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Abstract 
 

Phenotypic plasticity is the ability of organisms to change phenotypes in response to environmental selection pressures. With 

the characteristic of no mobility, the ability to respond to fluctuating environments plays a crucial role in the evolutionary 

success of microorganisms. Aureobasidium pullulans (de Bary) Arnaud is a yeast-like fungus found widespread and it is 

notable for its morphological variance. However, mechanisms through which A. pullulans adapts in different ecological niches 

remain unknown. The present study, phenotypic plasticity of A. pullulans was investigated. The traits of A. pullulans were 

examined under different environmental conditions. For cell colonization, indole-3-acetic acid (IAA) production is a strategy 

of interference competition. We observed that IAA production increased with the increasing concentration of the exogenous 

precursor tryptophan. Regarding nutrient acquisition, the production of siderophores, which scavenge ferrous ions, increased 

when the concentration of ferrous ions was low and vice versa. This suggests the role of siderophore-mediated antagonism of 

competitors (exploitative competition). Regarding the phosphate-solubilizing ability used for acquiring phosphorous, strains 

could more efficiently dissolve dicalcium phosphate and calcium triphosphate hydroxide compared with phosphorite. 

However, all A. pullulans strains used in this study could dissolve all the three types of phosphates. We also tested their 

abilities to protect themsleves against environmental pressures. The biofilm formation ability, which is useful in protection and 

fixation, was higher at 19°C and 28°C but lower at 37°C. The antioxidant capacitydecreased with increasing salinity. The 

results of this study demonstrated the phenotypic plasticity and genetic variation of A. pullulans and suggested that both play 

important roles in the adaptation of A. pullulans in fluctuating environments. © 2019 Friends Science Publishers 
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Introduction 

 

Organisms encounter stress from different sources while 

living in the wild environment (Thomas et al., 2002). The 

source of stress can be divided into two types: biotic factors 

such as competition, predation and parasitism (Worm and 

Chapman, 1998; Frost et al., 2016; Frainer et al., 2018) and 

abiotic factors such as temperature, moisture and ultraviolet 

light (Deryng et al., 2014; Pedersen et al., 2016). Organisms 

counteract and survive under these stress factors through 

two mechanisms. The first is genetic diversity (Bersabé et 

al., 2015; Ellegren and Galtier, 2016), which means that 

various types of genotypes exist that allow organisms with 

appropriate genotypes to survive. The second is phenotypic 

plasticity (Cortesi et al., 2015; Radice et al., 2018), which is 

the ability of an organism to change its phenotype in 

response to fluctuating environmental conditions. It is a 

crucial strategy for species to survive and adapt in the wild. 

For example, corkystem passion flower, Passiflora 

suberosa L., accumulates more anthocyanin when exposed 

to a high intensity of ultraviolet light than when under 

normal conditions (Barp et al., 2006). The accumulation of 

anthocyanin forms a protective layer, preventing 

photoinhibition in leaves. Another example is the changes 

occurring in the shape of the fish Cyprinella venusta in 

different habitats (Franssen et al., 2013). C. venusta is more 

streamlined in the stream than in reservoirs, which offers 

advantages in swimming or preying. This ability is 

particularly crucial for plants and microorganisms whose 

sessile lifestyle requires them to deal with ambient 

conditions (Searle et al., 2015). 

Compared with animals and plants, microorganisms 

live in micro-niches that are considerably influenced by the 

fluctuating environment. Environmental changes and 

associated selective pressures may affect how 

microorganisms develop an appropriate phenotypic response 

and influence the genetic variation within the microbial 

population (Peltier et al., 2018). Evolutionary pressures from 
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fluctuating environments can result in the evolvement of 

phenotypic plasticity, in which individuals respond to 

environmental changes by modifying their expression of 

morphology, physiology, life-history and behavioral traits 

(Tadrowski et al., 2018). Phenotypic plasticity allows 

microorganisms to counteract diverse stressors in the 

environment. The dynamic process of fluctuating selection 

and genetic recombination allows genome diversity to be 

maintained in the microbial population and encountering 

diverse stressors in the environment between generations 

may act as a mechanism for maintaining phenotypic 

plasticity. Although many studies have investigated 

environmental or genetic variations in individual phenotypes 

or genes, the underlying meaning of traits and their 

correlations remains to be elucidated and discussed (Corwin 

et al., 2016). 
Aureobasidium pullulans is also called “black yeast” 

