.0 g/L; 
MgSO4.7H2O 0.8 g/L; MnSO4 0.05 g/L) at pH 4.5 reported 
by Merín et al. [34]. Lugol’s solutions were added to Petri 
plates to observe clear halos around the positive colonies 
after  a 48 h incubation period at 28 °C. Lipase production of 
the yeast isolates was screened with the medium consisting 
of 10 g/L peptone; 5 g/L NaCl; 0.1 g/L CaCl2.H2O; 20 g/L 
agar and enriched with 1% (w/v) of Tween 80 at 5.6 pH. The 
yeast cultures were incubated at 28 °C for 72 h, and the pro-
duction of clear zones indicated lipase production [35].

Biofilm Formation

The biofilm formation of yeast isolates was examined with 
a slight modification of the method described by Yang et al. 
[36]. The cells of M. pulcherrima DN-HS, DN-MP and 
DN-UY, which were cultured for 24 h at 28 °C in YEPD 
broth medium, were harvested by centrifugation (6000 rpm, 
10  min), washed twice with phosphate-buffered saline 
(PBS), and the pellet was resuspended in YEPD broth. Each 
yeast solution adjusted to 107 CFU/mL (100 µL) was pipet-
ted into 3 wells of a 96-well polystyrene plate and incubated 
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at 28 °C for 3 h with 75 g agitation. As a control, YEPD 
broth was added into wells. After incubation, each well was 
washed twice with 150 μL of PBS and refilled with 100 μL 
of YEPD broth. The plates were incubated for 48 and 72 h, 
while the YEPD broth was changed every 24 h. All experi-
ments were carried out in triplicate. At the end of the incuba-
tion, each well was washed with PBS twice and stained with 
100 μL of 0.4% aqueous crystal violet solution for 45 min. 
After staining, each well was washed with 350 μL sterile dis-
tilled water four times, and decolourization was carried out 
with 200 μL of 95% ethanol. After 45 min, the absorbance 
of the ethanol that transferred to a new well was measured 
at 590 nm. Control absorbances were subtracted from the 
absorbances of the biofilm performed plates to eliminate the 
effect of impurities from the medium.

Spore Germination

The spore germination rate of fungi was investigated with 
the method described by Ruiz-Mayona et al. [37], with slight 
modifications. P. expansum spore suspension (100 μL, 108 
spores/mL) and 100 μL of yeast suspensions (106 spores/
mL) were added into 5 mL of YEPD broth. Only P. expan-
sum-inoculated YEPD broth was used as the control. All 
tubes were incubated for 12 h at 25 °C and 100 rpm. At 
least 100 fungal spores in at least 10 microscopic areas were 
counted to calculate spore germination inhibition. The spore 
was said to have been germinated when the germ tube length 
was higher than the spore’s diameter.

Statistical Analysis

All experiments were analyzed statistically using SPSS 28.0 
(SPSS Inc., Chicago, IL, USA). Experiments were carried 
out in three replicates, each consisting of three parallels. 
Results are expressed as mean ± standard deviation. The 
differences between mycelial growth inhibition and disease 
incidence, biofilm formation, pulcherrimin and enzyme 
secretion, and inhibition of spore germination properties of 
yeast isolates were compared by one-way analysis of vari-
ance (ANOVA). Tukey’s multiple range test was conducted 
for the mean separation, and differences were considered 
significant if p < 0.05.

Results

Antagonistic Activity of Metschnikowia Isolates

In Vitro Assay

The antagonistic activity of Metschnikowia isolates to inhibit 
the growth of Penicillium expansum was evaluated using 

disc diffusion and dual culture approaches. The data obtained 
from the disc diffusion assay showed that M. pulcherrima 
DN-HS showed the highest P. expansum mycelial growth 
inhibition among other isolates with a significant difference 
(p < 0.05) (Fig. 1). In dual culture assay, percentage inhibi-
tion was observed varying from 38.77 to 51.69%, while the 
M. pulcherrima DN-MP provided the lowest results.

