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The antagonistic Metschnikowia 
andauensis produces extracellular 
enzymes and pulcherrimin, whose 
production can be promoted 
by the culture factors
Enikő Horváth1, Lívia Dályai1, Erna Szabó1, Teréz Barna1, László Kalmár2, József Posta3, 
Matthias Sipiczki1, Hajnalka Csoma1 & Ida Miklós1*

Biological control against microbial infections has a great potential as an alternative approach 
instead of fungicidal chemicals, which can cause environmental pollution. The pigment producer 
Metschnikowia andauensis belongs to the antagonistic yeasts, but details of the mechanism by which 
it inhibits growth of other microbes are less known. Our results confirmed its antagonistic capacity on 
other yeast species isolated from fruits or flowers and demonstrated that the antagonistic capacity 
was well correlated with the size of the red pigmented zone. We have isolated and characterized its 
red pigment, which proved to be the iron chelating pulcherrimin. Its production was possible even 
in the presence of 0.05 mg/ml copper sulphate, which is widely used in organic vineyards because 
of its antimicrobial properties. Production and localisation of the pulcherrimin strongly depended 
on composition of the media and other culture factors. Glucose, galactose, disaccharides and the 
presence of pectin or certain amino acids clearly promoted pigment production. Higher temperatures 
and iron concentration decreased the diameter of red pigmented zones. The effect of pH on pigment 
production varied depending of whether it was tested in liquid or solid media. In addition, our results 
suggest that other mechanisms besides the iron depletion of the culture media may contribute to the 
antagonistic capacity of M. andauensis.

Species capable of biological control have received particular attention, because they are able to inhibit the growth 
of other microbes and thereby are able to protect fruits or vegetables against  decay1–3. Different mechanisms, 
such as secretion of cell wall-degrading enzymes or other antifungal compounds have been proposed as being 
responsible for their antagonistic  activity1,3–5. A further possible method of antagonism is the production of ferric 
ion-specific chelating agents, which results in iron depletion in the environment and causes growth inhibition 
of microbes that require iron for their cellular  processes6,7.

Several Metschnikowia species, including the well-known M. pulcherrima, are able to produce an iron binding 
red  pigment8–11, which is probably closely linked to its antagonistic capacity, given that pigmentless M. pulcher‑
rima mutants lack the antifungal  activity11,12. The red pigment is called pulcherrimin, which is a water-insoluble 
 complex13. The complex is formed from pulcherriminic acid and ferric ions, after conversion of cyclo-leucyl-
leucyl to pulcherriminic  acid13–15. Although pulcherrimin has long been known and some genes involved in 
its synthesis have also been revealed, the details and conditions of pigment synthesis, and the role of pigment 
production are not entirely  clear12,16. The pigment might act as a siderophore, although some of its features seem 
to differ from those of typical  siderophores11,16,17. Furthermore, pigment production can depend on culture 
 conditions8 and this can strongly influence the antagonistic ability of a strain. Besides, it cannot be ruled out 
either that other processes may also be implicated in the antimicrobial capacity of the Metschnikowia species. 
Specifically, certain Metschnikowia species can also produce extracellular enzymes or volatile componds etc.17.
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A promising Metschnikowia species is the less-known Metschnikowia andauensis, which produces 
 pulcherrimin18–21. This species also has a great potential for biocontrol. Strains of M. andauensis have been 
evaluated for their biological control activity against the most important postharvest pathogens of fruits, like 
molds Penicillium expansum, P. digitatum, P. italicum, B. cinerea and Rhizopus stolonifer, R. oryzae, Alternaria 
alternata and Verticillium cinnabarinum or against fungi involved in crop and/or food spoilage (Saccharomyces 
cerevisiae, Wickerhamomyces anomalus and Dekkera bruxellensis) and M. andauensis was shown to inhibit growth 
of these  species20–22.

In order to expand our knowledge of the antagonistic capacity of Metschnikowia species, we investigated the 
biocontrol capacity and pigment production of M. andauensis. We hypothesized that these features are similar 
to the M. pulcherrima’s properties. Based on this, we wanted to determine the most important environmental 
factors which can contribute to the stronger pigment production of M. andauensis. Besides, we studied the 
growth inhibitory effect of the precursor molecule of the pigment and the extracellular enzyme production 
capacity of M. andauensis.

Our results confirmed the biocontrol capacity of M. andauensis and revealed that other yeasts living on fruits 
or flowers can be inhibited by this species. We demonstrated that the red pigment produced by M. andauensis 
is indeed the iron-containing pulcherrimin and explored culture factors that can influence the production and 
the localisation of the pigment. Our data also indicate that mechanisms other than iron depletion of the culture 
media can also contribute to the antagonistic capacity of M. andauensis.

Results
M. andauensis is able to inhibit growth of different yeast species. To expand the list of the species 
which can be inhibited by M. andauensis cells, wild yeasts isolated from fruits and flowers were investigated. 
Their taxonomic positions were determined by PCR and sequencing methods, as detailed in Table 1.