because of its ability to produce melanin (Gadd, 1980). A. 
pullulans is named for its capability to produce the 
polysaccharide “pullulan.” Pullulan, an extracellular product 
produced by A. pullulans, is widely used in food, biomedical, 
and pharmaceutical industries (Saber-Samandari and Gazi, 
2015; Shah et al., 2016; Prasongsuk et al., 2018. Numerous 
studies have focused on the biotechnological application of 
A. pullulans; however, few have investigated its microbial 
ecology (Cooke, 1959; Pechak and Crang, 1977; Slepecky 
and Starmer, 2009). A. pullulans can be found in different 
habitats, such as on plants or insects, and even in extreme 
environments, such as hypersaline water, glaciers and rocks. 
The habitats of A. pullulans range from terrestrial to aquatic 
and from high-nutrition to barren and stressed niches (Urzi et 
al., 1999; Zalar et al., 2008; Gunde-Cimerman et al., 2009). 
The morphological and physiological properties of A. 
pullulans vary considerably among different strains. In 
addition, A. pullulans is notable for its phenotypic plasticity, 
and its colony morphology changes in response to 
environmental fluctuations. For instance, A. pullulans 
exhibits different levels of melanin accumulation and 
colonial appearance in divergent environments (Slepecky 
and Starmer, 2009). However, mechanisms through which A. 
pullulans grows throughout the world and adapts to different 
environments still requires further study. Thus, A. pullulans 
is a favorable candidate for studying phenotypic plasticity. 

In this study, we quantified the expression of the 
following traits and determined their plasticity under 
different conditions: indole-3-acetic acid (IAA) production 
(morphological changes and interference competition), 
siderophore production (nutrient uptake and fungal 
inhibition), phosphate-solubilizing ability (nutrient 
acquisition), biofilm formation (cell fixation), and 
antioxidant capacity (cell damage prevention). In addition, 
we examined the performance of different strains in the 
same environment that may result from genetic variations. 
Briefly, this study investigated (1) the performance 
distribution of different strains in the same environment 
(genetic diversity) and (2) the variance of traits in response 
to environmental changes (phenotypic plasticity). 

Materials and Methods 
 

Yeast Isolation 

 

Yeasts were collected from various sources such as insects, 

flowers and plants. Samples were collected using sterilized 

tweezers, stored in clean tubes, and maintained at 4°C. After 

mixing the samples with sterilized water, 100 μL of the 

mixture was plated on the selective medium YPD + LA agar 

(10 g of yeast extract, 20 g of peptone, 20 g of dextrose and 

20 g of agar per liter, supplemented with 2–3 mL of lactic 

acid). Yeasts that exhibited different colonial appearances 

were extracted and then plated on YPD agar to isolate 

strains. Purified yeast strains were suspended in YPD 

medium supplemented with 15% v/v glycerol and 

maintained at 80°C. All samples were incubated overnight 

and cultures were refreshed in YPD medium for 3 h at 28°C 

to reach the exponential phase for use in further 

experiments. 

 

Yeast Identification 

 

The genomic DNA of all the collected yeasts was extracted 

and subsequently amplified using a polymerase chain 

reaction as described in our previous study (Sun et al., 

2014). A pair of universal primers, ITS-1 (5′-

TCCGTAGGTGAACCTGCG-3′) and NL-4 (5′-

GGTCCGTGTTTCAAGACGG-3′), were used to amplify 

the large subunit, ITS regions and small-subunit ribosomal 

DNA (White et al., 1990; Kurtzman and Robnett, 1997). 

The DNA sequencing of these samples was performed at 

Tri-I Biotech, Inc. Sequences were compared using the 

nucleotide–nucleotide BLAST (blastn) search with the 

default setting except that sequences were not filtered for 

low complexity. Yeast identification was based on 

differences in sequences, and yeast strains with ≤1% 

differences in sequences were considered to be conspecific 

species. The voucher specimens of fungi used in this study 

were deposited in the Bioresource Collection and Research 

Center, Hsinchu City, Taiwan 

(http://www.bcrc.firdi.org.tw/). 

 

Quantification of IAA Production 

 

To examine the phenotypic plasticity of IAA production, the 

precursor of IAA, tryptophan (Trp), was chosen as an 

influencing factor. In this experiment, three different 

incubation environments were designed here: YPD medium 

only, YPD medium with 0.1% Trp medium and YPD 

medium with 1% Trp medium. The samples were 

cultured in YPD medium at 28°C overnight and then 

refreshed in the same medium for 3 h. The number of cells 

was adjusted to 1.85 × 10
7
/mL by evaluating their 

absorbance at OD660. Subsequently, the samples were 

transferred into the aforementioned three incubation 

environments and cultivated at 28°C for 3 days. The 
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cultures were centrifuged at 15000 g for 1 min and the 

supernatant was transferred into a new tube and mixed 

with an equal amount of the Salkowski reagent (2% of 0.5 

M iron (III) chloride and 98% of 35% perchloric acid) 

(Gordon and Weber, 1951). After incubation for 30 min 

in a dark environment, the color (red) of the sample was 

quantified using a Multiskan GO microplate 

spectrophotometer (Thermo Scientific) by determining the 

absorbance at 530 nm. The concentration of IAA was 

determined using an IAA standard curve (y = 0.0014x + 

0.0419, R
2
 = 0.994) by using commercial IAA (Sigma-

Aldrich, Co.). 

