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INTRODUCTION

In recent years, interest in developing a circular bioecon-
omy has increased significantly. The reasons are growing 
environmental awareness and a deeper understanding 
of the consequences of the overuse of natural resources 
and the accumulation of waste. The circular economy 
consists of a closed cycle of raw materials and energy 
over several phases (Franklin-Johnson et al., 2016). This 
strategy involves converting side or waste streams into 
resources from which new products are created at the 
end of the cycle, thereby increasing resource utiliza-
tion efficiency and reducing waste (Maina et al., 2017). 

However, replacing petroleum-based products with bio-
based alternatives is still challenging and often not yet 
economically competitive. The main operation costs are 
generated by the substrate cost, the high consumption 
of energy and freshwater due to sterilization processes, 
bioreactor cooling, using batch processes instead of fully 
automated and continuous processes, and cost- and 
labour-intensive downstream processing of the products 
(Chen & Jiang,  2018). It is therefore crucial to reduce 
production costs to create economically feasible and 
sustainable processes for a future bio-based industry.

One approach to reducing production costs is the 
application of more robust production organisms that 
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future use in the biotechnological industry.
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tolerate impurities and are less susceptible to con-
tamination by other microbes (Chen & Jiang,  2018). 
Common industrial strains like Escherichia coli or 
Saccharomyces cerevisiae are grown under mild con-
ditions with high nutrient supply, increasing the con-
tamination risk since these environments also allow 
many other microorganisms to grow. Ideally, a produc-
tion strain should be able to grow rapidly under harsh 
conditions to avoid contaminations and reduce the 
effort for sterilization (Chen & Wan, 2017). Moreover, 
it should grow on low-cost and renewable substrates, 
tolerate impurities and different stresses during in-
dustrial processes, and molecular engineering tools 
for performance optimization should be available (Xu 
et al., 2020). Therefore, extremophile and extremotoler-
ant microorganisms have received increasing attention 
in recent years since they can tolerate harsh environ-
mental conditions like extreme pH values, high salt 
or sugar concentrations, or extreme temperatures. A 
prominent example is the NaCl-tolerant Halomonas sp. 
used mainly in China for bioplastic production (Chen 
et  al.,  2022), besides other valuable products. These 
properties enable a significant reduction of production 
costs in industrial processes and perhaps also provide 
novel and robust bio-molecules (Dumorné et al., 2017).

Yeasts and especially some fungi are already ex-
ploited under harsh conditions for their biotechnological 
potential, like Aspergillus niger at very low pH for citrate 
production (Książek, 2023). Here, we focus on the poly-
extremotolerant fungal genus Aureobasidium, which 
has great potential for application in an economically 
improved industrial biotechnology. It not only provides a 
large substrate and product spectrum but also tolerates 
extreme temperatures and pH values as well as high 
salt and sugar concentrations (Prasongsuk et al., 2018). 
Its broad substrate spectrum includes agricultural side 
streams (sugar beet/soy molasse, sweet whey, and oat 
hulls) (Viveka et al., 2021; Yegin et al., 2018), as well 
as various by-products from the agricultural and food 
industry (corn steep liquor, olive oil mill wastewater, and 

whey protein) (Meneses et al., 2017; Wang et al., 2021). 
The metabolization of such cheap and sustainable 
carbon sources is a great advantage of the organism 
for an application in a sustainable and circular indus-
trial biotechnology. The whole substrate spectrum of 
Aureobasidium spp. including enzymes involved was 
discussed in detail by Wang et al.  (2022). The genus 
has a remarkable array of products, spanning from 
enzymes, to polysaccharides like pullulan and even 
biosurfactants. Furthermore, its use as active com-
ponent in biocontrol agents and protective coatings in 
the construction industry has been proposed (Rensink 
et al., 2024).

This review aims to discuss the potential of the fun-
gal genus Aureobasidium as microbial chassis for in-
dustrial biotechnology. Topics include physiological 
advantages, the variety of secondary metabolites of in-
dustrial interest, the status of tool development for effi-
cient genome editing, and the perspective on scale-up 
processes.

THE GENUS AUREOBASIDIUM

The first representative of the genus Aureobasidium 
was discovered by Viala and Boyer  (1891) on grape 
leaves and called Aureobasidium vitis. The best-
known member, Aureobasidium pullulans, was first 
described in 1884, when it was still called Dematium 
pullulans (Bary,  1884). The genus is described as a 
group of extremotolerant yeast-like fungi (Gostinčar 
et al., 2014). Taxonomically, the genus belongs to the 
order Dothideales inside the Ascomycetes and subdivi-
sion of Pezizomycotina (Thambugala et al., 2014). The 
phylogenetic relations of selected Aureobasidium spe-
cies to some biotechnologically relevant representa-
tives of the ascomycetes are shown in Figure 1. The 
first classification on the species level, based on mor-
phological and physiological differences, suggested 
the subdivision into four subspecies (Zalar et al., 2008) 

F I G U R E  1   Phylogenetic tree of 19 
Ascomycota species based on published 
internal transcribed spacer (ITS) regions. 
Sequence alignment was done with 
MUSCLE. The tree was constructed 
with MEGA11 and the numbers on the 
branches represent bootstrap values of 
maximum parsimony analyses from 1000 
replicates. The partial-deletion option was 
set to 90%. The scale bar indicates 10 
base pair changes.
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that were later redefined as A. pullulans, A. melano-
genum, A. namibiae, and A. subglaciale by genome 
analyses (Gostinčar et al.,  2014). Since then, several 
strains were identified as new species (Arzanlou & 
Khodaei,  2012; Crous et  al.,  2011; Jiang et  al.,  2021, 
2019; Lee et  al.,  2021; Onetto et  al.,  2020; Peterson 
et al., 2013; Wu et al., 2023).

The members of the genus Aureobasidium are known 
to tolerate a variety of different stresses (Gostinčar 
et al., 2014) and, therefore, are considered polyextrem-
otolerant. Strains have been isolated in diverse eco-
logical niches, from cold or temperate regions across 
humid and tropical areas to warm and dry habitats, and 
show great adaptability to the different environments. 
Next to more common natural and anthropogenic hab-
itats like plant surfaces, coastal seawater, wood or in-
door areas, they also inhabit extreme environments like 
glacial ice, fuel tanks, salterns, or rock surfaces (Grube 
et  al.,  2011; Gunde-Cimerman et  al.,  2000; Lotrakul 
et al., 2009; Rauch et al., 2006; Urzì et al., 1999; Zalar 
et al., 2008).

Morphologically, species of the genus show differ-
ent colony structures and colours and form numer-
ous different cell shapes. As shown in Figure 2, under 
beneficial conditions, many species show unicellular 
yeast-like growth, which is beneficial for industrial pro-
cesses since cells are more robust and less sensitive 
to sheer forces compared to hyphal cell forms (Klement 
& Büchs, 2013). Additionally, yeast-like growth enables 
higher oxygen and nutrient transfer due to lower viscos-
ity, resulting in higher growth-rates and more efficient 
product formation (Gibbs et al., 2000). Depending on 
the nutrient availability and environmental conditions, 
Aureobasidium species also tend to convert to hyphal 
growth and formation of chlamydospores (Bermejo 
et al., 1981). A detailed description of different morphol-
ogies and a schematic life cycle of Aureobasidium spp. 
was addressed in more detail by Rensink et al. (2024).

Aureobasidium pullulans is the most studied species 
from the genus, with currently 78 published genomes, 
and is best known for producing the exopolysaccha-
ride pullulan, which is already exploited on the indus-
trial scale (Leathers, 2003). Among the whole genus, it 

exhibits strong adaptive abilities since it can be found 
in polar, temperate, and tropical areas, rendering it 
robust against different stresses (Gunde-Cimerman 
et al., 2000; Lotrakul et al., 2009; Peterson et al., 2013). 
Compared to other species of the genus, A. pullulans 
shows the highest salt tolerance, with a strain isolated 
from salterns in Slovenia tolerating salt concentrations 
up to 17% (Gunde-Cimerman et al., 2000). Population 
genomics of 50 A. pullulans genomes revealed regular 
recombination within the species, yet despite the identi-
fication of a mating locus in all analysed genomes, it re-
mains unclear whether recombination occurs sexually 
or asexually (Gostinčar et al., 2019; Gunde-Cimerman 
et al., 2000).

In contrast to A. pullulans, the reproductive strategy 
of A. subglaciale is suggested to be strictly asexual 
without recombination and is also more specialized re-
garding the habitat (Zajc et al., 2022). To date, only a 
limited number of strains have been isolated with nine 
published genome sequences, predominantly from 
cold environments like glacial ice (Zalar et al., 2008). 
A. subglaciale strains are able to grow at temperatures 
ranging from 0 to 30°C which emphasizes their affinity 
for colder environments (Zajc et al., 2022). Besides low 
temperature, strains of the species also tolerate high 
salt concentrations, heavy-metal stress, and radiation, 
making them extremely robust against environmental 
influences (Liu et al., 2017; Zajc et al., 2022).