Our data confirmed the antagonistic capacity of M. andauensis, as it was able to inhibit the growth of several 
Candida species, including Candida butyri and Candida orthopsilosis, as well as Starmerella caucasica, Pichia 
dorogensis, P. kluyveri, Issatchenkia terricola and Metschnikowia laotica (Table 2, Fig. 1A). During these experi-
ments we also noticed that a red pigmented ring often appeared around M. andauensis cells and that this red 
ring correlated with the border of the inhibitory zone (Fig. 1A).

The M. andauensis pigment contains iron and shows the same characteristics as the pulcher-
rimin. Since M. pulcherrrima is able to produce a red colour iron chelated pigment, called pulcherrimin, and 
this was also assumed for M. andauensis18,19, we decided to examin its pigment. Therefore, the red pigment was 

Table 1.  Strains used in this study. CBS CBS-KNAW culture collection, ATCC  American Type Culture 
Collection. 1. Molnar and Prillinger 2005. 3. Sipiczki 2010. 4. Sipiczki 2013. 2. Sipiczki 2014. 5. Sipiczki 2013a.

Collection number Species Origin Isolation source

11-1120 Metschnikowia andauensis HA  1657T, CBS  10809T, 1

11-578 Metschnikowia pulcherrima CBS5833T, ATCC 18406T

11-11 Metschnikowia pulcherrima CBS  610NT, ATCC  22032NT

11-1158 Metschnikowia crysoperlae CBS9803T

11-482 Metschnikowia koreensis Borneo, Brunei Flower

11-524 Metschnikowia laotica Laos, Luang Prabang, 2 Fallen fruit

11-1062 Metschnikowia pulcherrima Georgia, Tbilisi Fruit

10-642 Saccharomyces cereviaise S288c, ATCC 204508

11-481 Saccharomyces cerevisiae Philippines, Manila Fallen fruit

11-504 Candida intermedia Laos, Luang Prabang Flower

2-1366 Candida magnifica Syria, Palmyra Flower

11-493 Candida orthopsilosis Philippines, Manila Fallen fruit

11-509 Candida suratensis Laos, Luang Prabang Fruit

11-510 Candida suratensis Laos, Luang Prabang Fruit

11-465 Candida stigmatis India, Hyderabad, CBS 12699T,3 Flower

11-1055 Candida verbasci Georgia, Tbilisi, CBS 12699T,4 Verbascum flower

11-1193 Candida insectorum Palau, Ngerekebesang Flower

11-513 Candida butyri Laos, Luang Prabang Flower

11-484 Candida boidinii Borneo, Brunei Flower

11-475 Issatchenkia terricola Borneo, Brunei Lemon

11-486 Pichia dorogensis Borneo, Brunei Fallen fruit

11-1135 Pichia kluyveri Guatemala, Tikal Fallen fruit

11-1071 Starmerella caucasica Azerbaijan, Baku, CBS12650T,5 Flower

11-1127 Trichosporon asahii Guatemala, Tikal Fallen fruit

1 Botrytis cinerea Hungary, Tarcal
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isolated from the cell-free supernatant of the M. andauensis’s culture medium and was characterized by its UV–
Vis spectroscopy. Its iron content was investigated by Flame Atomic Absorption Spectroscopy (FAAS). The UV–
Vis spectrum of the M. andauensis pigment showed two characteristic absorption bands with absorption max-
ima at 380 and 480 nm, similar to the spectrum of pulcherrimin produced by Candida pulcherrima13(Fig. 1B). 
FAAS analysis showed that the isolated pigment was an iron containing one with 2.19 mg/g iron content.

Effect of carbon source on pulcherrimin production. Both the localisation and colour intensity of the 
red pigment varied with different media. To reveal the factors which influence the pigment formation, the M. 
andauensis cells were cultured on media prepared with different components and supplements. The red pigment 
was produced even in the absence of other microbes and its colour intensity and localisation were strongly influ-
enced by the composition (Fig. 1C,D) and iron content of the media (Fig. 1E). On PDA media supplemented 
with iron, the red pigment accumulated around the growth, while the yeast cells remained white (Fig. 1D) (no 
red ring was visible on PDA without iron supplementation). On YDP agar, the cells were pinkish (compared 
to the colour of the streak grown on PDA) and a pigmented zone around the cells was not observed (Fig. 1C). 
Furthermore, the localisation and the intensity of the pigmented zone strongly depended on the concentration 
of  Fe3+ cations. The increasing concentration of iron resulted in a darker and narrower ring (Fig. 1E—the iron 
concentration increased from left to right).

To clarify the correlation between the compostion of the media, culture conditions and pigment zone forma-
tion, M. andauensis cells were grown in media prepared from different carbon sources. Specifically, the mono- 
and disaccharides used as carbon sources in the media highly influenced the size of the pigmented zone (Fig. 2A). 
Glucose, galactose and the disaccharides maltose, trehalose, cellobiose and sucrose clearly promoted the appear-
ance of large reddish pigmented zones (Fig. 2A,B). However, in the case of glucose, the red pigmented zone, 
which had appeared after 3 days, was covered by the cells after a longer incubation time (13 days) (Fig. 2A,B). In 
addition, mannose, fructose, or sorbose did not favour the development of a wide reddish zone around the cells.