 

Quantification of Siderophore Production 

 

Siderophore is a type of compound that is secreted to 

scavenge ferrous ions in the environment. In this 

experiment, the concentration of exogenous ferrous ions 

was considered as the influencing factor and different strains 

were cultivated in YPD medium only, YPD medium with 

100 μM ferrous ions and YPD medium with 900 μM 

ferrous ions, respectively. The samples were cultured at 

28°C for 3 days and then centrifuged at 15 000 g for 1 min. 

The supernatant was transferred into new tubes and 

mixed with an equal amount of the CAS blue dye at 

room temperature for 40 min following the protocol used 

by Louden et al. (2011) The absorbance was determined 

at 630 nm by using a Multiskan GO microplate 

spectrophotometer (Thermo Scientific) and the 

absorbance value represented the relative abundance of each 

strain. 

 

Quantification of the Phosphate-solubilizing Ability 

 

Phosphorous exists in the wild environment as different 

complexes and most of these can not be directly used by 

organisms. In this experiment, three types of phosphate 

were used to examine if the yeast strains could dissolve the 

complex. After refreshing the strains, they were inoculated 

in a medium modified from Pikovskaya’s agar (Sundara and 

Sinha, 1963), which contained dicalcium phosphate (DCP), 

calcium phosphate tribasic (CPT), or phosphorite as the 

substrate. The media without yeast inoculation incubated 

under the same conditions served as the blank. After 

incubation at 28°C for 3 days, free phosphate ions formed 

by dissolving of the complex were measured using the 

ascorbate method (Ames, 1966) and a Multiskan GO 

microplate spectrophotometer (Thermo Scientific). The 

standard curve was prepared using K2HPO4 solution (y = 

15.104x − 0.0113, R
2
 = 0.99973). 

 

Quantification of Biofilm Formation 

 

A biofilm is a barrier that protects microorganisms from 

external threats in various approaches and help cells to 

adhere to surfaces (Fux et al., 2005). To measure the biofilm 

formation ability of strains, 200 μL of the refreshed culture 

was added into a 96-well plate and cultivated at different 

temperatures (19°C, 28°C and 37°C) for 2 days. The plate 

was washed with sterile water three times to remove 

nonattached cells and 200 μL of 0.1% crystal violet was 

then added for 30 min to stain the biofilm. After the excess 

dye was washed away with sterile water three times, 200 μL 

of 10% sodium dodecyl sulfate was added for 30 min to 

dissolve cells. Subsequently, the absorbance of the solution 

was measured at 570 nm using the Multiskan GO 

microplate spectrophotometer (Chen et al., 2018). When the 

absorbance value was over 1, the sample was considered to 

be diluted. The differences in the absorbance values 

between the sample and blank (empty wells treated using 

the same procedure) was regarded as being representative of 

the biofilm formation ability of each strain. 

 

Quantification of Antioxidant Capacity 

 

The production of reactive oxygen species (ROS) is related 

to environmental stress and causes an increase in oxidative 

pressure, resulting in cell damage. To estimate the 

antioxidant capacity of strains, the concentration of sodium 

chloride (NaCl) was adjusted to affect osmotic pressure. 

After the strains were refreshed, they were inoculated in 

YPD medium only, YPD medium with 1% NaCl, or YPD 

medium with 3% NaCl at 28°C for 24 h. The cell density of 

the culture was adjusted to approximately 1 at OD660 nm. 

Then, 1 mL of the culture was centrifuged at 15000 g for 1 

min and washed twice with sterile water. The pellet was 

mixed with 400 μL of phosphate-buffered saline (PBS) and 

500 μL of a reagent (0.4 M DPPH in anhydrous methanol) 

(Gil-Rodríguez et al., 2015). After 30 min of reaction in the 

dark, the mixture was centrifuged at 15000 g for 1 min. The 

absorbance of the supernatant was measured at 517 nm 

using the Multiskan GO microplate spectrophotometer, and 

the differences in the absorbance values between the sample 

and blank (400 μL of PBS with 500 μL of the reagent) was 

regarded as denoting the relative antioxidant capacity of 

each strain. 

 

Statistical Analysis 

 

The values in each experiment were expressed as the mean 

of six independent repeats, and the significance among 

different groups was determined using a one-way analysis of 

variance (ANOVA) with Tukey’s (variance is homogeneous) 

or the Games–Howell (variance is heterogeneous) post hoc 

test. Significance was confirmed when the P value was 

below 0.05. To quantify the plasticity of each phenotype, the 

shift in the percentage of yeasts between treatments was 

calculated using the following equation: 
Shift in the percentage range of yeast from condition 

A to condition B = [the production range between the first 
quartile (Q1) and the third quartile (Q3) in condition A/the 
production range between Q1 and Q3 in condition B] × 100. 
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Results 
 

Yeast Identification 
 

The partial sequence of internal transcribed spacer 1, 

complete sequence of 5.8S ribosomal RNA gene and 

internal transcribed spacer 2 and partial sequence of large 

subunit ribosomal RNA gene confirmed that we have 

isolated 25 strains of A. pullulans from different niches. 