The species A. melanogenum, similar to A. sub-
glaciale, lacks recombination and reproduces strictly 
asexually. However, A. melanogenum strains occasion-
ally form stable heterozygous diploid strains (Gostinčar 
et  al.,  2022). So far, the reason and mechanism for 
the hybridization remain unknown. Different from the 
other species, A. melanogenum strains can often grow 
at temperatures up to 37°C, though less well at low 
temperatures (Černoša et al., 2021; Zalar et al., 2008). 
As the name indicates, A. melanogenum is known to 
produce the black pigment melanin in greater amounts 
compared to other Aureobasidium species (Zalar 
et al., 2008).

Other species of the genus have not yet been in-
tensively studied in terms of phenotypes and life cycle. 

F I G U R E  2   Microscopic pictures 
of the predominant yeast-like growth 
form (A) and filamentous growth (B) of 
Aureobasidium species. A thick-walled 
dark chlamydospore is indicated by the 
black arrow.
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Hence, there is still much research required to explore 
the differences in Aureobasidium biology.

PHENOTYPES BENEFICIAL 
FOR BIOTECHNOLOGY

Based on its physiological attributes, Aureobasidium 
represents a promising genus for the application as 
industrial chassis in an economically competitive bio-
based industry. We here aim to highlight advantageous 
properties of the genus for the application as a chassis 
in biotechnological processes.

One outstanding trait is the salt tolerance; as pre-
viously mentioned, some strains tolerate up to 17% 
salt (Gunde-Cimerman et  al.,  2000). A high salt tol-
erance can be beneficial for the economy of bio-
processes since it facilitates the use of seawater, a 
resource many times more available than freshwater. 
This can significantly reduce costs, considering the 
high water consumption in industrial bioprocesses 
(Scapini et  al.,  2022). Yue et  al.  (2014), for example, 
have already developed a biotechnological process 
using seawater instead of fresh water for the produc-
tion of bioplastics with the halophile Halomonas cam-
panienses. Such processes could therefore potentially 
also be developed for Aureobasidium species. Next to 
the application in production processes, the wastewa-
ter treatment can often be a problem during industrial 
processes. Industrial wastewaters often contain ele-
vated salt concentrations. Zeng et  al.  (2021) demon-
strated the potential use of the strain Aureobasidium 
sp. MSP8 for the efficient removal of phosphorus from 
saline industrial wastewater. Thus, halotolerant micro-
organisms like Aureobasidum spp. can potentially also 
find application in the wastewater treatment.

Some Aureobasidium strains, especially A. mela-
nogenum strains, are known to grow at higher tem-
peratures up to 37°C (Černoša et  al.,  2021; Zalar 
et al.,  2008). Growth at higher temperatures, hence 
fermentation at higher temperatures, like 37°C or 
even slightly higher, reduces cooling, contributing sig-
nificantly to lowering the energy demand of industrial 
processes.

Aureobasidium spp. are also known to tolerate 
a wide pH range as well as oligotrophic conditions, 
making them highly robust against varying process 
conditions (Gostinčar et al., 2014; Zalar et al., 2008). 
This can reduce the need for extensive process mon-
itoring and inhibit contamination. Thus, autosterility of 
the process can be achieved, eliminating the need for 
costly sterilization of production equipment (Wernick 
et al., 2016).

Next to potential economic process improvements 
and provision of robust chassis organisms, extremo-
phile and extremotolerant microbes can also deliver 
novel and robust bio-molecules like extremozymes. 

These enzymes are adapted to extreme conditions and 
open up new opportunities for applications, for exam-
ple, in the detergent and food industries (Cavicchioli 
et al., 2011). Yegin (2017) characterized a highly robust 
xylanase from A. pullulans NRRL Y-2311-1 that has 
a wide pH stability, as well as a high salt and ethanol 
tolerance, which enables numerous possible applica-
tions, for example, for brewing and bioethanol produc-
tion, processing of saline foods, or the feed industry.

SECONDARY METABOLITES 
PRODUCED BY AUREOBASIDIUM

Aureobasidium spp. are not only growing on a wide 
range of substrates, but they also produce a cornuco-
pia of natural products that are potentially interesting 
for future industrial applications. The most prominent 
and extensively studied product of Aureobasidium is 
the polymer pullulan. Pullulan is a linear polysaccha-
ride consisting of α-1,6-linked maltotriose subunits. It 
can form oxygen-impermeable thin films that can be 
used, for example, for food preservation. Furthermore, 
the polymer shows adhesive properties, enabling pul-
lulan to be utilized in the formulation of food pastes and 
binders (Cheng et al., 2011b). Pullulan is already com-
mercially produced early in the biotechnological indus-
try. Hayashibara Company Limited (Okayama, Japan) 
started the large-scale production of pullulan in 1976. 
Since then, many other companies have also started 
to produce pullulan; however, Hayashibara Company 
Limited remains the market leader with a production of 
1000 metric tonnes per year in 2009 (Chaen, 2009).

More detailed information about biosynthesis, regu-
lation, and applications of pullulan can be found in de-
tailed reviews by Cheng et al. (2011b), Leathers (2003), 
and Wei et al. (2021).

Other native products for future industrial appli-
cations are the biopolymers β-glucan (Hirabayashi 
et al., 2016; Lotrakul et al., 2013) and polymalate (Chi, 
Liu, et al., 2016; Ma et al., 2013), the polyol lipid bio-
surfactants (a.k.a. liamocin) (Leathers et al., 2016; Tiso 
et  al.,  2024), siderophores (Wang et  al.,  2009), the 
pigment melanin (Zhou et al., 2023), organic acids like 
gluconic acid (Anastassiadis et al., 2005) and fumaric 
acid (Wang, Bai, et al., 2018), the antifungal antibiotic 
aureobasidin A (Slightom et al., 2009), fructooligosac-
charides (Dominguez et al., 2012), sorbitol (Sasahara 
& Izumori,  2005), and erythritol (Guo et  al.,  2016). 
Additionally, A. pullulans can be used for the produc-
tion of single-cell protein (Baldwin et al., 2019). Details 
about the biosynthesis of the mentioned products and 
the interesting characteristics of some of these metab-
olites have been discussed in reviews (Chi et al., 2009; 
Prasongsuk et al., 2018; Wang et al., 2022). This review 
focuses on melanin, polyol lipids, and polymalate as 
prominent products of Aureobasidium. An overview of 
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the respective biosynthesis pathways of these products 
is shown in Figure 3.

MELANIN

Strains of the genus Aureobasidium are also called black 
yeasts due to the production of melanin, a dark brown to 
black polymeric pigment with high molecular weight and 

hydrophobic character. Different types of melanin can be 
found not only in the fungal kingdom but also in bacte-
ria, plants, and animals, whereby the pigment classifica-
tion is based on the monomer subunit structure (Suthar 
et al., 2023). The most prominent fungal melanin classes 
are 1,8-dihydroxynaphthalene (DHN)-melanin, also 
called allomelanin and L-3,4-dihydroxyphenylalanine 
(DOPA)-melanin, also known as eumelanin (Tran-Ly 
et  al.,  2020). For DHN-melanin, a polyketide synthase 

F I G U R E  3   The biosynthetic pathways for pullulan, polyol lipids, polymalate, and DHN-melanin in the genus Aureobasidium. Genes 
coding for the respective enzymes are shown in blue. 1,3,6,8-THN, 1,3,6,8-tetrahydroxynaphtalene; 1,3,8-THN, 1,3,8-trihydroxynaphtalene; 
1,8-DHN, 1,8-dihydroxynaphtalene; ACC, acetyl-CoA carboxylase; ACL, ATP-citrate lyase; ACP, acyl carrier protein; ACS, acetyl-CoA 
synthetase; ALD, acetaldehyde dehydrogenase; AMAGS2, a multidomain α-glucan synthetase; ARDH, arabitol dehydrogenase; ATP, 
adenosine triphosphate; CMR1, transcription factor; CoA, coenzyme A; CRZ1, transcription factor; DDA, oligo-dihydroxydecanoic acid; 
EST1, esterase 1; GAL1, transcription factor; GLTP, glycolipid transfer protein; MDH, malate dehydrogenase; MDR1, ATP-binding cassette 
transporter; MPDH, mannitol-1-phosphate dehydrogenase; MS, malate synthase; MTDH, mannitol dehydrogenase; P, phosphate; PDC, 
pyruvate decarboxylase; PDH, pyruvate dehydrogenase; PGM1, phosphoglucomutase 1; PKSIM, polyketide synthase type I involved in 
melanin biosynthesis; PKSIPL, polyketide synthase type I involved in polyol lipid biosynthesis; PMAS, polymalate synthetase; PPTase, 
phosphopantetheinyl transferase; PYC, pyruvate carboxylase; SCD1, scytalone dehydratase 1; T4HR1, 1,3,6,8-THN/1,3,8-THN reductase; 
UDPG, uridine diphosphate glucose; UGP1, UDP-glucose pyrophospholase.
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(PKS) catalyses the reaction of five malonyl-coenzyme 
A into 1,3,6,8-tetrahydroxynaphthalene (THN). After a 
sequence of reactions, THN is transformed into DHN, 
followed by polymerization of DHN into DHN-melanin 
(Figure 3). The biosynthesis of DOPA-melanin involves 
the conversion of the precursor tyrosine into DOPA, 
which in turn is transformed into dopaquinone. These 
reactions are catalysed by tyrosinases and/or laccases. 
The last step, the polymerization of dopaquinone into 
DOPA-melanin, occurs spontaneously (Eisenman & 
Casadevall, 2012).