The sugar concentration in the media also affected pigment formation by M. andauensis, as can be seen on 
Fig. 2D. Higher concentrations of cellobiose and galactose resulted in larger or darker pigmented halos (glucose, 
maltose, trehalose and sucrose gave similar results). In contrast, fructose promoted prolonged growth of M. 
andauensis instead of pigment production, as evidenced by the 13-days-old culture covering the reddish halo 
that had appeared after 3 days (Fig. 2D).

The effects of some polysaccharides on pigment production were also investigated. First, pectin was chosen, 
as it is an important cell wall component of fruit, and compared with two concentrations of the agar used for 

Table 2.  Metschnikowia andauensis can inhibit growth of wild yeast. + : presence of the inhibitory zone (the 
number of + indicates the degree of inhibition). − : absence of the inhibitory zone. nd: inhibition was not 
determined because of the weak growth of the lawn. wg#: weak growth of M. andauensis on the given lawn. 
*See Fig. 1A.

Strains used as lawn

Test-strain
Metschnikowia andauensis 
(11-1120)

Collection number Species

SMA medium

pH5 pH7 pH5 pH7

25 °C 37 °C

11-504 Candida intermedia − − ++ ++

2-1366 Candida magnifica − − +++ +++*

11-493 Candida orthopsilosis ++ ++ − −

11-509 Candida suratensis ++ ++ ++ ++

11-510 Candida suratensis ++ ++ ++ ++

11-1055 Candida verbasci ++ ++ nd nd

11-1193 Candida insectorum + +++ − +

11-513 Candida butyri ++ ++ wg# wg#

11-484 Candida boidinii ++ ++ nd nd

11-465 Candida stigmatis ++ ++ ++ ++

11-475 Issatchenkia terricola + +++ − +++

11-482 Metschnikowia koreensis − − nd nd

11-524 Metschnikowia laotica ++ ++ nd nd

11-1062 Metschnikowia pulcherrima − − − −

11-11 Metschnikowia pulcherrima − − − −

11-486 Pichia dorogensis nd +++ nd +++

11-1135 Pichia kluyveri − ++ ++ ++

11-1071 Starmerella caucasica ++ +++ +++ +++

11-481 Saccharomyces cerevisiae − − − −

11-1127 Trichosporon asahii − − − −
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the solidification of the media. As Fig. 3A shows, the presence of pectin favoured the production of a darker red 

Figure 1.  M. andauensis is able to inhibit growth of yeasts and produces pulcherrimin. The inhibitory zone of 
M. andauensis on a Candida magnifica (11–1366) lawn—indicated with black *—correlated with the red ring 
formed around the M. andauensis cells—indicated with black arrow (A). Similar results were obtained on lawns 
prepared from several other species). The UV–Vis spectrum of the red pigment revealed absorption maxima 
at 380 and 480 (B). The localisation and colour intensity of the red pigment can depend on the composition 
(C, D) and iron content of the medium (E). (C) YPA, (D) PDA + 0.001 mg/ml  FeCl3, (E) EMMA, EMMA 
supplemented with 0.05 and 1 mg/ml  FeCl3 (from left to right). Growth inhibition of Starmerella caucasica 
(11–1071) by cyclo-leucyl-leucyl (F). The cyclo-leucyl-leucyl solution was diluted with DMSO (F1) or PEG 4000 
(F2). Black arrows show the inhibited zone, where the cells were not able to grow compared to the other regions 
of the agar plates (similar results were obtained in the case of Candida stigmatis (11–465) and Saccharomyces 
cerevisiae lawn (10–642). Concentrations of the cyclo-leucyl-leucyl were 100, 50 or 33 mg/ml. PEG and DMSO 
indicate that PEG 4000 and DMSO were dropped without cyclo-leucyl-leucyl.
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pigmented zone at all temperatures, compared to the control (0% pectin). In contrast, the higher agar concen-
tration (2.5%) reduced the size of the halo (Fig. 3B), but did not influence the colour intensity of the pigment 
(Fig. 3C1). Similar results were obtained in the case of the M. pulcherrima strains used as a control (Fig. 3C2).

M. chrysoperlae, which was regarded as a non-pigment producing  species32 and was used as a negative control 
in these experiments (Fig. 3C3), was also able to produce a small amount of pigment, especially on medium 
containing 2 or 4% maltose (Fig. 2C1). However, pink cells could be found mainly on the bottom side of the 

Figure 2.  Pigment production can depend on the type and concentration of sugar. SMA contained 2% sugar 
and 0.001 mg/ml  FeCl3 and was photographed after 13 days (A) and 3 days (B). M. chrysoperlae produced a 
small amount of red pigment on 2% maltose containing SMA (C1,2). Top side (C1) and bottom side (C2) of the 
colony (almost similar results were found on 2 and 4% glucose, sorbose, fructose-containing SMA, 4% sucrose, 
galactose containing SMA). Pigment production on 1, 2, 4% sugar-containing media (photographed after 
13 days) (D). (Glucose, maltose, trehalose-containing media were similar to the cellobiose containing media). 
Mannose-containing medium was similar to the fructose containing media, while sucrose containing medium 
was similar to the galactose containing medium). Agar plates were incubated at 25 °C.
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colony and only after 13 days (Fig. 2C2). Almost similar results were found on 4% glucose, sorbose, fructose, 
sucrose, galactose containing minimal medium (SMA).