Information on relevant sequence databases can be 

found in the GenBank sequence database (GenBank 

accession numbers MK156684 ~ MK156692, MK334632 

~ MK334647). The voucher specimens of A. pullulans 

isolates used in this study were deposited in the 

Bioresource Collection and Research Center, Hsinchu City, 

Taiwan (http://www.bcrc.firdi.org.tw/). Any requests should 

be addressed to the corresponding author. 

 

Quantification of IAA Production 

 

All the strains were inoculated in three types of medium 

containing different concentrations of the precursor Trp: 

YPD medium only, YPD medium with 0.1% Trp, or YPD 

medium with 1% Trp. The production of IAA ranged from 

0 to 114.1 ± 31.0 μg/mL in the YPD medium only, from 

13.4 ± 8.1 to 150.3 ± 11.5 μg/mL in the YPD medium with 

0.1% Trp and from 47.4 ± 15.9 to 1035.6 ± 276.7 μg/mL in 

the YPD medium with 1% Trp (Fig. 1A). Furthermore, 

some strains could secrete IAA without Trp. The mean 

values of IAA production were 32.6 ± 39.2, 53.2 ± 32.8 

and 374.3 ± 246.9 μg/mL in YPD medium only, YPD 

medium with 0.1% Trp and YPD medium with 1% Trp, 

respectively. The production range between Q1 and Q3 

was 45.7 μg/mL in the YPD medium only, 33.8 μg/mL in 

the YPD medium with 0.1% Trp and 238.6 μg/mL in the 

YPD medium with 1% Trp. The shift in the percentage was 

approximately 74% between the YPD medium only and 

YPD medium with 0.1% Trp, approximately 522% 

between the YPD medium only and YPD medium with 1% 

Trp, and approximately 705% between the YPD medium 

with 0.1% Trp and YPD medium with 1% Trp. The 

difference in the amount of IAA produced among the 

different groups was significant (P < 0.05) and IAA 

production increased with an increasing concentration of 

exogenous Trp (Fig. 1B). As presented in Fig. 1C, the 

frequency distribution of IAA production in the YPD 

medium only indicated that the majority (~32%) of strains 

could not produce IAA in the absence of Trp and 

approximately 20% of strains produced approximately 50 

μg/mL of IAA. The frequency distribution of IAA 

production in the YPD medium with 0.1% Trp indicated 

that most (~36%) strains and approximately 32% of strains 

produced approximately 70 μg/mL and 30 μg/mL of IAA, 

respectively. The frequency distribution of IAA production 

in the YPD medium with 1% Trp indicated that most 

(~24%) strains produced approximately 400 μg/mL of IAA. 

Quantification of Siderophore Production 

 

All the strains were inoculated in a medium containing 

different concentrations of exogenous ferrous ions: YPD 

medium only, YPD medium with 100 μM Fe
2+

, or YPD 

medium with 900 μM Fe
2+

. The siderophore production 

ability was expressed as the absorbance value and ranged 

from 0.051 ± 0.024 to 0.35 ± 0.005 in the YPD medium 

only, from 0.078 ± 0.105 to 0.68 ± 0.012 in the YPD 

medium with 100 μM Fe
2+

 and from 0 to 0.141 ± 0.023 in 

the YPD medium with 900 μM Fe
2+

 (Fig. 2A). The mean 

values of siderophore production were 0.21 ± 0.011, 0.333 ± 

0.024 and 0.053 ± 0.02 in the YPD medium only, YPD with 

100 μM Fe
2+

 and YPD medium with 900 μM Fe
2+

, 

respectively. The production range between Q1 and Q3 was 

0.063 in the YPD medium only, 0.06 in the YPD medium 

with 100 μM Fe
2+

 and 0.044 in the YPD medium with 900 

μM Fe
2+

. The percentage shift was approximately 95% 

between the YPD medium only and the YPD medium with 

100 μM Fe
2+

, approximately 71% between the YPD 

medium only and that with 900 μM Fe
2+

, and approximately 

74% between the YPD medium with 100 μM Fe
2+

 and that 

with 900 μM Fe
2+

. The difference in the amount of 

siderophores produced among different groups was 

significant (P < 0.05). Siderophore production increased 

when the concentration of ferrous ions was low and 

decreased when the concentration of exogenous ferrous ions 

was considerably high (Fig. 2B). As shown in Fig. 2C, the 

frequency distribution of siderophore production in the YPD 

medium only indicated that most (~32%) strains and 

approximately 24% of strains had absorbance values of 

approximately 0.25 and 0.16, respectively. The frequency 

distribution of siderophore production in the YPD medium 

with 100 μM Fe
2+

 indicated that most (~28%) strains and 

approximately 24% of strains had absorbance values of 

approximately 0.35 and 0.3, respectively. The frequency 

distribution of siderophore production in the YPD medium 

with 900 μM Fe
2+

 indicated that most (~20%) strains and 

approximately 16% of strains had absorbance values of 

approximately 0.06 and 0.01, respectively. 