Characteristic of all forms of melanin are their unique 
physicochemical properties, such as the absorption of a 
wide spectrum of ultraviolet and visible (UV–VIS) light, 
insolubility in organic solvents, and resistance to chem-
ical degradation (Kumar et  al.,  2011; Suwannarach 
et al., 2019). These physicochemical properties provide 
melanized fungi with a robust resistance to a spectrum 
of stressors, including osmotic (sodium chloride) and 
oxidative stress (hydrogen peroxide), UV radiation, 
high temperatures, and antimicrobial agents (Campana 
et al., 2022; Jiang et al., 2017). A strong melanization of 
A. melanogenum XJ5-1, for example, enables the fun-
gus to survive in the harsh conditions of the Chinese 
Taklimakan Desert, characterized by limited water 
availability, extreme temperatures, high UV irradiation, 
and high osmotic stress (Jiang et al., 2020). The phys-
icochemical properties of melanin offer benefits not 
solely for the fungal kingdom, but they also enable the 
pigment to be used for various applications that are of 
interest to humans, as detailed below.

The interest in natural pigments produced by micro-
organisms has increased in the last few years since 
they are considered less toxic than synthetic pigments 
and are more environmentally friendly (Narsing Rao 
et al., 2017). Melanin has multiple potential applications 
in various areas, such as the biomedical field. Here, 
one example is using the biomaterial as a nanocarrier 
for controlled drug release (Araújo et al., 2014; Caldas 
et al., 2020). Furthermore, the electronics industry has 
shown increased interest in melanin for bioelectronic 
applications. Melanin exhibits similar properties to 
amorphous semiconductors, making the pigment an or-
ganic semiconductor that is cheaper and easier to pro-
cess compared to inorganic counterparts like silicon or 
germanium (Ligonzo et al., 2009; Suthar et al., 2023). 
More applications can be found in the dermo-
cosmetics, dyeing, textile, and packaging industries. In 
these sectors, the photoprotective, antibacterial, and 
antioxidant properties, along with its black colour, scav-
enging of reactive oxygen species, and biodegradable 
and eco-friendly nature, play an important role (Roy & 
Rhim,  2022). Moreover, some melanized fungi have 
demonstrated potential in bioremediation. Melanin 
can effectively bind to a wide range of substances like 
heavy metals due to its chemical structure containing 
different functional groups. This characteristic can be 

used, for example, to remove heavy metal pollution in 
wastewaters (Mattoon et al., 2021).

The first study addressing Aureobasidium and mel-
anin production was published in 1963 by Lingappa 
et al. (1963). They observed an effect of light and the 
cultivation medium on melanin formation in A. pullulans. 
More specifically, they found out that light can increase 
melanin production. However, this effect is sensitive to 
the respective cultivation medium. Since then, only a 
limited number of publications focusing on melanin pro-
duction with Aureobasidium spp. have been published. 
Despite its interesting properties, melanin is often only 
a by-product in pullulan production, the most prominent 
product of Aureobasidium.

In a detailed study investigating melanin biosynthe-
sis of A. melanogenum XJ5-1, the pivotal role of a non-
reducing fungal type I polyketide synthase (PKSI) was 
elucidated (Jiang et  al.,  2017). The PKSI responsible 
for DHN-melanin production (PKSIM) contains six do-
mains – a keto synthase, an acyl transferase, two acyl 
carrier proteins, a thioesterase, and one cyclase. The 
researchers could demonstrate that the PKSIM is acti-
vated by an Sfp-type phosphopantetheinyl transferase 
(PPTase). Furthermore, it was found that the expres-
sion of both genes, PKSlM and PPtase, is suppressed 
by nitrogen and glucose. The study also highlighted the 
heightened sensitivity of the PKSIM knockout mutant, 
which is not producing melanin anymore, to harsh cul-
tivation conditions like increased UV radiation (Jiang 
et al., 2017).

Additionally, the same group identified a central 
role of the cell wall integrity (CWI) signalling pathway 
in regulating DHN-melanin biosynthesis in A. melano-
genum. More particularly, the mitogen-activated protein 
kinase (MAPK) Slt2 of the CWI signalling pathway was 
shown to regulate the activity of the transcription factor 
Swi4, which, in turn, positively controls the expression 
of the melanin-specific transcriptional activator Cmr1. 
The CMR1 gene was found to cluster with the gene 
encoding PKSIM. Additionally, a knockout-strain Δcmr1 
showed no melanin production and a strongly reduced 
transcription level of PKSIM and other genes involved 
in DHN-melanin synthesis (Jiang et al., 2020). In line 
with these findings, the overexpression of the transcrip-
tion activator Cmr1 in A. pullulans Hit-lcy3T led to an 
increased number of chlamydospores and a 1.4-fold 
increase in melanin production, resulting in a titre of 
13 g L−1 melanin after just 9 days of cultivation (Wang, 
Zhang, et al., 2023).

Other studies are more focused on increasing the 
melanin titre of Aureobasidium strains by testing differ-
ent production media and fermentation strategies. Zhou 
et al. (2023) developed a simplified melanin production 
medium and an efficient fermentation strategy for A. 
melanogenum GXZ-6 involving pH control, ammonium 
salt addition, and H2O2 stimulation, resulting in a mel-
anin titre of 19 g L−1 and a productivity of 0.9 g L−1 d−1 in 
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a 5 L stirred-tank bioreactor. This titre is more than 2.8 
times higher compared to the titre without any fermen-
tation optimization (Zhou et al., 2023). Contrary to the 
previously mentioned results from other studies, the 
production of DOPA-melanin instead of DHN-melanin 
is speculated for A. melanogenum GXZ-6 in this study. 
This assumption is based on the analytical approaches 
used to characterize the pigment. However, the sta-
bility, insolubility, and association of melanin with the 
fungal cell wall make a proper extraction and accurate 
characterization challenging. Moreover, due to different 
extraction methods and degrees of purity, the men-
tioned titres should only be compared with caution.

In another study, a multifaceted approach using re-
sponse surface methodology and artificial neural net-
works to optimize melanin production with A. pullulans 
AKW was employed. The effect of three independent 
variables, sucrose, incubation time, and tyrosine, on 
melanin production was tested. Tyrosine is the starting 
molecule of DOPA-melanin, but the addition of tyrosine 
showed no effect on pigment production, indicating the 
production of DHN-melanin. In contrast, the concen-
tration of sucrose and the incubation intervals showed 
an influence. By adjusting these variables with the help 
of artificial neural networks methodology, 10 g L−1 of 
melanin could be produced. This was 9% higher than 
the melanin amount achieved using response surface 
methodology. However, a high similarity between the 
prediction and experimental data was observed for 
both methods. This emphasizes the efficacy of these 
techniques in enhancing melanin production (Saber 
et al., 2023).

Furthermore, the use of more sustainable substrates, 
such as food waste, has been demonstrated for melanin 
production. Among different tested food wastes, carrot 
peel extract seems to be a suitable substrate for mela-
nin production, reaching a titre of 3.7 g L−1 after 20 days 
of cultivation in a shake flask (Mujdeci,  2021). Once 
again, with the help of a response surface method, an 
increase in produced melanin of 9% was achieved. It 
was revealed that besides the fermentation time, the 
initial pH of the cultivation medium, the cultivation tem-
perature, and the agitation rate impact melanin forma-
tion (Müjdeci, 2022).

Overall, the comprehensive insights from these 
studies provide a deeper understanding of melanin 
biosynthesis in Aureobasidium species. However, chal-
lenges persist in the purification and quantification of 
the polymer, and the detailed structure of the melanin 
polymer remains elusive, presenting opportunities for 
further research and exploration.

POLYOL LIPIDS

Polyol lipids (a.k.a. liamocins) (Tiso et  al.,  2024) are 
secondary metabolites produced and secreted by the 

genus Aureobasidium. They were first described in 1994 
(Kurosawa et  al.,  1994), and their complete structure 
was published in 2013 (Price et al., 2013). Along with 
the polyol lipids, oligo-dihydroxydecanoic acids (DDA) 
(a.k.a. exophilins) are synthesized (Tiso et  al.,  2024). 
The latter are polyesters composed of three or four 
3,5-dihydroxydecanoic acids. The first fatty acid can be 
O-acetylated (Price et al., 2013). Polyol lipids are am-
phiphilic molecules composed of a single hydrophilic 
polyol head group linked to a DDA by an ester bond 
(Leathers et al., 2016; Price et al., 2017, 2013). The pol-
yol head group is mainly mannitol or arabitol, but other 
polyols like glycerol or threitol were also published. 
Supplementation of polyols to the cultivation medium 
can vary congener distribution (Price et al., 2017). Due 
to their amphiphilic nature, these molecules have great 
potential as biosurfactants. Even at low concentrations, 
some polyol lipids lower the surface tension of water 
from 73 mN m−1 to around 30 mN m−1 (Kim et al., 2015; 
Manitchotpisit et al., 2011), which is comparable to the 
performance of rhamnolipids (Nitschke et  al.,  2005). 
Besides their possible application as biosurfactants, 
polyol lipids also have antibacterial activity against 
Streptococcus spp. (Bischoff et al., 2015) and show po-
tential as anticancer agents (Manitchotpisit et al., 2011, 
2014).