The size of the pigmented halo depends on pH, temperature, the presence of certain amino 
acids and the cell density. The effect of further parameters on pigment production, such as incubation 
temperature, pH of the medium, presence of amino acids and cell density were also tested. Experiments carried 
out with liquid media revealed that a lower pH and a higher temperature favoured accumulation of the red pig-
ment (Fig. 4A), in contrast to the experiments on solid media, which showed that the size of the pigmented area 
was larger at a higher pH (Fig. 4B).

The media set to pH 7.0 allowed us to test the relationship between cell density and size of the pigmented halo. 
A larger pigmented zone was achieved when the initial concentration of the cell suspension was higher. A 15 μl 
inoculum containing 1 ×  103 cells/ml produced a 1.2 mm zone on SMA and a 1.6 mm zone on PDA, whereas a 
15 μl inoculum with a density of 1 ×  107 cells/ml gave rise to a 2.8 mm zone on both SMA and PDA media (the 
agar plates were incubated for 5 days at 25 °C).

Figure 4C demonstrates that the presence of leucine, glutamic acid and arginine in the media could strongly 
increase the size of the pigmented zones compared to media prepared without amino acid supplementation 
(similar results were obtained with lysine, serine, threonine, alanine).

Figure 3.  Effect of polysaccharides on pigment production. The presence of the pectin favoured production 
of a dark red pigmented zone (A), while agar influenced rather localisation of the pigment (B) and not the 
pigment intensity (C). Size of the pigmented zones on YPA containing 1 and 2.5% agar (6-6 Petri dishes were 
measured after 2, 4, 6, 10 days. Statistical analysis was created by BoxPlotR program (B). SMA, YEA YPA media 
(from right to left) were incubated at 25 °C and photographed after 5 days (C1,2,3). Upper line contained 1.5% 
agar, bottom line contained 2.5% agar. (C1) M. andauensis (11–1120), (C2) M. pulcherrima (11–578), (M. 
pulcherrima (11–11) gave similar results), (C3) M. crysoperlae (11–1158). 
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Figure 4.  Colour intensity and localisation of the red pigment produced by M. andauensis were influenced by 
culture factors. Lower pH and higher temperature resulted in darker red pigment in liquid medium (A) (PDB liquid 
medium + 0.01 mg/ml  FeCl3, which were supplemented with 250 µl  FeCl3 (from 10 mg/ml stock solution) on the 
2nd and 3rd days). The cultures were incubated on a shaker for 3 days. The size of the pigmented area was larger at 
higher pH on PDA (PDB solidified with 1.5% agar and supplemented with 0.01 mg/ml  FeCl3) (B). The presence of 
amino acids increased pigment production (C). (PDA + 0.005 mg/ml  FeCl3, pH7 after 6 days, incubated at 25 °C. 
(SMA medium gave a similar result). (D) The addition of copper sulphate allowed budding and pigment production 
to take place. (SMA was supplemented with  FeCl3, or Cu  SO4 or  FeCl3 plus  CuSO4). (E) Growth of B. cinerea in the 
presence of M. andauensis on SMA and SMA supplemented with different amount of  CuSO4 (from top to bottom: 
SMA, SMA + 0.0005, 0.005, and 0.05 mg/ml  CuSO4). The plates were incubated for 5 days at 25 °C. Mc.: Metschnikowia 
crysoperlea, Ma: Metschnikowia andauensis. B. cinerea was used as lawn.
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Synthetic cyclo‑leucyl‑leucyl, which is a precursor of pulcherrimin formation, showed growth 
inhibition on yeasts. The question arose whether growth inhibition can be caused by depletion of iron 
from the environment alone or also by the presence of cyclo-leucyl-leucyl, the precursor of pulcherrimin for-
mation. To answer this question, cyclo-leucyl-leucyl was synthesized from leucyl dipeptide and its antifungal 
capacity was investigated using spot assay tests on lawns of Starmerella caucasica (11-1071), Candida stigmatis 
(11-465) or Saccharomyces cerevisiae cells (11-481, 11-642) (Table 2). Cyclo-leucyl-leucyl caused growth inhibi-
tion at the highest (100 mg/ml) of three concentrations (Fig. 1F1,F2).

The presence of copper ions allows budding and pigment production in M. andauensis. Cop-
per sulphate is extensively employed in agriculture because of its fungicidal and bactericidal properties. Further-
more, application of Cu-based chemical treatments is allowed even in organic wineyards. Thus, we wanted to 
explore the effect of the copper ion on budding and pigment production of M. andauensis. Experiments carried 
out on Cu-containing media showed that the presence of 0.05 mg/ml copper sulphate in the media allowed both 
pigment production and budding in M. andauensis (Fig. 4D), but decreased the size of the inhibitory zone on 
Botrytis cinerea lawn (Fig. 4E).