 

Quantification of Phosphate-solubilizing Ability 

 

Different types of phosphate were used in this experiment to 

determine the ability of A. pullulans to dissolve phosphates. 

The phosphate-solubilizing ability was determined as the 

concentration of inorganic phosphorous dissolved by A. 

pullulans. The concentration of inorganic phosphorous 

ranged from 0.48 ± 0.14 to 1.12 ± 0.38 μM in DCP, from 

0.50 ± 0.20 to 0.82 ± 0.06 μM in CPT and from 0.15 ± 0.02 

to 0.38 ± 0.05 μM in phosphorite (Fig. 3A and B). The mean 

values in terms of phosphate-solubilizing ability were 0.81 ± 

0.14, 0.67 ± 0.09 and 0.27 ± 0.06 μM in DCP, CPT and 

phosphorite, respectively. The range of the phosphate-

solubilizing ability between Q1 and Q3 was 0.11 in DCP, 

0.10 in CPT and 0.06 in phosphorite. Most of the strains had 
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a greater ability to dissolve DCP and CPT and a lesser 

ability to dissolve phosphorite (P < 0.05). As shown in Fig. 

3C, the frequency distribution of the phosphate-solubilizing 

ability in a medium containing DCP as the substrate 

indicated that most (~36%) strains dissolved approximately 

0.75 μM of inorganic phosphorous. The frequency 

distribution of the phosphate-solubilizing ability in a 

medium containing CPT as the substrate indicated that most 

(~40%) strains dissolved approximately 0.65 μM of 

inorganic phosphorous. The frequency distribution of the 

phosphate-solubilizing ability in a medium containing 

phosphorite as the substrate indicated that most (~52%) 

 
 

Fig. 1: IAA production of A. pullulans in the YPD medium only, YPD medium with 0.1% Tro or YPD medium with 1% Trp. (A) 

Scatter plot, (B) bar chart of IAA production (μg/mL) of A. pullulans and (C) Frequency distribution of IAA production (μg/mL) of A. 

pullulans in three experimental media (YPD medium only, YPD medium with 0.1% Trp, or YPD medium with 1% Trp). Data are the 

mean of six independent experiments. Means with the same letter are not significantly different from each other according to a one-way 

ANOVA with the Games–Howell post hoc test (N = 25, df = 2, F = 43.337, P < 0.05) 

 

 
 

Fig. 2: Siderophore production of A. pullulans in YPD medium only, YPD medium with 100 μM Fe2+, or YPD medium with 900 μM 

Fe2+. (A) Scatter plot, (B) bar chart of siderophore production of A. pullulans and (C) Frequency distribution of siderophore production 

of A. pullulans in three experimental media (YPD medium only, YPD medium with 100 μM Fe2+, or YPD medium with 900 μM Fe2+). 

Data are expressed as absorbance values and are the mean of six independent experiments. Means with the same letter are not 

significantly different from each other according to a one-way ANOVA with Games–Howell post hoc test (N = 25, df = 2, F = 78.228, P 

< 0.05) 
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strains dissolved approximately 0.25 μM of inorganic 

phosphorous. 

 

Quantification of Biofilm Formation 

 

In this experiment, strains were inoculated in YPD medium 

at different temperatures (19°C, 28°C and 37°C). Biofilm 

formation ability is expressed as an absorbance value 

and the optical density (OD) ranged from 0.59 ± 0.25 to 

14.77 ± 4.64 at 19°C, from 0.52 ± 0.18 to 24.09 ± 16.14 at 

28°C and from 0.20 ± 0.19 to 1.63 ± 0.55 at 37°C. The 

mean OD values were 3.50 ± 4.11, 3.60 ± 4.9 and 0.63 ± 

0.34 at 19°C, 28°C and 37°C, respectively (Fig. 4A and B). 