In Vivo Assay

The in vivo efficiency of all isolated Metschnikowia pulcher-
rima against P. expansum was evaluated on Amasya apples 
stored at room temperature. All yeasts had a lower lesion 
diameter ranging from 13.07 to 14.49 mm on the 7th day 
of storage compared to the control group, and by increas-
ing the storage time to 12 d, a difference was observed 
among each strain (Fig. 2). The lowest lesion diameter in 
apple (24.24 mm) was seen as a result of M. pulcherrima 
DN-MP application, followed by M. pulcherrima DN-UY 
(30.17 mm) and M. pulcherrima DN-HS (35.07 mm).

As seen in Fig. 2, it was observed that apples showed both 
initial and deep disease symptoms during 12 d of storage. 
Except for M. pulcherrima DN-MP (62.5%), which showed a 
statistically significant difference (p < 0.05) from the control 
group on the 7th day, other strains had no difference from the 
control (87.5–90.63%), while the highest results in disease 
incidence were found to be deep disease symptoms with 
43.75–78.12%. On the 12th day of the analysis, deep disease 
symptoms were observed more frequently. Although M. pul-
cherrima DN-MP in this symptom was statistically different 

Fig. 1   a In  vitro mycelial growth inhibition rates of Metschnikowia 
pulcherrima isolates (DN-HS, DN-MP, DN-UY) against P. expansum 
by dual culture and disc diffusion assay on the 12th day of storage. 
a,bvalues within the same column with the different superscript low-
ercase are significantly different (p < 0.05). b Antagonistic activity of 
M. pulcherrima isolates against P. expansum by dual culture and disc 
diffusion assay on the 12th day of storage
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from the control, it was seen that yeasts were ineffective in 
the disease incidence (%).

Effect of Extracellular Metabolites of Yeasts

Effects of Volatile Organic Compounds (VOCs)

All isolates used in this study showed inhibitory activity 
against P. expansum by their VOCs. Although there was 
no significant difference between isolates (p > 0.05), at 
each incubation period of days, the isolate that reduced the 
mycelial growth of P. expansum most and least was different 
(Table 1). The highest inhibition rate belonged to DN-HS on 
day 3 (29.87%) and to DN-MP (28.78%) on day 5, and the 
inhibition rates of DN-HS and DN-MP (22.85%) on day 
7 were same. On the 7th day of incubation, morphologi-
cal changes occurred in P. expansum colonies and hyphae 
treated with M. pulcherrima isolates compared to untreated 
control (Fig. 3).

Pulcherrimin Production

To examine the effect of the amount of iron in the medium 
on pigment production of M. pulcherrima isolates, media 
with 5 different iron concentrations (0, 5, 10, 15, 20 μg/mL) 
were used. As a result, regardless of the isolates and their 
initial zones, it was observed that the halo width formed 
around yeast became smaller, and the color of the pale yeast 
colonies turned into pink, red and brown colors with the 
increasing concentration of iron (Fig. 4). In the medium 
without iron supplementation, M. pulcherrima DN-HS 
and M. pulcherrima DN-MP isolates showed significantly 

Fig. 2   a Lesion diameters on 
apples stored at 25 °C for 12 
d.1: Values within the same day 
with the different superscript 
lowercase are significantly dif-
ferent (p < 0.05). b Visual effect 
of Metschnikowia pulcherrima 
isolates (DN-HS, DN-MP, 
DN-UY) against Penicillium 
expansum on Amasya apples. 
c Effect of Metschnikowia 
pulcherrima isolates on 
disease incidence (%) of 
Amasya apples.2: Disease 
incidence;3:Values within the 
same column with the different 
superscript lowercase are sig-
nificantly different (p < 0.05)

Table 1   In vitro antagonistic activity of Metschnikowia pulcherrima 
isolates (DN-HS, DN-MP, DN-UY) against P. expansum by VOCs

One-way ANOVA was performed to compare antagonistic activi-
ties of yeasts at the same day, and no statistical difference was found 
between isolates (p > 0.05)

Mycelial growth inhibition (%)