M. andauensis cells produces various extracellular enzymes. Given the ability of M andauensis to 
inhibit different yeast species (Table 2), we wondered if other processes besides pulcherrimin production and 
iron depletion might also contribute to the antagonistic activity of this species. To this end, the extracellular 
enzyme production capacity of the cells was investigated. As Fig. 5 demonstrates, the M. andauensis cells have 
a wide range of extracellular enzyme activity. The cells produced proteases capable of clearing casein (Fig. 5A) 
and melting gelatin (Fig. 5B) in contrast to S. cerevisiae cells used as control, which did neither. Furthermore, a 
test carried out from a cell-free supernatant demonstrated the presence of a BSA-degrading enzyme in a chro-
matographic fraction (sample 3, Fig. 5C). Further tests demonstrated the production of acid (Fig. 5D), amylase 
(Fig. 5E), β-glucosidase production capacity (Fig. 5F). Besides, the cells were able to reduce the intensity of the 
Congo red staining reaction applied to a carboxymethyl-cellulase containing medium (Fig. 5G).

Discussion
Microbes found on the surface of plants and fruits can be harmless or can cause spoilage of fruits or health 
 problems2,3. To inhibit the growth of these harmful microbes, different approaches can be used, ranging from 
the application of synthetic chemicals to the use of environment-friendly microorganisms to effect biological 
 control5,24,25. Metschnikowia andauensis belongs to these micoorganisms, as it is able to control growth of dif-
ferent microbes  effectively20,22,26.

To expand the list of species whose growth can be inhibited by M. andauensis, wild yeasts isolated from fruit 
and flowers were investigated for their susceptibility to M. andauensis. The strains were identified in this or 
previous  studies27–30. The strains included nine Candida species, Pichia dorogensis and P. kluyveri, Issatchenkia 
terricola and Starmerella caucasica. M. andauensis was able to inhibit the growth of Starmerella caucasica, Pichia 
dorogensis, Issatchenkia terricola strains and several Candida species, including Candida orthopsilosis and C. 
butyri, which are of medical  importance23,31. We also confirmed the antagonistic effect of M. andauensis against 
the postharvest pathogen Botrytis cinerea. Taking into account other previously reported susceptible  species20,22,26, 
the M. andauensis emerges as having a wide spectrum of antimicrobial activity.

To elucidate the processes which contribute to its inhibitory capacity, we confirmed that this species pro-
duces pulcherrimin, as do M. pulcherrima and, unexpectedly, M. chrysoperlae. The latter species was previously 
reported not to be capable of pigment production and it was initially used here as a negative  control11,12,17,18,21,32. 
To confirm the identity of the pigment produced by M. andauensis, we isolated and characterized it by UV–Vis 
spectroscopy and FAAS analyses. The UV–Vis spectrum of the M. andauensis pigment showed the same char-
acteristics as the pulcherrimin made by M. pulcherrima. The visible light absorption spectrum is typical of the 
presence of metal coordination or a conjugated electron pair system in this  compound13. The FAAS analysis 
demonstrated the presence of iron in the pigment of M. andauensis. It is therefore reasonable to conclude that 
M. andauensis, like M. pulcherrima and Bacillus subtilis, can produce pulcherrimin and that iron coordination 
is responsible for the reddish  colour13,33.

The production and extent of the pulcherrimin diffusion zone was strongly influenced by the composition of 
the medium. These data are in good agreement with what has been found for M. pulcherrima8,11,34. The size and 
colour intensity of the reddish zones were increased by the use of galactose, or disaccharides, such as maltose, 
trehalose, cellobiose, sucrose as carbon sources, addition of pectin, or higher concentrations of certain sugars. 
Interestingly, glucose and fructose stimulated growth but not pigment production of M. andauensis after a longer 
incubation time (13 days), which led to the formation of larger colonies that overran the pigmented zones that 
had appeared after 3 days.

Supplementation of media with amino acids, such as leucine, glutamic acid, arginine or others also favoured 
pigment synthesis. Since similar results were obtained with Bacillus subtilis, this data and existence of genes with 
similar functions found in yeasts and bacteria suggest similar pathway for synthesis of  pulcherrimin12,16,17,33. Our 
further experiments showed that the size of the red zone on agar is pH dependent. The size increased at higher 
pH (pH 6.0–7.0) at all temperatures (25, 30, 37 °C) and decreased at lower pH (pH 4.0–5.5) or at higher iron 
concentrations (0.05, 1 mg/ml). As pH influences the ratio of ferric  (Fe3+) and ferrous  (Fe2+)  ions35,36, it also 
affects the availability and uptake, and is expected to have a strong impact on migration of the precursor and the 
amount of pulcherrimin produced.

We do not know whether the larger and mostly lighter red or the narrower, dark red pigmented zones has 
the stronger antagonistic effect. The darker colour pigment intensity might indicate that a higher amount of iron 
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is bound, which can cause a higher iron depletion from the environment and thereby growth inhibition of the 
microbes. The larger pigmented zone appears to cause a more extensive inhibition, as evidenced by the obser-
vation that borders of the red pigmented and inhibitory zones are often correlated. Since the iron-containing 
pulcherrimin is regarded as a water-insoluble and non-diffusible  complex8,13–15, while the precursor molecule is 
thought to be a diffusible  agent37,38, it is possible that the precursor can also have an inhibitory effect. This might 
be supported by our observation that the synthetic cyclo-leucyl–leucyl could inhibit yeast growth. It is not clear 
whether cyclo-leucyl-leucyl is found in the extracellular region of M. andauensis in nature, although the closely 
related M. pulcherrima does secrete cyclo-leucyl–leucyl12. In any case, this result is in good agreement with the 
findings which show that highly stable cyclic dipeptides can have antifungal, antibacterial  effects39–41.