The OD range between Q1 and Q3 was 1.30 at 19°C, 2.53 

 
 

Fig. 3: Inorganic phosphorous concentration of A. pullulans in a medium containing DCP, CPT, or phosphorite as the substrate. (A) 

Scatter plot, (B) bar chart of the concentration (μM) of inorganic phosphorous dissolved by A. pullulans and (C) Frequency distribution 

of the concentration of inorganic phosphorous (μM) dissolved by A. pullulans in a medium containing DCP, CPT, or phosphorite as the 

substrate. Data are the mean of six independent experiments. Means with the same letter are not significantly different from each other 

according to a one-way ANOVA with Tukey’s post hoc test (N = 25, df = 2, F = 184.189, P < 0.05) 
 

 
 

Fig. 4: Biofilm formation ability of A. pullulans at 19°C, 28°C, or 37°C. (A) Scatter plot, (B) bar chart of the biofilm formation ability of 

A. pullulans and (C) Frequency distribution of the biofilm formation ability of A. pullulans at three different temperatures (19°C, 28°C, 

or 37°C). Biofilm formation ability is expressed as an absorbance value. Data are the mean of six independent experiments. Means with 

the same letter are not significantly different from each other according to a one-way ANOVA with the Games–Howell post hoc test (N 

= 25, df = 2, F = 5.209, P < 0.05) 
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at 28°C and 0.46 at 37°C. The percentage shift was 

approximately 194% between 19°C and 28°C, 

approximately 35% between 19°C and 37°C and 

approximately 18% between 28°C and 37°C. As shown in 

Fig. 4C, the frequency distribution of the biofilm formation 

ability at 19°C indicated that most (~29%) strains had an 

absorbance value of approximately 1.75. The frequency 

distribution of biofilm formation ability at 28°C indicated 

that the majority (~43%) of strains had an absorbance value 

of approximately 0.75. The frequency distribution of 

biofilm formation ability at 37°C indicated that the majority 

(~48%) of strains had an absorbance value of approximately 

0.25. Most strains had a lower biofilm formation ability at 

37°C. 

 

Quantification of Antioxidant Capacity 

 

In this experiment, strains were inoculated in YPD medium 

containing different concentrations of NaCl (0%, 1%, or 

3%). Some of the strains were inhibited by osmotic pressure 

and their cell density was too low for inclusion in further 

experiments. Thus, those strains were not used in this 

experiment, and the number of strains used in the YPD 

medium with 0%, 1% and 3% salinity was 25, 25 and 24, 

respectively. Antioxidant capacity is expressed as the 

absorbance value and ranged from 0.342 ± 0.024 to 0.415 ± 

0.01 in the YPD medium only, from 0.184 ± 0.025 to 0.338 

± 0.013 in the YPD medium with 1% NaCl and 0.161 ± 

0.044 to 0.331 ± 0.004 in the YPD medium with 3% NaCl. 

The range of antioxidant capacity between Q1 and Q3 was 

0.014 in the YPD medium only, 0.043 in the YPD medium 

with 1% NaCl and 0.041 in the YPD medium with 3% 

NaCl. The percentage shift was approximately 308% 

between the YPD medium only and that with 1% NaCl, 

approximately 307% between YPD medium only and that 

with 3% NaCl and approximately 100% between the YPD 

medium with 1% NaCl and that with 3% NaCl. The mean 

values of antioxidant capacity were 0.378 ± 0.019, 0.26 ± 

0.045 and 0.26 ± 0.041 in the YPD medium only, YPD 

medium with 1% NaCl and YPD medium with 3% NaCl, 

respectively (Fig. 5A and B). As shown in Fig. 5C, the 

frequency distribution of antioxidant capacity in the YPD 

medium only indicated that most (~80%) strains had an 

absorbance value of approximately 0.375. The frequency 

distribution of antioxidant capacity in the YPD medium 

with 1% NaCl indicated that most (~36%) strains had an 

absorbance value of approximately 0.225. The frequency 

distribution of antioxidant capacity in the YPD medium 

with 3% NaCl indicated that most (~46%) strains had an 

absorbance value of approximately 0.275. The antioxidant 

capacity in the YPD medium only was significantly higher 

than that in the YPD media with 1% and 3% NaCl (P < 

0.05; Fig. 5C). 

 

Discussion 
 

A. pullulans widely grows in different microhabitats 

worldwide. Similar to A. pullulans, a plant pathogen, 

Botrytis cinerea, is found in different habitats around the 

world. The high genetic variation and notable phenotypic 

plasticity of B. cinerea have been reported in numerous 

studies (Vlugt-Bergmans et al., 1993; Kerssies et al., 1997; 

 
 

Fig. 5: Antioxidant capacity of A. pullulans in YPD medium only, YPD medium with 1% NaCl, and YPD medium with 3% NaCl. (A) 

Scatter plot, (B) bar chart of the antioxidant capacity of A. pullulans and (C) Frequency distribution of the antioxidant capacity of A. 

pullulans in the YPD medium only, YPD medium with 1% NaCl, or YPD medium with 3% NaCl. The antioxidant capacity is expressed 

as its absorbance value. Data are the mean of six independent experiments. Means with the same letter are not significantly different 

from each other according to a one-way ANOVA with the Games–Howell post hoc test (N = 25, df = 2, F = 85.381, P < 0.05) 
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Ma and Michailides, 2005; Blanco-Ulate et al., 2015). A 

study (Corwin et al., 2016) reported that the pathogenic 

ability (lesion formation on plants) and survivability 

(sclerotia formation and sporulation) of B. cinerea are 

controlled by its phenotypic plasticity and genetic variation 

of its traits. In the following paragraphs, the roles of 

phenotypic plasticity of A. pullulans playing in coping with 

environmental challenges will be discussed. 