Regardless of their potential as biosurfactants, the 
biosynthesis of polyol lipids is not fully elucidated. 
However, some enzymes involved in the polyol lipid 
pathway in A. melanogenum are already known, and 
biosynthesis and applications have been reviewed in 
recent literature (Garay et al., 2018; Kang et al., 2022; 
Wan et al., 2022; Xue et al., 2018). As mentioned be-
fore, different polyols can form the head group of polyol 
lipids, with mannitol and arabitol being the most abun-
dant (Price et al., 2017). As shown in Figure 3, the for-
mation of mannitol from fructose in A. melanogenum is 
catalysed by a mannitol-1-phosphate-dehydrogenase 
(Mpdh) and a mannitol dehydrogenase (Mtdh), encoded 
by MPDH and MTDH, respectively (Xue et al., 2020). 
The synthesis of arabitol from ribulose is catalysed by 
the arabitol dehydrogenase (Ardh), encoded by the 
gene ARDH (Xue et  al.,  2020). The key enzyme for 
polyol lipid biosynthesis was found to be an iterative 
type I polyketide synthase (PKSIPL). It is responsible 
for the formation of 3,5-dihydroxydecanoic acids, which 
are the building blocks of DDAs (Price et al., 2013; Xue 
et al., 2020). This PKSIPL is composed of an acyl carrier 
protein (ACP), a ketosynthase (KS), an acyltransferase 
(AT), a ketoreductase (KR), a dehydratase (DH), and an 
enoylreductase (ER) domain (Xue et al., 2020). ACP, AT, 
and KS domains belong to the minimal set of domains 
of an iterative PKSI, and are responsible for polyketide 
elongation, while KR, DH, and ER domains are reduc-
ing domains (Sabatini et al., 2018). A thioesterase (TE) 
domain, responsible for releasing the polyketide by 
cleavage of the thioester bond, has not been found in 
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the gene coding for PKSIPL. The deletion of the PKSIPL 
encoding gene PKSIPL in A. melanogenum 6-1-2 led to 
the prevention of polyol lipid and DDA formation, under-
lining its significance for polyol lipid biosynthesis (Xue 
et al., 2020). As for most PKS, the precursors used by 
the PKSIPL for synthesis of the 3,5-dihydroxydecanoic 
acids are acetyl-CoA and malonyl-CoA, which are 
used as starter and extender units, respectively (Cheng 
et al., 2003; Nivina et al., 2019; Xue et al., 2020).

Polyketide synthases are activated by posttrans-
lational modification by PPTases (Beld et  al.,  2014), 
and a PPTase associated with the PKSIPL involved in 
polyol lipid biosynthesis was also found in A. melano-
genum (Xue et  al.,  2020). Another enzyme known to 
be involved is the esterase Est1 encoded by the gene 
EST1. This esterase is proposed to attach the polyol 
head group to the DDA backbone by formation of an 
ester bond. The genes encoding for the PKSIPL and 
the esterase are clustered in the genome of A. mela-
nogenum and are regulated by the zinc finger protein 
Gal1. The gene GAL1 encoding for the transcriptional 
activator Gal1 is also clustered with PKSIPL and EST1 
(Xue et  al.,  2020). Furthermore, the global transcrip-
tional regulator Msn2 takes part in the regulation of 
polyol lipid production via cAMP-PKA (cyclic adenos-
ine monophosphate-proteinkinase A) and HOG1 (high-
osmolarity glycerol 1) signalling pathways (Zhang, Gao, 
et al., 2021), similarly to the regulation of the synthesis 
of the exopolysaccharide pullulan in A. melanogenum 
(Yang et al., 2020). After synthesis, the polyol lipid con-
geners are transported by the intracellular glycolipid 
transfer protein (Gltp) and exported by an ABC trans-
porter (Mdr1) (Xue et al., 2020).

Cultivations for polyol lipid production are usually car-
ried out in shake flasks at 28–30°C and 150–200 rpm 
for 7 days (Wan et  al.,  2022). Different media are 
used for this. Leathers et al. (2015) compared various 
strains in four published media (Doshida et al., 1996; 
Manitchotpisit et al., 2011; Takafumi et al., 1994; Wang 
et al., 2014), which differ primarily in their initial pH val-
ues (5.5–7.0), carbon (glucose or sucrose), and nitro-
gen source. The highest titre of 8 g L−1 was achieved 
with sucrose, yeast extract, peptone, and an initial 
pH of 6.5 (Manitchotpisit et  al.,  2011) using A. pullu-
lans NRRL 50384. By replacing sucrose with agricul-
ture waste, polyol lipid production was tested using the 
same medium (Leathers et  al.,  2016). Furthermore, 
it was observed that the congener composition var-
ied depending on the strain and medium (Leathers 
et al., 2015, 2016). Based on the medium developed by 
Manitchotpisit et al.  (2011), Leathers et al.  (2018) per-
formed a medium optimization using design of exper-
iments and achieved 22 g L−1 with A. pullulans NRRL 
50384.

Based on the same medium, Haala et al. (2024) de-
veloped the first minimal medium for polyol lipid pro-
duction. For this purpose, yeast extract and peptone 

were replaced by NH4NO3, trace elements, and vita-
mins, followed by a media optimization using a design 
of experiments approach. After optimization, the high-
est polyol lipid titre of 48 g L−1 was achieved using an 
Aureobasidium sp. wild-type strain.

Using glucose, yeast extract, NH4NO3, K2HPO4, KCl, 
and MgSO4 Liu et al. (2014), Xue et al. (2020) achieved 
26 g L−1 with A. melanogenum 6-1-2. With a similar me-
dium (replacing yeast extract with corn steep liquor), the 
highest titre so far was achieved using a genetically op-
timized A. melanogenum 9-1 V33 (Zhang et al., 2022). 
After the disruption of the CREA gene to relieve glu-
cose repression, overexpression of the PK gene and 
PDC gene to enhance the supply of acetyl-CoA, and 
overexpression of the VHb gene coding for Vitreoscilla 
haemoglobin to enhance the supply of ATP, the result-
ing strain A. melanogenum 91 V33 reached 55 g L−1 in a 
10 L batch fermentation (Zhang et al., 2022). A. mela-
nogenum 9-1 wild type reached 31 g L−1 with the same 
setup. This highlights the potential for a combined ap-
proach of metabolic and bioprocess engineering to in-
crease polyol lipid production.

POLYMALATE

Polymalate (PMA), a biodegradable and linear ani-
onic homopolyester with many versatile pendant car-
boxyl groups, is composed of repetitive L-malic acid 
subunits linked via ester bonds between the α-hydroxyl 
group and β-carboxyl group (Chi, Liu, et  al.,  2016; 
Ma et  al.,  2013). It has promising properties such as 
water-solubility, biocompatibility, biodegradability, non-
immunogenicity, non-toxicity, and chemical processa-
bility (Ding et al., 2013; Holler et al., 1992; Portilla-Arias 
et al., 2008; Qi et al., 2021). PMA and its derivatives have 
raised considerable attention from researchers as a re-
sult of its potential application as a novel drug delivery 
platform to generate various derivatives like nanocon-
jugates, nanoparticles, and nanocarriers in the bio-
medical field (Arif et al., 2017; Huang et al., 2022, 2012; 
Zhang, Chen, et  al.,  2021). Particularly, Polycefins, a 
type of nanoconjugates based on natural PMA devel-
oped in the early 2000s, have been employed in preclini-
cal studies and might be of great interest as anti-cancer 
treatment (Lee et  al.,  2006; Ljubimova et  al.,  2008; 
Loyer & Cammas-Marion, 2014). Additionally, PMA can 
be easily decomposed into L-malic acid, which is an 
important dicarboxylic acid widely used as an acidu-
lant in food and beverage industry and is regarded as a 
potential C4 chemical building block in biorefinery en-
gineering (Cheng et al., 2017; Chi, Wang, et al., 2016; 
Dai et al., 2018; Kövilein et al., 2020). PMA has been 
reported to be chemically synthesized by debenzylat-
ing poly (β-malic acid benzyl ester) obtained through 
the ring-opening polymerization of benzyl malolac-
tonate or direct polycondensation of L-malic acid 
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(Kajiyama et  al.,  2004, 2003; Vert,  1998). However, 
these traditional synthesis routes are energy-costly, 
time-consuming, and environmentally unfriendly, and 
their raw material is maleic anhydride derived from pe-
troleum (Kajiyama et al., 2004). In recent years, it has 
been found that different strains of Aureobasidium spp. 
can secrete large quantities of β-type linear PMA, and 
some of them are capable of producing over 30 g L−1 
of PMA, while other known producers like Physarum 
polycephalum only produced small amounts (2.7 g L−1) 
of PMA (Lee & Holler, 1999; Qi et al., 2021; Rathberger 
et al., 1999).