Since production of the pulcherrimin occurs even in the presence of 0.05 mg/ml copper sulphate, which 
is widely used in agriculture because of its fungicidal and bactericidal properties, the red pigment and/or its 
precursor should function as biocontrol agents in the field, even in the presence of agricultural copper sulphate.

Our results also revealed that the M. andauensis cells could produce proteases, as suggested by the degra-
dation of casein, BSA and gelatin. To demonstrate a relationship between protease production and antifungal 
capacity requires further studies, but it is plausible, as a positive correlation has been found between protease 
activity and biocontrol capacity in certain bacterial  strains42. Further studies showed that M. andauensis pro-
duces acids, and might have amylase and β-glucosidase activities. However, production of certain enzymes 
may depend on composition of the culture medium, as protease production and starch utilization has not been 
detected on other  media20–43. At the same time, its β-glucosidase activity is in good agreement with the previous 
 results22. This latter capacity might also contribute to appearance of the lighter red zone around the cells on the 

Figure 5.  Protease and extracellular enzyme activity of the M. andauensis (11–1120) and M. pulcherrima (11–
578) strains. A, B, C show protease activity: (A) clear zones were formed around the M. andauensis cells on the 
casein-containing medium, (B) M. andauensis cells were able to melt the SMA medium solidified with gelatin. 
Black arrows show the melted parts of the medium around the M. andauensis colonies. (C) 12% SDS-PAGE 
analysis indicated the extracellular protease activity of the M. andayensis on BSA. Weaker BSA band was found 
in the sample 3, compared to the sample 1, which indicates significant protease activity. Sample 1: BSA standard; 
Sample 2: Protein marker; Sample 3, 4 and 5: Sephadex G-25 chromatographic fractions of the medium. (Sample 
3: fraction with 2.5 µml elution volume, Sample 4: fraction with 3.5 ml elution volume; Sample 5: fraction with 
5.5 ml elution volume). Black arrow shows the BSA band. D-G prove extracellular activities of the cells. (D) 
Acid- (E) amylase- (F) β-glucosidase production. (G) The lighter red zone around the cells suggests partial 
degradation of carboxymethyl-cellulose (the plates were incubated at 25 °C).
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carboxymethyl-cellulose containing medium. All these processes, together or separately, may contribute to the 
wide-spectrum antifungal ability of M. andauensis.

In conclusion, the present study gives further evidence for the antagonistic capacity of the pigment producer 
M. andauensis and that this yeast species produces iron-chelate pulcherrimin. We demonstrated that there is a 
correlation between antagonistic capacity and the size of the red pigmented zone and determined some envi-
ronmental factors that can increase the amount of pulcherrimin produced. Our results show that this species 
is able to produce proteases, α-glucosidase and amylase, which may contribute to the antagonistic capacity of 
M. andauensis. All these data suggest that this species has a great potential as a biocontrol agent. These data can 
contribute to the process of optimizing its efficacy in field trials and selecting the proper plant material.

Material and methods

Strains, culture media and taxonomic identification. Strains and their origin. The strains used in 
this study and their origin are listed in Table 1. Three Metschnikowia collection strains—two pigment-producing: 
M. pulcherrima (11-11, 11-578) and M. crysoperlae (11-1158) strain, which was chosen to be a negative control, 
but was found in the study to produce a small amount of pigment under certain conditions—and one Saccharo‑
myces cerevisiae (11-642) were used as reference material. The susceptibility of 19 wild yeast strains which were 
isolated from fruits or flowers was tested to M. andauensis. They were collected in different geographical regions 
(Table 1). The samples were immersed in sterile water and aliquots were spread onto YDP medium. After 7 days 
single yeast colonies were isolated.

A B. cinerea strain (1) was also used to test antagonistic activities of the M. andauensis (11-1120) strain.

Identification of wild yeasts. PCR and sequencing methods were applied for determination of taxonomic posi-
tions of the collected yeast strains. Sequences of the D1/D2 domains of the large subunit ribosomal RNA gene 
were amplified by PCR (primers: NL1-5′-GCA TAT CAA TAA GCG GAG GAA AAG-3′ and NL4-5′-GGT CCG  
TGT TTC AAG ACG G-3′)49. The reaction was subjected to the following program: 94 °C 2 min, 95 °C 1 min, 
51  °C 1 min 72  °C 1 min, (30X). The PCR fragments were purified and sequenced using the same primers. 
The taxonomic positions of the strains were accepted when 100% identity was found in the BLAST analysis to 
sequences of the type strains (NCBI database-https:// blast. ncbi. nlm. nih. gov/ Blast).

Culture media. Compositions of the media and culture conditions are listed in Table S1. YDP medium was 
used for the strain isolation, while YEA was generally used as standard medium.

Antimicrobial activity of M. andauensis against wild yeasts was tested on SMA medium incubated at 25 and 
37 °C. Presence of the inhibitory zone was checked daily.