In this study, the fungal strains were inoculated in 

three concentrations of the IAA precursor Trp. Trp is 

considered a precursor for IAA biosynthesis, and its 

addition in a culture medium enhances IAA production both 

in bacteria and fungi (Hoffman et al., 2013; Sun et al., 

2014). Our results indicated that an increase in the Trp 

concentration from 0 to 1% significantly increased the 

amount of IAA produced. Our results are in agreement with 

those reported by Khalid et al. (2004); who added Trp to a 

culture medium and further stimulated the auxin 

biosynthesis of rhizobacteria. In our study, some strains 

could still produce IAA in the absence of Trp, indicating 

that those A. pullulans strains used a Trp-independent 

pathway for synthesizing IAA (Normanly et al., 1993). 

The Trp-independent pathway for IAA synthesis has 

been proposed to be present in several bacterial and yeast 

species (Spaepen et al., 2007; Rao et al., 2010). Thus, these 

species can still synthesize IAA even in the absence of Trp. 

The results of the present study supported the hypothesis of 

a previous study that the inhibition of the growth of 

competitors by secreted IAA is an example of interference 

competition among yeast species (Liu et al., 2016). In each 

yeast species, an optimal concentration of IAA promotes its 

growth, and such effects are dependent on the strain. Thus, 

IAA production may be a crucial strategy for wild fungi to 

increase their competitiveness. In this study, we found high 

plasticity of IAA production in A. pullulans; the production 

of IAA was approximately 7–8 fold between environments 

with and without Trp. In addition, we noted a considerable 

degree of diversity in IAA production among strains even 

under the same condition. These findings provide insights 

into how A. pullulans remains one of the dominant members 

in the epiphytic microbial community and grows and 

colonizes on leaves (Abdelfattah et al., 2015). 

Bacteria and fungi synthesize IAA as part of a system 

to communicate with their host plant, and many of them use 

IAA in pathogenic interactions such as in tumors and hairy 

roots (Spaepen et al., 2007). Gea et al. (1994) suggested that 

IAA facilitates the loosening of plant cell walls, allowing 

the fungus to enter the host’s roots and manipulate the host’s 

physiology. Mehmood et al. (2018) reported that the ability 

of the fungus Fusarium oxysporum to produce IAA is 

responsible for the colonization of the roots of corn. They 

inhibited IAA production by using the IAA biosynthesis 

inhibitor yucasin, which efficiently reduced the colonization 

of F. oxysporum in maize roots. Their findings suggest an 

IAA crosstalk between the two partners, and the inhibition 

of IAA limits their ability to interact. Thus, IAA plays 

crucial roles in fungal infection in plants. This characteristic 

may explain why A. pullulans is frequently found in 

association with diverse plants, such as in the phyllosphere, 

as an epiphyte or endophyte (Schena et al., 2003; 

Dimakopoulou et al., 2008; Martini et al., 2009; Sun et al., 

2014). A. pullulans is recognized as an endophyte of 

considerable importance for plant hosts and its role in 

protecting plants against insects, nematodes and pathogenic 

microorganisms has also been well demonstrated 

(Saikkonen et al., 1998). 

Competition is categorized into two modes: 

exploitative and interference. Exploitative competition is 

passive in the sense that one organism depletes its 

surroundings of nutrients, thereby preventing competitors 

from gaining access to those resources. Herein, we suggest 

that the production of siderophores by A. pullulans is one of 

their exploitative competition strategies to increase their 

fitness. Siderophores are expected to be secreted by 

microorganisms in a ferrous-limiting environment. To save 

energy, siderophores should not be secreted when ferrous 

ions are adequate in the environment. Our study revealed 

that siderophore production decreased with an increase in 

the concentration of ferrous ions (0 to 900 μM). However, 

we observed that a maximization of siderophore production 

does not occur in the absence of ferrous ions but does in the 

presence of a low concentration of ferrous ions. To explain 

this phenomenon, we offer two suggestions. The first is 

regarding the cost of siderophore production. When the 

concentration of ferrous ions is limited in the environment, a 

small amount of siderophores is adequate to scavenge 

ferrous ions. By contrast, microorganisms can stimulate 

their growth and inhibit competitors by gathering ferrous 

ions (Calvente et al., 1999). For example, the bacterium 

Vibrio anguillarum can produce siderophores to scavenge 

ferrous ions and inhibit the growth of V. ordalii. V. 

anguillarum collects nearby ferrous ions and creates an 

iron-limiting environment, which is toxic for iron-sensitive 

V. ordalii (Pybus et al., 1994). The results of the 

aforementioned studies indicate that siderophores are 

helpful in nutrient acquisition and competition for shared 

resources. Thus, A. pullulans alternates its siderophore 

production in response to the changing concentration of 

ferrous ions in the environment, and this may be its strategy 

of exploitative competition.  