The intracellular accumulation of L-malic acid, the 
precursor for the polymerization of PMA, is proposed 
to be attributed to the TCA (tricarboxylic acid) cycle, the 
cytosolic reductive TCA (rTCA) pathway, and glyoxyl-
ate shunt in fungal cells (Iyyappan et al., 2019; Kövilein 
et  al.,  2020; West,  2017; Wu et  al.,  2022). The three 
anabolic pathways for intracellular malic acid synthe-
sis are displayed in Figure 3. Notably, the rTCA path-
way, which occurs in the cytoplasm, can provide the 
maximum theoretical yield of malic acid among these 
three pathways if pyruvate is produced via glycolysis. 
Specifically, the rTCA begins with the carboxylation of 
pyruvate to oxaloacetate under the catalysis of pyru-
vate carboxylase with CO2 fixation. Oxaloacetic acid 
is subsequently converted into malic acid catalysed by 
cytosolic malate dehydrogenase, resulting in a theo-
retical glucose-to-malic acid conversion rate of 2 mol/
mol without consuming ATP (Yin et  al.,  2015; Zelle 
et al., 2008). The anabolic pathway of intracellular malic 
acid for PMA production was found to be strain-specific. 
For instance, it was reported that malic acid from the 
TCA cycle was the main source for PMA biosynthesis 
in A. melanogenum ATCC 62921 using a genome-wide 
deletion mutant analysis (Wang, Chi, Liu, et al., 2020). 
It was proposed that malic acid might derive from the 
glyoxylate cycle in A. pullulans GXZ-6 by adding meta-
bolic intermediates and inhibitors in batch fermentation 
(Zeng, Zhang, Chen, et al., 2019). Furthermore, metab-
olomics combined with in silico analysis of a genome-
scale metabolic model suggested that a considerable 
amount of carbon flux was from pyruvate into malic 
acid via the rTCA cycle, and the pyruvate carboxylase-
encoded PYC gene was regarded as a significant mo-
lecular engineering target for the high production of 
PMA (Feng et al., 2017, 2018).

It was not discovered until 2020 that the PMA syn-
thetase encoded by the PMAS gene is a key enzyme 
responsible for polymerizing malic acid into PMA 
in A. melanogenum ATCC 62921 (Wang, Chi, Liu, 
et  al.,  2020). Recently, two PMAS gene homologues 
were found to also contribute to PMA biosynthesis in 
the whole genome-duplicated strain A. melanogenum 
OUC (Qi et  al.,  2022). In addition, PMA synthetase 
is a non-ribosomal peptide synthetase (NRPS) with 
six transmembrane regions in its N-terminus which 

contains one adenylation (A) like domain, an adjacent 
thiolation (T) domain and a concentration (C) like do-
main. It was proposed that malic acid is first activated 
as a malyl-O-AMP by the A-like domain and then teth-
ered onto the 4′-phosphopantetheine (4′-PP) arm of the 
T domain along with AMP release, thereby leading to 
the formation of a malyl-S-enzyme. Finally, an ester 
bond is formed by the C-like domain between two ac-
tivated malic acids or the oligomer and the activated 
malic acid (Wang, Chi, Liu, et al., 2020). It should be 
stressed that the signal peptide sequence guiding the 
PMA synthetase to the membrane and thioester do-
main for catalysing the dissociation of the newly made 
PMA chain from the synthetase has not been found yet, 
according to bioinformatics prediction (Qi et al., 2021; 
Wang, Chi, Liu, et al., 2020).

It was reported that the supplement of CaCO3 is nec-
essary for PMA biosynthesis by Aureobasidium spp. 
(Qi et al., 2021; Zhang et al., 2011). Recently, a com-
parative transcriptome sequencing analysis indicated 
that the TCA cycle and glyoxylate pathway were up-
regulated, and a gene encoding an NRPS-like protein 
was highly upregulated with CaCO3 addition (Wang, 
Yin, et  al.,  2023). Moreover, it has been documented 
that the PMA synthetase gene in A. melanogenum 
ATCC 62921 was controlled by the transcriptional ac-
tivator Crz1 in the Ca2+-signalling pathway. It could be 
explained by the existence of the conserved sequences 
5′-CAGCCAC-3′ and 5′-GNGGCKCA-3′ on the pro-
moter of the PMAS gene, which are the transcription 
factor binding sites of the Crz1 (Chi et al., 2022; Wang, 
Chi, Liu, et al., 2020; Yoshimoto et al., 2002). CaCO3 
can maintain the fermentation broth at a neutral pH 
value, thereby avoiding the hydrolysis of PMA at low pH 
and reducing the unwanted production of extracellular 
polysaccharides and the formation of chlamydospore 
(Holler et al., 1992; Li et al., 2009). Moreover, CO2 re-
leased from CaCO3 can be fixed via the reductive TCA 
cycle, which is one pathway for the biosynthesis of the 
intermediate malic acid (Zou et al., 2019). A high initial 
C/N ratio (nitrogen starvation) in the PMA production 
medium is another significant factor beneficial for PMA 
production by upregulating the key genes involved in 
the PMA biosynthesis pathway (Qi et  al.,  2021). The 
GATA-family transcriptional factor Gat1, involved in 
nitrogen catabolite repression, and the concentration 
of nitrogen (glutamine or proline) might cross-regulate 
the glucokinase in the glycolytic pathway and malate 
synthase in the glyoxylate shunt, thereby affecting PMA 
biosynthesis in A. pullulans CCTCC M2012223 (Song 
et al., 2020). However, it is unknown if the transcription 
regulation of Crz1 and Gat1 is strain or species-specific.

Some isolates of Aureobasidium spp. sampled from 
different natural locations have shown their potential 
to synthesize high levels of PMA. For example, two 
strains of A. pullulans var. melanogenum GXZ-6 and 
A. pullulans ZD-3d isolated from fresh plant samples 



10 of 22  |      XIAO et al.

produced 63 g L−1and 62 g L−1 PMA in the respective op-
timized media (Zeng, Zhang, Chen, et al., 2019; Zhang 
et al., 2011). Aureobasidium sp. P6 and A. pullulans var. 
pullulans MCW isolated from mangrove systems pro-
duced 118 g L−1 and 153 g L−1 of Ca2+-PMA, respectively 
(Ma et al., 2013; Wang et al., 2015). Recently, much has 
been reported on the sustainable production of PMA 
from low-cost renewable feedstocks by native or en-
gineered strains of Aureobasidium pullulans (Table 1). 
For example, A. pullulans YJ 6-11 strain can produce 
29 g L−1 of PMA in corncob hydrolysate (Zou et al., 2016). 
Sugarcane juice, without any extra pretreatment, can 
be utilized by A. pullulans ZX-10 to synthesize PMA with 
a concentration of 116 g L−1 in a fed-batch fermentation 
(Wei et al., 2017). Other renewable biomass and agri-
cultural side streams such as raw sweet potato hydroly-
sate (Zan & Zou, 2013), barley straw hydrolysate (Yegin 
et al., 2019), Jerusalem artichoke (Cao et al., 2019; Xia 

et al., 2017), malt syrup (Zeng, Zhang, Li, et al., 2019), 
bagasse hydrolysates (Cao et al., 2020), and cassava 
hydrolysate (Liu et  al.,  2022) were used to produce 
PMA by Aureobasidium spp.

Furthermore, other strategies have been employed 
to valorize agro-industrial by-products to PMA prod-
ucts. For example, Xia et al. (2021) designed a mixed 
culture of A. pullulans HA-4D and permeabilized 
Kluyveromyces marxianus to achieve a high concen-
tration of 97 g L−1 PMA with a in fed-batch fermenta-
tion from cheese whey. Feng et al. (2019) constructed 
transfer-DNA-based mutant libraries and obtained A. 
pullulans FJ-D2, yielding 57 g L−1 PMA from untreated 
waste xylose mother liquor (WXML) in batch fermen-
tation. Li et al. (2023) employed adaptive evolution and 
overexpressed the exogenous CNB gene (calcineurin 
subunit B) from Beauveria bassiana to obtain an engi-
neered strain AE-59 of A. pullulans, which synthesized 

TA B L E  1   Polymalate production from renewable biomass and food processing wastes produced by varied Aureobasidium pullulans.