Pigment production and its diffusion were tested on different media, such as the complete medium YDP, Syn-
thetic Minimal Media SML,  SMA44 and Edinburgh Minimal Medium (EMMA)45, Potato Dextrose Media (PDA 
and PDB) and their modified versions (Table S1). To increase the visibility of the pulcherrimin ring the media 
were generally supplemented with  FeCl3. Colour intensity and size of the red pigmented zone were checked daily.

SMG (gelatin-containing medium) was used to evaluate protease activity. SMG media were prepared with 
different brands of gelatin (Oetker or Lucullus). Since 2 and 4% gelatin plates were softer than 2% agar plates, 
M. andauensis cells were dropped and not streaked onto the surface of the plates, which were incubated at 24 °C 
and melting of the medium around the yeast cells was checked daily.

Media for extracellular enzyme activity assays were prepared according to the previous articles using pH5 and 
7  values46–48 (Table S1). Protease activity was tested on casein-containing  medium46, while amylase activity was 
tested on starch-containing rich  medium46. A possible β-glucosidase activity was tested on cellobiose-containing 
rich  medium47. Acid productivity was tested on  CaCO3-containing  medium48, while cellulose degradation was 
tested on carboxymethyl-cellulose-containing rich  medium46.

Botrytis cinerea cultures were grown on YM medium. Antagonistic capacity of M. andauensis against Botrytis 
cinerea was tested on SMA and SMA supplemented with different amount of  CuSO4. Presence of inhibitory zone 
was checked daily.

Test for antimicrobial activity against yeasts and Botrytis cinerea. Spot assay to monitor the an‑
timicrobial activity of M. andauensis cells against yeasts. The M. andauensis cells (11-1120) (test-strain) were 
cultured in a shaker in YEL medium at until  OD595 = 1. The cells were harvested, washed with sterile distilled 
water and a cell suspension was prepared in sterile water. 15 ul of a cell suspension containing 7 ×  107 cells/ml 
was dropped onto the surface of the SMA media (pH5 and pH7) which had earlier been flooded with 400 µl cell 
suspension of the strain used as lawn  (OD595 = 1) and dried in a sterile box. Appearance of the inhibitory zone 
was checked daily. When the cells of the lawn were able to grow on the medium far from the test-strain, but not 
around it (that is, a clear inhibitory zone was found), inhibition was recorded as positive (see in the Table 2). 
In contrast, absence of an inhibitory zone was recorded as a negative (-) result. The results come from three or 
more separate experiments.

Test for antagonism against Botrytis cinerea. A small piece (5 mm x 5 mm) of a single colony of Botrytis cinerea 
(1) was cut out and moved into 150 ml YM medium (in a 250 ml Erlenmeyer flask) and incubated on a shaker. 
After 1 week, mycelia of the mold were ground by hand in a mortar and a weak suspension was made with 
sterilized water. 400 µl of the cell suspension was spread onto SMA and SMA supplemented with  CuSO4. After 
drying, cells of the M. andauensis test-strain, a 15 μl inoculum containing 7 ×  107 cells/ml were dropped onto 

https://blast.ncbi.nlm.nih.gov/Blast
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the agar plates. Growth of Botrytis cinerea around the test strain was checked daily. The results come from three 
separate experiments.

Isolation and characterisation of the red pigment produced by M. andauensis. Isolation of the red pigment. M. 
andauensis grown for one week at 30 °C in 50 ml of SML medium containing 0.01 mg/ml  FeCl3. The culture was 
centrifuged at 9000 g at 4 °C for 20 min. The supernatant was collected and concentrated by lyophilization. The 
dry material was dissolved in 10 ml of 50 mM sodium acetate buffer (pH 5.0), and centrifuged at 13000 g at 4 °C 
for 40 min. The sample was filter-sterilized by passing through a sterile 0.22 μm membrane disk. The sample 
was fractionated using size-exclusion chromatography. One ml of the sample was loaded onto a Sephadex G-25 
column (10 ml, d:8 mm) that was pre-equilibrated with 50 mM sodium acetate buffer, pH 5.0 and the eluate was 
collected in 1 ml fractions. All the fractions of the gel-filtered sample were subjected to UV–Vis spectrophotom-
etry, SDS-PAGE analysis and a protease activity test.

All the UV–Vis spectra were collected on a Specord 210 Plus dual-beam spectrophotometer.
For the protease activity test, 20 μl of the chromatographic fractions was concentrated five times and incubated 

with 10 μl of a 5 mg/ml BSA solution for 6 h at 37 °C. The incubated solutions were analysed by 12% SDS-PAGE.

Study of the red pigment by Flame Atomic Absorption Spectrometry (FAAS). The solid red pigment was 
weighed, and 65% nitric acid was added to produce iron (III) nitrate. After a few hours the supernatant was dis-
carded, and the iron (III) nitrate was dissolved in MilliQ water. The concentration of Fe (III) ion was determined 
using the FAAS method (UNICAM SP 1900 AAS) with the following parameters: air: 4.6 l/min (3 bar), acety-
lene: 1.4 l/min, Narva iron hollow cathode lamp, optical slit width: 0.1 mm, lamp current: 15 mA, observation 
height: 10 mm, burner length slot: 10 cm.