Phosphorous is an essential element for the growth of 

organisms that mostly exists as different insoluble 

phosphate complexes. In this study, three commonly found 

complexes (DCP, CPT and phosphorite) were used to 

examine their phosphorous-solubilizing ability. The results 

showed that the solubilizing ability was higher for DCP and 

CPT than for phosphorite; this result is consistent with those 

reported in relevant studies (Gulati et al., 2008; Xiao et al., 

2009). One of the mechanisms through which 

microonganisms dissolve phosphate is secrete the organic 

acid to decrease the pH value and increase the solubility to 

acid. Thus, we suggest that a lower ability in dissolving 
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phosphorite results from its poor solubility in acid; 

phosphorite is considerably difficult to dissolve in acid 

compared with other complexes. In related studies, 

microorganisms with a phosphorous-solubilizing ability 

were obtained from different environments and screened. Of 

the total organisms, approximately 1.5% (1% of bacteria 

and 0.5% fungus) obtained from the soil of southern Alberta 

and approximately 9% (fungus) obtained from the soil of 

Ethiopia could solubilize phosphorous (Kucey, 1983; Gizaw 

et al., 2017). However, in our study, all A. pullulans strains 

could dissolve all the three types of phosphate, indicating 

that A. pullulans is more likely to survive in a phosphorus-

limited environment. 

Biofilm, which is composed of polysaccharides, is a 

functional product used for cell localization and protection 

from antibiotic or other environmental pressures 

(Flemming, 1993; Davies, 2003). Temperature has been 

considered an important factor affecting biofilm formation. 

In this study, we chose three temperatures (19°C, 28°C and 

37°C) to examine biofilm formation ability. The biofilm 

formation ability at 37°C was lower than that at other 

temperatures; this finding may be attributable to two factors. 

First, temperature affects the growth of microorganisms 

(Casman and Rettger, 1933). A high temperature inhibits the 

growth of microorganisms, which is related to 

polysaccharide production (Bueno and Garcia-Cruz, 2006). 

Second, the biofilm formed at 37°C group could easily fall 

off from the surface, possibly due to decreases in elasticity 

and viscosity at high temperatures (Rühs et al., 2013). In 

addition to the aforementioned functions, biofilm is helpful 

in several aspects, such as nutrient acquisition and energy 

sinking (Decho, 1990; Ortega-Morales et al., 2007). For 

nutrient acquisition, the highly adsorptive nature of biofilm 

helps microorganisms easily obtain nutrients adsorbed on 

the biofilm. In terms of energy sinking, biofilm is composed 

of exopolysaccharides that can serve as a storage substance 

for excess carbon. Thus, all strains in our experiment could 

form biofilm under three different conditions, indicating that 

A. pullulans can form biofilm at different temperatures and 

the biofilm formation can help A. pullulans in adapting to 

the environment. 

Drought induces changes in salinity. This influences 

osmotic pressure, which in turn affects microbial growth, 

metabolism and ROS production (Fisher and Newell, 1986; 

Brito et al., 2000). In this study, we used different salinities 

to examine antioxidant capacity against ROS. The 

antioxidant capacity is expected to increase with a higher 

oxidative pressure caused by salinity. However, the 

antioxidant capacity of strains grown in YPD medium was 

only significantly higher than that of strains grown in YPD 

medium with 1% and 3% NaCl. A related study (Sharma and 

Sharma, 2017) demonstrated that salt stress increased the 

antioxidant capacity but inhibited growth at the same time. 

Our results indicate that growth inhibition may be more 

substantial than the improvement in antioxidant capacity 

(Queiroga et al., 2016). Although the antioxidant capacity of 

each cell increased, the total cell number decreased rapidly. 

By contrast, the decreasing antioxidant capacity was relative 

to ROS accumulation, which is crucial in yeasts for filament 

transition, cleistothecium (ascocarp) formation, and 

pathogenicity (Georgiou et al., 2000; LaraOrtíz et al., 2003; 

Leuthner et al., 2005; Brown et al., 2014). 

 

Conclusion 

 

The present study concludes that the performance of traits is 

affected by phenotypic plasticity and genetic variation. The 

findings of the studies on A. pullulans and B. cinerea 

suggest that phenotypic plasticity and genetic variation both 

play crucial roles in the adaptation of microorganisms to 

fluctuating environmental conditions. 
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