3rd Day 5th Day 7th Day

M. pulcherrima DN-HS 29.87 ± 5.15 26.24 ± 2.18 22.85 ± 3.43
M. pulcherrima DN-MP 28.22 ± 2.02 28.78 ± 1.67 22.85 ± 3.62
M. pulcherrima DN-UY 28.22 ± 2.86 27.69 ± 0.73 20.22 ± 1.13

Fig. 3   Antagonistic effects of VOCs of Metschnikowia pulcherrima 
isolates (DN-HS, DN-MP, DN-UY) against P. expansum a colony 
morphology on PDA plate at 7th d of incubation b hyphae morphol-
ogy on 3rd, 5th and 7th d incubation
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different pigment formation than M. pulcherrima DN-UY 
(p < 0.05). There was no halo at M. pulcherrima DN-HS, 
and M. pulcherrima DN-UY isolates at 15 μg/mL, while M. 
pulcherrima DN-MP still formed a 1.08 ± 0.38 mm halo. At 
20 μg/mL, no halo was seen in each isolate.

Extracellular Lytic Enzyme Activity

All isolates used in this study, M. pulcherrima DN-HS, 
DN-MP and DN-UY, showed almost the same extracellu-
lar lytic enzyme activity (Table 2). Except for M. pulcher-
rima DN-UY, the other 2 isolates were β-glucosidase, chi-
tinase, protease and lipase positive, cellulase and pectinase 
negative.

Biofilm Formation

While M. pulcherrima DN-HS was the isolate with the best-
adhering ability on polystyrene plates and biofilm forma-
tion capability, DN-UY showed the least biofilm formation. 
Although the elongation of the incubation period from 48 
to 72 h caused a slight decrease in the biofilm formation, 
the absorbance of all isolates after repeated washings and 
72 h incubation showed that each isolate has the capabil-
ity of forming biofilms. There was a significant difference 
(p < 0.05) between all three isolates’ biofilm formation capa-
bilities after 72 h (Table 3).

Spore Germination

All yeast isolates inhibited the spore germination of P. 
expansum (Fig. 5). P. expansum showed 100% spore ger-
mination. Although M. pulcherrima DN-HS was the isolate 
that caused the highest inhibition of spore germination, even 
DN-UY, which had the lowest effect, showed an inhibition 
efficiency of over 80% (p < 0.05).

Discussion

Three M. pulcherrima isolates were tested against P. expan-
sum, a potential risk in apples. The antagonistic activities 
of these yeasts, the effects of their pulcherrimin production, 
their extracellular metabolites, biofilm formation and spore 
germination were investigated.

All of the Metschnikowia pulcherrima isolates showed 
the ability to reduce P. expansum’s mycelial growth above 
69 and 38% according to disc diffusion and dual culture 

Fig. 4   a Halo width produced by Metschnikowia pulcherrima iso-
lates (DN-HS, DN-MP, DN-UY) at different iron concentrations. 
a,b values within the same iron concentration differ significantly 
(p < 0.05). b Pigmented halo production and color change of colonies 
of Metschnikowia pulcherrima isolates, depending on the iron con-
centration

Table 2   Lytic enzyme activities 
of Metschnikowia pulcherrima 
isolates (DN-HS, DN-MP, 
DN-UY)

Presence ( +), absence (–), or weak (+ /–) of enzymes were indicated for the corresponding enzymes

Isolate β-Glucosidase Cellulase Chitinase Protease Pectinase Lipase

M. pulcherrima DN-HS  +  –  +   +  –  + 
M. pulcherrima DN-MP  +  –  +   +  –  + 
M. pulcherrima DN-UY  + /– –  +   +  –  + 

Table 3   Biofilm formation of Metschnikowia pulcherrima isolates 
(DN-HS, DN-MP, DN-UY)

1 Values within the same column with the different superscript lower-
case are significantly different (p < 0.05)

Biofilm formation (OD590)

48 h 72 h

DN-HS 1.57 ± 0.28a1 1.27 ± 0.33a

DN-MP 1.00 ± 0.36ab 0.73 ± 0.04b

DN-UY 0.66 ± 0.08b 0.32 ± 0.09c
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assay, respectively (Fig.  1). In contrast to Oztekin and 
Karbancioglu-Guler [19], no Metschnikowia isolate com-
pletely inhibited mycelial growth. However, it is seen that 
studies examining antagonistic activities show variable 
results depending on the incubation time as well as differ-
ent strains of the same species. Settier-Ramírez et al. [38] 
investigated the M. pulcherrima strains against P. expansum. 
They obtained varying results depending on both yeast con-
centration and incubation time in addition to the difference 
caused by strain.