Effect of environmental factors (C‑source, presence of amino acid, pH, temperature or cell density) on pigment pro‑
duction and diffusion. Test for the effect of the C-source on pigment production. Different sugar-containing 
SMA media were prepared using 2% sugar concentration. To test the effect of sugar concentration, the media 
were prepared with 1, 2, and 4% sugar. All media were supplemented with 0.001 mg/ml  FeCl3. The same amount 
of M. andauensis (11-1120) and M. crysoperlae (11-1158) cells were dropped onto the surface of the media. The 
plates were incubated at 25 °C and the pigmented zones were checked after 3 and 13 days.

The effect of pectin was investigated on YEA containing 0.5% or 1% pectin. The colour and size of the pig-
mented zone were compared to those of the agar plates prepared without pectin.

In order to learn the effect of agar concentration on the diameter of the pigmented zone, YDP containing 1 
and 2.5% agar were used for culturing. The plates were measured after 2, 4, 6, 10 days.

Test for effect of amino acids on pigment production. A cell suspension was prepared from M. andauensis 
cells (11-1120) with sterile water. A 15 μl inoculum containing 1 ×  106 cells/ml was dropped onto the surface of 
PDA and SMA media (pH 7.0) supplemented with different amino acids and  FeCl3. The results come from three 
separate experiments.

Relation between cell density and size of the red pigmented zone. Cell suspensions were prepared with sterile 
water from the M. andauensis (11-1120) cells grown on YEA for 1 day. A 15 μl inoculum containing 1 ×  103 or 
1 ×  107 cells/ml was dropped onto the surface of SMA (pH 7.0) and PDA (pH 7.0) supplemented with 0.01 mg/
ml  FeCl3. The agar plates were incubated at 25 °C. After 5 days size of the red pigmented zone was measured by 
ruler. The results come from three separate experiments.

Investigation of extracellular enzyme activity and growth of gelatin medium. Extracellular enzyme activity 
assays. M. andauensis (11-1120) and M. pulcherrima (11-578) cells were grown on YEA for 3 days at 25 °C. 
Cell suspensions were preapared with sterile distilled water, whose cell densities were  OD595 = 0.1. 15 µl of the 
cell suspensions were dropped onto the surface of the given media. The agar plates were incubated at 25 °C. The 
protease activity was tested on casein-containing medium. Production of protease was indicated by the presence 
of a clear zone around the  colony46. Amylase activity was tested on starch-containing rich medium, after wash-
ing the plates with lugol solution. A clear zone was observed around the colony when the cells had enzymatic 
 activity46. Cellulose degradation capacity was tested on carboxymethyl-cellulose-containing medium. Activity 
of the cellulose degrading enzymes is indicated by appearance of a transparent halo around the colony when 
washed with Congo  Red46. a possible β-glucosidase activity was tested on cellobiose-containing rich  medium47. 
Acid productivity was indicated by a clear zone around the cells on  CaCO3-containing  medium48.

Growth on gelatin solidified medium. To obtain further evidence for protease activity, growth on gelatin 
medium was also tested. M. andauensis (11-1120) and non pigment-producing Saccharomyces cerevisiae (10-
642) were cultured in YPL medium at 28 °C in a shaker. After 1 day, a 10 µl cell suspension containing 1.5 ×  106 
cells/ml was dropped onto the surface of the media solidified with gelatin. The agar plates were incubated at 
24 °C and melting of the medium around the M. andauensis cells was investigated.

Preparation and investigation of cyclo‑leucyl‑leucyl. Preparation of cyclo-leucyl-leucyl. N,N′-Dicyclohexyl-
carbodiimide (1.05 g, 4.30 mmol) was added to the solution of Leu-Leu dipeptide (PubChem) in N,N-dimeth-
ylformamide (50  ml) and stirred for 30  min, then pyridine (2  ml) was added and the reaction mixture was 
stirred for 24 h. The reaction mixture was concentrated and co-concentrated with toluene (3 × 20 ml). Column 
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chromatography (hexane:ethyl acetate 7:3) of the residue afforded the capture of the cyclic product (880 mg, 
77%). The concentrated cyclic product was dissolved in DMSO (Sigma, final concentration was 100 mg/ml). The 
cyclic-leucyl-leucyl solution was divided into Eppendorf tubes (100–100 µl) and stored in − 20 °C.

Effect of cyclo-leucyl-leucyl on growth of yeasts. Cell suspensions of Saccharomyces cerevisiae (11-481, 
10-462), Candida stigmatis (11-465), or Starmerella caucasica (11-1071) were prepared with sterile water from 
1-day-old cells grown on YEA at 25 °C. The final cell density of the cell suspensions was  OD595 = 1 and the surface 
of the YEA plates was flooded with the cell suspensions to form a lawn. After drying under a sterile box, a 15 µl 
inoculum containing 100 mg/ml cyclo-leucyl-leucyl dissolved in DMSO (Sigma), two dilutions (50 and 33 mg/
ml prepared with DMSO or PEG4000) or DMSO and PEG4000 as controls were dropped onto the surface of the 
media. The agar plates were incubated at 25 °C and growth of the lawn was investigated.

Statistical analysis. Statistical analysis was created using the BoxPlotR program (http:// shiny. chemg rid. org/ 
boxpl otr/)50.

Data availability
The dataset(s) supporting the conclusions of this article is (are) included within the article.
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