Strain Substrate
Fermentation 
mode

Titre 
(g L−1)

YP/S 
(g g−1)

Vol. prod. 
(g L−1 h−1) References

A. pullulans GXL-1 Liquefied corn starch Batch/
repeated-batch

49 0.50 0.34 Zeng et al. (2020)

A. pullulans YJ 6-11 Corncob hydrolysate Batch 29 0.40 Zou et al. (2016)

A. pullulans ZX-10 Sugarcane juice Fed-batch 116 0.41 0.43 Wei et al. (2017)

Repeated-
batch

40 0.34 0.41

Soy molasses Fed-batch 62 0.69 0.29 Cheng et al. (2017)

Repeated-
batch

20 0.39 0.22

Soybean hull Fed-batch 27 0.42 0.48

A. pullulans CCTCC 
M2012223

Raw sweet potato 
hydrolysate

Batch 30 0.28 0.25 Zan and Zou (2013)

Fed-batch 44 0.19 0.28

Fibrous bed 
bioreactor

58 0.20 0.37

A. pullulans NRRL Y-2311-1 Barley straw 
hydrolysate

Batch 44 0.48 0.30 Yegin et al. (2019)

A. pullulans HA-4D Jerusalem artichoke Fed-batch 114 0.74 Xia et al. (2017)

A. pullulans HA-4D & 
Kluyveromyces marxianus

Cheese whey Fed-batch 97 0.56 0.51 Xia et al. (2021)

A. pullulans ipe-1 Jerusalem artichoke Repeated-
batch

25 0.78 Cao et al. (2019)

Bagasse 
hydrolysates

Batch 23 Cao et al. (2020)

A. pullulans GXZ-6 Malt syrup Repeated-
batch

64 0.81 0.56 Zeng, Zhang, Li, 
et al. (2019)

A. pullulans ZD-3d Cassava hydrolysate Fed-batch 102 0.40 0.77 Liu et al. (2022)

A. pullulans mutant FJ-D2 Waste xylose mother 
liquor

Batch 57 0.77 0.58 Feng et al. (2019)

A. pullulans AE-59 Waste xylose mother 
liquor

Batch 49 0.33 Li et al. (2023)

A. pullulans NRRL 50383 Pretreated corn fibre Batch 10 Leathers and 
Manitchotpisit (2013)Pretreated wheat 

straw
Batch 24
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PMA at a concentration of 49 g L−1 at low pH values with 
Na2CO3 in a 5-L fermenter using WXML.

Over the past few years, many endeavours have 
been attempted to realize high-titre PMA production 
because large-scale industrial production of PMA is 
the prerequisite for its commercial applications. First, 
a supplement of exogenous stimulatory agents such as 
Tween 80 (Tu et al.,  2015; Yin et al.,  2019), soybean 
oil (Xia et al.,  2022), ethanol (Yang et al.,  2018), and 
corn steep liquor (Wang et al., 2015; Wang, Shi, Zhang, 
et al., 2020) at certain concentrations have been added 
to overproduce PMA. Response surface methodology 
has been applied to optimize the fermentation medium 
formulation, resulting in a higher PMA production com-
pared to the control condition (Qiao et al., 2015, 2012).

Some efforts in metabolic and genetic engineer-
ing have also been invested to improve the synthesis 
of PMA. For instance, the engineered strain Crz46 
in which the PKS gene encoding melanin synthesis-
related PKS was removed and the PYC1 gene encod-
ing pyruvate carboxylase, the VGB gene encoding 
haemoglobin synthesis, and the CRZ2 gene encoding 
the transcriptional activator were overexpressed, can 
produce 35 g L−1 Ca2+-PMA while its parental strain A. 
melanogenum OUC produced 17 g L−1 Ca2+-PMA (Qi 
et al., 2022). Overexpression of the MLS gene coding 
for malate synthase, a key enzyme in the glyoxylate 
shunt, enhanced the PMA concentration by 16% (Yang 
et  al.,  2018). Overexpression of the PYC gene in the 
native strain A. pullulans CCTCC M2012223 improved 
the PMA titre by 15% compared with the native strain 
(Feng et al., 2018).

It should be noted that not only the final concen-
tration of PMA but also its MW is critical for PMA bi-
oproduction because the weight average molar mass 
(MW) determines the application. For instance, PMA 
with a low MW of 5 kDa can be used as an inhibitor of 
proteases (Shimada et al., 1969). PMA with an MW of 
50 kDa is generally utilized for creating drug carriers 
(Ljubimova et al., 2008). It has been documented that 
strains of Aureobasidium spp. are generally synthesiz-
ing PMA with an MW of 3–200 kDa (Zou et al., 2019). 
Recently, a super-high MW PMA of 490 kDa produced 
by the engineered strain Crz46 of A. melanogenum 
OUC was reported. The polymer was tested as a fruit-
coating film (Qi et al., 2023).

Cao et al. (2016) revealed that supplementing 0.1 g L−1 
CaCl2 to the fermentation broth could increase the MW 
by 26% when Na2CO3 was applied as the neutralizer, 
and the highest MW of up to 20 kDa was achieved in Ca2+ 
added repeated batch fermentation mode in which the 
fungal cells were maintained in their exponential growth 
phase. Moreover, Qi et al. (2022) constructed the engi-
neered strain Crz46, which can synthesize PMA with 
an MW of 490 kDa, higher than the MW of 390 kDa from 
its wild-type strain. Another factor that determines the 
MW of PMA is the PMA hydrolase (PMase). PMase, a 

glycoprotein, produced by P. polycephalum in diverse 
forms was reported very early (Chi, Liu, et  al.,  2016; 
Gasslmaier & Holler,  1997). Intriguingly, it has been 
found that A. melanogenum ATCC 62921 and A. mela-
nogenum OUC contained homologous genes coding 
for PMase, which shared a similar protein domain with 
that in P. polycephalum (Qi et al., 2022). Additionally, 
quantitative real-time PCR analysis suggested that the 
expression level of the PMase gene in the high PMA 
MW-producing strain A. melanogenum OUC was much 
lower than that of the PMase gene in A. melanogenum 
ATCC 62921 grown under the same growth conditions. 
It may indicate that the lower expression level of the 
PMase gene led to a weaker activity of the PMase in A. 
melanogenum OUC, thereby resulting in a higher MW of 
PMA than those in A. melanogenum ATCC 62921 (Chi 
et al., 2022). Thus, it is necessary to understand how 
to regulate the polymerization degree of PMA at differ-
ent levels, and the identification of relevant regulatory 
elements to control the MW of PMA precisely is being 
awaited.

MOLECULAR ENGINEERING 
OF AUREOBASIDIUM

Many genomes of various strains belonging to the 
genus Aureobasidium have been sequenced and an-
alysed recently (Gostinčar et  al.,  2014, 2019; Rueda-
Mejia et al., 2021; Vignolle et al., 2021; Xiao et al., 2023). 
However, as for most non-model organisms, the devel-
opment of molecular tools for efficient genome editing 
of Aureobasidium spp. still needs further expansion. 
Strategies based on gene disruption by integration 
of a selection marker by homologous recombination 
have been used successfully in different studies (Chi 
et  al.,  2012; Guo et  al.,  2017; Slightom et  al.,  2009; 
Wang et al., 2017). While these systems hold the ad-
vantage of a straightforward design, selection mark-
ers remain in the genome of the modified strains, thus 
limiting further genome editing. A combination of these 
tools with the Cre/loxP system (alternatively Flp/FRT), 
where the specific loxP sequences are recognized 
and recombined by a Cre recombinase, is established 
for model organisms like Saccharomyces cerevisiae 
(Gueldener et al., 2002), but also for non-conventional 
yeasts (Wagner & Alper, 2016; Zhang, Li, et al., 2019), 
or filamentous fungi (Li et al., 2017). Recombination of 
the loxP sites flanking the selection marker after ge-
netic modification facilitates the generation of marker-
less strains, enabling repeated use of this system for 
combined modifications (Sternberg & Hamilton, 1981). 
Zhang, Lu, et al. (2019) developed such a Cre/loxP sys-
tem based on homologous recombination for genome 
editing of Aureobasidium spp., and performed several 
gene deletions as well as integrations in various A. mel-
anogenum strains. A similar Cre/loxP-based system 
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was used for several studies on elucidating the pullulan 
biosynthesis pathway in A. melanogenum P16 (Chen, 
Liu, Chen, et al., 2020; Chen, Liu, Wei, et al., 2020).

In the past years, CRISPR/Cas9-based approaches 
have been developed for many organisms due to the 
exceptional flexibility and fast turnaround times to gen-
erate marker-less strains (DiCarlo et  al.,  2013; Ran 
et al., 2013; Schuster et al., 2016; Stovicek et al., 2017). 
CRISPR/Cas9-mediated methods for genome editing 
of Aureobasidium spp. have already been published, 
based on either the heterologous expression of cas9 
or the direct use of Cas9 ribonucleoproteins (Kreuter 
et al., 2022; Zhang, Feng, et al., 2019).

Up to date, only few sites for the genomic integration 
of genes were tested in Aureobasidium spp. Ribosomal 
DNA is organized in tandem repeats and is thus a 
commonly used target for gene integration in many 
organisms (David & Siewers,  2015; Wang, Chi, Zou, 
et al., 2020; Wang, Deng, et al., 2018). It enables the 
expression of multiple genes without requiring exten-
sive cloning and the identification of multiple integra-
tion sites. Expression of endogenous and heterologous 
genes by integration into the rDNA was shown to work 
in A. pullulans as well as in A. melanogenum (Guo 
et al., 2017; Li et al., 2019; Zhang, Lu, et al., 2019; Zhao 
et al., 2019). Furthermore, Feng et al. successfully used 
Agrobacterium tumefaciens-mediated transformation 
(ATMT) for random integration of an endogenous gene 
in A. pullulans CCTCC M2012223 (Feng et al., 2018).