The in vivo antagonistic effect of the isolates was dem-
onstrated on the 7th and 12th days of storage of Amasya 
apples. There was no correlation between the antagonistic 
activities of the isolates according to the results of in vivo 
and in vitro studies, just like in the study of Parafati et al. 
[21], in which the isolate with the lowest activity in vitro 
was found to be the most effective in vivo. They stated that 
the most effective yeast in vitro tests were Aerobasidium 
pullulans at pH 6 and Wickerhamomyces anomalus at pH 
4.5, while in the in vivo analysis on grapes, Metschnikowia 
pulcherrima MPR3 was found to be the most effective. As 
the nutrients in the environment change, the production of 
secondary metabolites that are effective in pathogen inhibi-
tion may change [39]. For this reason, it can be interpreted 
that the differences in the medium and the nutrients in the 
apple may cause the activity of the isolates to change. While 
it is seen that studies investigating the antagonistic effect 
of Metschnikowia species against P. expansum have been 
tested on different fruit, such as sweet cherries [24], it is 
important to focus the studies on apples since P. expansum 
causes serious loss of apples [40]. The highest lesion diam-
eter on the apples was seen in the case of M. pulcherrima 
DN-HS treatment on the 12th day of storage, among other 
strains. Similarly, Settier-Ramírez et al. [38] found that the 
lesion diameter in apples treated with M. pulcherrima was 

around 35 mm. It was statistically different and lower than 
the control group until the 13th day of storage. However, as 
the storage time increased, the statistical difference with the 
control group disappeared. Therefore, since the antagonistic 
effect may decrease with the extension of the storage period, 
the analysis was carried out at 12 d of storage.

Microorganisms producing VOCs are promising in bio-
control due to their activity without any contact [15], and 
some studies indicate the antagonistic activity of VOCs 
of various M. pulcherrima isolates against Monilinia laxa 
[41], Botrytis cinerea [21], Pestalotiopsis vismiae [36], 
Penicillium digitatum and P. expansum [19]. Despite the 
VOCs of yeasts being dependent on both strain and targeted 
fungi [17], they are associated with the antagonistic activ-
ity of yeast against fungi, and M. pulcherrima was found 
to produce ethyl acetate, isoamyl alcohol, amylic alcohol, 
2-phenyl-ethanol [41], 3-methyl-1-butanol, 1-hexanol and 
2(3H)-Furanone, dihydro-5-pentyl [36]. When our results 
were examined in general, it was seen that the effects of 
VOCs produced by M. pulcherrima isolates used against P. 
expansum growth were slightly decreased during the incu-
bation period. This inverse proportion with the incubation 
period and inhibition rate were in line with the findings of 
Dikmetas et al. [26]. It can be explained as the VOCs are 
being released at the highest level after 54–72 h from the 
yeast colonies starting to grow [42] and may decrease after 
5 d [43]. It is possible to increase the inhibition efficiency 
of antagonistic yeasts’ VOCs by mixing cultures instead 
of using only one [44] or immobilizing yeasts on hydrogel 
spheres [23]. Similar to Farbo et al. [45], morphological 
changes as more branched, sparser and extended hyphae 
were observed on the 7th day of incubation at yeast-treated 
colonies than in untreated colonies (Fig. 3). Alike, by the 
effect of antagonistic yeasts’ VOCs, damages to the conidial 
and hyphal structures of Aspergillus flavus were reported 

Fig. 5   a Effect of 
Metschnikowia pulcherrima 
isolates (DN-HS, DN-MP, 
DN-UY) on the spore germi-
nation rate of P. expansum b 
Germinated cell of P. expansum 
c Ungerminated cells of P. 
expansum 
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[46]. The fact that the VOCs of the yeasts also cause P. 
expansum mycelial growth inhibition shows that the isolates 
can be used in biocontrol without direct contact, thanks to 
their volatile component.