Altogether, several genetic tools for gene deletion or 
integration have been shown to work in Aureobasidium 
spp., promoting the implementation of this versatile 
fungus as biotechnologically relevant production or-
ganism. To potentially become a biotechnological 
chassis, a wild-type strain should hold some remark-
able qualities of interest, like the metabolic versatility 
and physiological robustness of many strains belonging 
to the genus Aureobasidium (de Lorenzo et al., 2021). 
The first steps from such a promising wild-type organ-
ism towards a chassis organism include, for example, 
genome sequencing and genetic tool implementation 
before later steps like a streamlined genome or mutant 
collections can be approached (Calero & Nikel, 2019). 
Further expansion of the molecular toolbox, for exam-
ple, regarding other integration sites or a broadened 
promoter/terminator set, is hence of great interest to 
unleash its full potential.

UP- SCALING 
AUREOBASIDIUM  PROCESSES

An essential part of developing a biotechnological 
process is the technology transfer and scale-up from 
microtitre plates or shake flasks into stirred-tank biore-
actors. Optimal process control hinges primarily on fac-
tors such as product characteristics, strain behaviour, 

and cultivation conditions (Marques et  al.,  2010; 
Schmidt, 2005).

The potential of Aureobasidium spp. is already 
being exploited in the industrial production of the ex-
opolysaccharide pullulan and is summarized by Singh 
et  al.  (2023). While producing pullulan as a main or 
by-product and especially when scaling up into larger 
processes, the viscosity of the fermentation broth de-
pends on the pullulan structure (Singh et al., 2008). The 
culture broth's viscosity strongly influences the oxygen 
transfer within the liquid and the energy input (Cheng 
et al., 2011b; Seviour et al., 2011). Oxygen is one of the 
most critical substrates in aerobic processes, as it is 
essential for growth, cell maintenance, and metabolite 
production (Büchs, 2001). Sufficient oxygen availability 
is, therefore, essential and can be a major challenge 
when scaling pullulan-producing Aureobasidium spp. 
(Marques et al., 2010; Singh et al., 2008).

Besides oxygen supply, process conditions like 
pH value, temperature, and carbon-to-nitrogen (C/N) 
ratio strongly influence product formation. Literature 
shows that these parameters are strongly influenced 
by strain and product. In batch fermentations for the 
production of pullulan, a two-phase process strategy is 
reported. Depending on the strain, either the pH value, 
the temperature, or both are adjusted, separating the 
growth and production phases (Wang et al., 2013; Wu 
et al., 2010; Xia et al., 2011). No general statement can 
be made as to whether higher or lower values are more 
advantageous. This depends on the respective produc-
tion strain. A two-phase batch fermentation has also 
been successfully used for polyol lipid production. Saur 
et al. (2019) induced polyol lipid production by a pH shift 
from 6.5 to 3.5. While very low pH values of 2.5 appear 
advantageous for producing pullulan and polyol lipids, 
a neutral pH value is preferred for PMA production to 
avoid hydrolysis. The pH value also has a considerable 
influence on melanin production. By controlling the pH 
at 2.4, Zhou et  al.  (2023) increased the melanin titre 
from 7 g L−1 to 10 g L−1.

The main reason for aiming for a two-phase process 
is that pullulan, polyol lipids, and PMA are secondary 
metabolites produced in high titres. The two phases 
refer to an initial growth phase and a subsequent pro-
duction phase. Nitrogen is essential for forming amino 
acids and, thus, for growth, while carbon is required 
for product formation in addition to biomass formation. 
A high C/N ratio ensures extended carbon availabil-
ity and, thus, a long production phase, while biomass 
formation stops once the nitrogen has been depleted. 
Using statistical methods, an optimal C/N ratio of 25–28 
was determined for pullulan production by Sugumaran 
et al. (2014) and Sugumaran and Ponnusami (2015).

A significantly higher ratio is preferred for polyol 
lipid production, resulting in high initial carbon con-
centrations (Leathers et  al.,  2018; Li et  al.,  2021; 
Tang et al., 2018). Leathers et al. (2018) optimized the 
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production medium using statistical methods, resulting 
in a calculated C/N ratio of approximately 150. An exact 
calculation is difficult, as no defined minimal medium 
for polyol lipid production has been published (Garay 
et al., 2018). Complex nitrogen sources like yeast ex-
tract or peptone also impede precisely investigating 
the still relatively unknown metabolism and are eco-
nomically disadvantageous when scaling up. Similar 
to polyol lipid production, high C/N ratios are also pre-
ferred for PMA production (Chi, Liu, et al., 2016). For 
example, Wang et al.  (2015) produced 152 g L−1 Ca2+-
PMA in batch fermentations using 140 g L−1 glucose as 
carbon and 7.5 g L−1 corn steep liquor as nitrogen and 
further nutrient source.

The simplest bioreactor cultivations are batch 
fermentations. These do not involve adding media 
components and are primarily concerned with the 
technology transfer from shaken and small to stirred 
and bubble-gassed larger systems. So far, for polyol 
lipid production, only batch fermentation strategies 
have been published. An overview can be seen in 
Table  2. With a titre of over 70 g L−1, a product-to-
substrate yield YP/S of 0.54 g g−1, and a volumetric 
productivity of 0.45 g L−1 h−1, the best result to date 
was achieved in a 10 L batch fermentation with glu-
cose, a genetically modified A. melanogenum 9-1 
V33, and a pH shift from 7 to 3 (Wang et al., 2024). 
This pH shift induces polyol lipid production and was 
first described by Saur et  al.  (2019). Furthermore, 
Brumano et al.  (2017) conducted a central compos-
ite design to optimize gassing rate and initial carbon 
concentration. With an aeration rate of 1.1 vvm (vol-
ume air per volume medium per minute) and 80 g L−1 
sucrose, the polyol lipid titre was increased to 1.5 g L−1 
(Brumano et al., 2017). The comparatively low titres 

are probably due to the less potent strain A. pullulans 
LB 83.

In addition to batch fermentations, there are other op-
tions for process control in biotechnological processes. 
PMA production has already been implemented with 
other process strategies (Table 3). The implementation 
of a pulsed fed-batch by adding glucose to keep sub-
strate concentration above 50 g L−1 increased the pro-
ductivity from 0.49 g L−1 h−1 to 0.61 g L−1 h−1 compared 
to the batch fermentation (Zou et  al.,  2013). Using a 
fibrous-bed bioreactor, in which cells are immobilized 
in a fibrous matrix, increased productivity further to 
0.74 g L−1 h−1 (Zou et  al.,  2013). Wei et  al.  (2017) also 
increased productivity using a pulsed fed-batch with 
sugarcane molasses. First, they showed similar results 
regarding titre, YP/S, and volumetric productivity using 
sugarcane molasses instead of sucrose. Subsequently, 
repeated feeding of sugarcane molasses increased pro-
ductivity from 0.28 g L−1 h−1 to 0.43 g L−1 h−1, and the titre 
doubled to 116 g L−1. Productivity was further optimized 
by repeated batch fermentation (Wei et  al.,  2017): At 
the end of each batch phase, cells were separated by 
centrifugation and resuspended in fresh medium. By 
shortening the fermentation time per batch from 90 h to 
65 h in the third batch, while maintaining the same titre 
(40 g L−1) and YP/S (0.3 g g−1), productivity was increased 
from 0.43 g L−1 h−1 to 0.41–0.66 g L−1 h−1 compared to the 
fed-batch fermentation (Wei et al., 2017). To avoid de-
polymerization of formed PMA and low concentrations 
of residual glucose, Cao et  al.  (2016) implemented a 
repeated batch. For this purpose, 3 of the 4 litres of 
culture broth were replaced with fresh medium, which 
increased the molecular weight to over 84%. On aver-
age, 57 g L−1 PMA could be produced with a productivity 
of 1.1 g L−1 h−1.

TA B L E  2   Comparing polyol lipid production by titre, product-to-substrate yield YPS, and volumetric productivity of several bioreactor 
fermentations with different strains and substrates.