As a result of the interaction with Fe+3 in the medium 
where the antagonist yeast secretes pulcherriminic acid, a 
red-colored pigment called pulcherrimin is formed. Since 
pulcherrimin causes iron depletion in the medium and 
cannot be diffused, so does not play an iron carrier role. It 
inhibits iron-requiring microorganisms [17]. In this study, 
pulcherrimin production of M. pulcherrima isolates was 
investigated in media with different iron concentrations since 
it was presented in a previous study that there is a positive 
correlation between the amount of pigment production and 
the antagonistic effect, also the mutant non-pulcherrimin 
producer Metschnikowia spp. which were not able to per-
form an antagonistic activity [47]. All M. pulcherrima iso-
lates were white and pale without any iron supplementa-
tion. With the increasing iron concentration, while the color 
of yeast colonies turned pink, red and lastly brownish-red, 
the halo width decreased and became zero at 15 or 20 μg/
mL. Oztekin & Karbancioglu-Guler explained this situa-
tion by increasing iron ions in the medium; pulcherriminic 
acid binds near the yeast and forms pulcherrimin before 
it can diffuse much into the medium [19]. In our study, 
the halo widths in medium without iron supplementation 
were 10.67 ± 0.76, 10.33 ± 1.15, and 5.83 ± 0.29 mm for 
DN-HS, DN-MP and DN-UY, respectively. Similar to our 
results, it was found between 1 and 5 mm [48], 7.5 mm [30] 
and > 7.6 mm [21] for M. pulcherrima. It can be claimed that 
the antagonistic mechanism strongly involves iron depletion 
since M. pulcherrima isolates used in this study have intense 
pigment production and form a halo inversely proportional 
to the iron concentration.

The extracellular lytic enzyme activity is strongly attrib-
uted to the antagonistic activity of yeasts since it is possible 
to degrade fungal cell walls and hinder spore germination 
through enzymes [13]. The main structure of the fungal 
cell wall consists of chitin, glucan and protein. While glu-
can, a filling polysaccharide part in the structure, buildup 
50–60% of the cell wall, the remaining 40–50% is made up 
of a mixture of chitin and protein [2]. Yeasts disintegrate 
fungal cell walls to reach carbon sources and amino acids for 
their viability [20]. Cellulose and pectin are also important 
plant pathogens’ and plants’ cell wall components, respec-
tively. Since the activity of pectinase gives rise to soften-
ing and reducing the biomass of fruit, it is unwanted [49]. 
In light of this knowledge, it can be said that it also plays 
a substantial role in the inhibition mechanism of antago-
nists against P. expansum that the isolates used in this study 
being β-glucosidase, chitinase, protease and lipase positive. 
Still, they will not cause undesirable effects such as soften-
ing in the fruit they are applied to as they are pectinase and 

cellulase negative. However, according to Fernandez-San 
Millan et al. [48], lytic enzyme secretion by yeast is effec-
tive in the mechanism, but it is not obligatory and should be 
evaluated together with other mechanisms. This suggestion 
also supports our result that there was no diversity between 
the enzymatic activities of M. pulcherrima DN-HS, DN-MP 
and DN-UY isolates used in this study. Still, both in vitro 
and in vivo inhibition rates were different. In the literature, 
each enzymatic activity may differ due to different M. pul-
cherrima strains. Although the enzymes produced by the 
yeast isolates used in our study were generally compatible 
with the literature, unlikely, there are other M. pulcherrima 
strains that produce cellulase and pectinase are also avail-
able [19, 31, 49]. Quite differently, Parafati et al. claimed 
that the M. pulcherrima isolate they studied had no enzyme 
activity [21].

Biofilm, the adhesion of microorganisms to each other, 
proliferation and the formation of an extracellular matrix, 
makes microorganisms easier to colonize fruit surfaces 
and destroy pathogens [15]. In support of and opposite 
this, a positive and no correlation was found between bio-
film formation and wound colonization of M. pulcherrima 
and Aureobasidium pullulans, respectively [21]. Our study 
showed that all isolates of M. pulcherrima were able to 
form biofilms but at different levels. The biofilm formation 
capability of an M. pulcherrima isolate used in a study was 
found to be lower than DN-HS and DN-MP but higher than 
DN-UY [36], while another M. pulcherrima isolate was 
found to be lower than DN-HS, but higher than DN-MP 
and DN-UY [21]. All these results support that the biofilm-
forming capabilities of different strains of microorganisms 
belonging to the same species may vary, just as the isolates 
used in our study showed different adhesion in the poly-
styrene wells. In another study, the OD590 values of Pichia 
kudriavzevii, Kluyveromyces marxianus, and Yarrowia lipo-
lytica isolates after 48 h incubation were all lower than the 
values found in our research [50], which indicates that the 
biofilm formation capabilities of M. pulcherrima isolates 
were higher than our yeast isolates. However, as a result 
of our study, since the isolates with the highest activity in 
biofilm formation and in vivo analyzes were variable, a 
relationship between biofilm-forming ability and in vivo 
antagonistic activity could not be established, similar to 
Fernandez-San Millan et al. [48]. This may be because the 
most dominant mechanism of each isolate varies, and the 
synergistic effect of biofilm formation with other mecha-
nisms could be examined in future studies.

Inhibition of fungal spore germination is critical for 
antagonism, and the main parameter in determining this 
activity is the concentration of the antagonist [37]. The con-
centration applied in this study caused over 80% inhibition 
of spore germination, and it may be possible to increase 
the yeast concentration for a more effective biocontrol. As 



	 E. G. Acar et al.180  Page 10 of 12

well, in a study by Öztekin and Karbancioglu-Guler, it was 
observed that spore germination inhibition was increased 
with the use of antagonistic yeasts not individually but in 
combination [22].

According to all the results given in the study, it is seen 
that all three M. pulcherrima strains have shown all the 
mechanisms investigated. When the mechanisms are exam-
ined, the effect in all of them was DN-HS, DN-MP and 
DN-UY, respectively, from high to low. While the effect dif-
ference between isolates was small in spore germination and 
VOCs mechanisms, the biofilm and pulcherrimin production 
was quite low in DN-UY compared to the other two iso-
lates. While the enzyme production of DN-HS and DN-MP 
was the same, DN-UY differed only with less production 
of the β-glucosidase enzyme. Considering all these, it can 
be said that even strains belonging to the same species of a 
microorganism can have different antagonistic mechanism 
activities. Also, this study supports the idea that in vitro and 
in vivo results are frequently inconsistent by artificial nutri-
ent media, the natural components in fruit cannot be directly 
simulated, and the activities of antagonists on fruit change.

Conclusion

In the study, all tested M. pulcherrima yeast cultures had 
fungistatic activity against P. expansum. However, it can 
be said that M. pulcherrima DN-MP was the least effective 
in vitro, whereas it was the most effective in vivo. This study 
showed that even different strains of yeast belonging to the 
same genus and species might have different antagonistic 
effects and mechanisms of action. It is indicated that M. pul-
cherrima can be used to be manage postharvest fruit disease 
by this research. Additional research is required to examine 
the capacity to break down patulin in apples. Furthermore, 
the safety of yeast isolates needs to be assessed in order to 
evaluate its potential use in the biological control of fungal 
and mycotoxin contamination in agricultural products. This 
finding provides a scientific basis for the development of 
novel and effective food-grade antagonists. Further research 
is required to investigate the biocontrol mechanism of M. 
pulcherrima in apples. The goal is to develop more efficient 
and environmentally friendly solutions for decreasing fungal 
damage in apples.
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