Strain Substrate
Fermentation 
mode

Titre 
(g L−1)

YP/S 
(g g−1)

Vol. prod. 
(g L−1 h−1) References

A. pullulans NRRL 62042 Glucose 0.7 L batch 41 0.20 0.17 Haala 
et al. (2024)

A. pullulans NRRL 62031 Sucrose 0.75 L batch (pH 
shift)

18 – 0.14 Saur 
et al. (2019)

A. melanogenum M39 Glucose 10 L batch 43 0.31 0.28 Tang 
et al. (2018)

A. melanogenum 9-1 Inulin 7 L batch 38 0.24 0.32 Xin 
et al. (2017)A. melanogenum 9-1

transformant 88
Inulin 7 L batch 43 0.27 0.36

A. pullulans P5 Glucose 10 L batch 32 0.28 0.19a Liu 
et al. (2014)

A. pullulans AH21 WXML and WGML 5 L batch 28 0.25 0.17 Li et al. (2021)

A. melanogenum 9-1 V33 Glucose 10 L batch (pH 
shift)

70 0.54 0.45 Wang 
et al. (2024)

Abbreviations: WGML, waste gluconate mother liquor; WXML, waste xylose mother liquor.
aCalculated values.
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The only publication about melanin production as 
the main product using a bioreactor was published by 
Zhou et  al.  (2023) (see Table  4), who initially used a 
one-factor-at-a-time method to determine a tempera-
ture of 30°C, a constant agitation rate of 200 min−1, and 
an aeration rate of 0.5 vvm as optimal process con-
ditions. A titre of 6.6 g L−1, a YP/S of 0.11 g g−1, and a 
volumetric productivity of 0.33 g L−1 d−1 were achieved. 
By implementing a pH control at 2.4 using H2SO4 and 
subsequently (NH4)2SO4, the titre could be increased 
and, due to the higher biomass, also the productivity. 
Melanin is formed under environmental stress, artifi-
cially generated by adding H2O2 increasing the produc-
tivity to 0.93 g L−1 d−1.

For pullulan production in bioreactors, the litera-
ture presents more suitable process strategies using 
Aureobasidium spp. Sugumaran and Ponnusami (2017) 
have already compiled the key performance param-
eters, which are only presented in excerpts. Most of 
these are batch fermentations in lab-scale bioreactors 

of up to 5 L. In summary, Choudhury et al. (2012) and 
Sharma et al. (2013) achieved the best performances 
with pullulan titres of over 83 g L−1, YPS of 0.6–0.7 g g−1, 
and volumetric productivities of almost 18 g L−1 h−1 using 
batch fermentations. Also worth mentioning is a fed-
batch fermentation in the largest reported volume of 
60 L medium in a 150 L bioreactor using Aureobasidium 
sp. (Moscovici et  al.,  1996). By increasing the stirrer 
speed from 280 min−1 to 340 min−1, the oxygen transfer 
was optimized, which led to a doubling of the specific 
productivity to 0.04 g gCDW

−1 h−1. The first continuous 
fermentations using Aureobasidium sp. were also 
published for pullulan production. In 1993, Schuster 
et al. (1993) investigated the influence of different am-
monium concentrations and dilution rates on contin-
uous pullulan production using A. pullulans p56 and 
achieved the best result of 0.35 g L−1 h−1 at a dilution 
rate of 0.05 h−1. Cheng et  al.  (2011a) used a biofilm 
bioreactor with A. pullulans ATCC 201253 to investi-
gate different nitrogen and carbon concentrations and 

TA B L E  3   Comparing polymalate (PMA) production by titre, product-to-substrate yield YPS, and volumetric productivity of several 
bioreactor fermentations with different strains and substrates.

Strain Substrate Fermentation mode
Titre 
(g L−1) YPS (g g−1)

Vol. prod. 
(g L−1 h−1) References

A. pullulans ZD-3d Glucose 10 L batch 57 0.48a 0.35 Zhang 
et al. (2011)

A. pullulans P6 Glucose 10 L batch 99b 0.85b 0.63b Ma 
et al. (2013)

A. pullulans ZX-10 Glucose 5 L batch 41 0.47 0.49 Zou 
et al. (2013)A. pullulans ZX-10 Glucose 5 L pulsed fed-batch 76 0.49 0.61

A. pullulans ZX-10 Glucose 5 L fed-batch (fibrous 
bed)

144 0.55 0.74

A. pullulans ZX-10 Sucrose 5 L batch 49 0.68 0.26 Wei 
et al. (2017)A. pullulans ZX-10 Sugarcane molasse 5 L batch 53 0.54 0.28

A. pullulans ZX-10 Sugarcane molasses 5 L pulsed fed-batch 116 0.41 0.43

A. pullulans ZX-10 Sugarcane molasses 5 L repeated batch 40 0.34 0.41–0.66

A. pullulans ipe-1 Glucose 7.5 L repeated batch 44–57 0.23–0.27 0.91–1.3 Cao 
et al. (2016)

aCalculated value.
bCa2+-PMA.

TA B L E  4   Comparing melanin production by titre, yield YP/S, and volumetric productivity of several bioreactor fermentations with 
different strains and substrates.

Strain Substrate Fermentation mode
Titre 
[g L−1] YPS [g g−1]

Vol. prod. 
[g L−1 h−1] Reference

A. melanogenum GXZ-6 Glucose 5 L batch w/o pH control 6.6 0.11 0.33 Zhou 
et al. (2023)A. melanogenum GXZ-6 Glucose 5 L batch, pH control w/ 

H2SO4

9.8 0.20 0.44

A. melanogenum GXZ-6 Glucose 5 L batch, pH control w/ 
(NH4)2SO4

14.0 0.32 0.72

A. melanogenum GXZ-6 Glucose 5 L fed-batch, pH control 
w/ (NH4)2SO4, suppl. 
H2O2

18.0 0.38 0.93
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dilution rates. The best production rate of 1.3 g L−1 h−1 
was achieved with 15 g L−1 sucrose, 0.9 g L−1 ammonium 
sulphate, and 0.4 g L−1 yeast extract at a dilution rate of 
0.16 h−1.

Low production costs are crucial for developing 
profitable and competitive processes. The most sig-
nificant cost factors are substrate and purification 
costs (Roelants et al., 2019; Sharma & Oberoi, 2017). 
Accordingly, the aim is to form as much product as 
possible from the substrate used (high YP/S) and to re-
alize purification with as little equipment and resources 
as possible. Many Aureobasidium spp. belong to the 
melanin-producing yeasts, which causes product 
discoloration and thus impedes product purification 
(Leathers et al.,  2015). Hilares et al.  (2017) showed 
that by irradiating the culture broth with LED blue light 
with a specific wavelength, melanin production can 
be avoided using A. pullulans LB83, thus eliminating 
a purification step and reducing costs. Otherwise, 
melanin could be subsequently removed by the ad-
dition of 4% (w/w) H2O2 (Wu et al., 2009), activated 
carbon, or solvent/salt blends (Singh et al., 2008). On 
laboratory scale, polyol lipids have so far been sepa-
rated by organic extraction. To separate polyol lipids 
from culture broth, they are first dissolved in methyl 
ethyl ketone, which is then evaporated using a rotary 
evaporator or surface gassing (Leathers et al., 2016; 
Manitchotpisit et al., 2011). Larger quantities of polyol 
lipids have not yet been purified, so practicability on 
larger scales cannot be assessed. However, large 
quantities of solvents have an economic and envi-
ronmental impact based on their toxicity and require 
equipment for separation and recycling. A solvent-
free solution could be a three-phase disk centrifuge 
separating cells, polyol lipids, and aqueous phase 
(Wan et  al.,  2022). For large-scale production of 
PMA, a complete flowsheet including substrate pre-
treatment, fermentation, and downstreaming has 
been presented by Cheng et  al.  (2017): Purification 
of cell-free culture broth involves first concentra-
tion by ultrafiltration, followed by alcoholic precipi-
tation and hydrolysis of PMA to malic acid, which is 
then dried by spray drying. It should be noted that 
CaCO3 is widely used as a neutralizer in PMA pro-
duction. Due to the low water solubility (0.013 g L−1 at 
20°C), large quantities of solid waste are produced, 
which entails an additional downstreaming step (Zou 
et  al.,  2019). Therefore, it is necessary to consider 
utilizing water-soluble neutralizers. In a 50 L batch 
bioreactor cultivation with the water-soluble (230 g L−1 
at 20°C) neutralizer, Na2CO3 in combination with bio-
tin and A. pullulans CCTCC M2012223, 34 g L−1 PMA 
was obtained at a yield of 0.45 g g−1 and a volumetric 
productivity of 0.41 g L−1 h−1 (Zou et  al.,  2014). Even 
if the production is slightly lower compared to those 
with CaCO3 (see Table 3), there is the advantage of 
not having a solid in the reactor, especially when it 

comes to an industrial scale. A similar process is 
used to purify pullulan. After cell separation by cen-
trifugation, pullulan was precipitated using solvents, 
separated by ultrafiltration, followed by freeze-drying 
(Cheng et al., 2011b; Singh et al., 2008). Pullulan and 
PMA are both water-soluble products that precipitate 
by adding solvents and are often produced simulta-
neously. However, due to the difference in molecular 
weight, both can be precipitated sequentially by frac-
tional precipitation (Zou et al., 2019).

To sum up, great advancements have been achieved 
in process development for PMA and pullulan produc-
tion, displayed in high productivities and feasible puri-
fication methods. As mentioned, the high potential of 
Aureobasidium spp. has been recognized, and pullulan 
is already being produced industrially.

CONCLUSIONS

Overall, it can be summarized that Aureobasidium 
spp. are versatile fungi that are highly interesting for 
industrial processes due to their anabolic synthesis 
capacities, their diverse and robust physiology, and 
their broad substrate spectrum. A range of enzymes 
to break down complex carbon sources facilitate the 
usage of low-cost side and waste streams from several 
industries. Their extremophilic traits enable fermenta-
tion at extreme conditions, such as extreme pH values 
and high salt concentrations, reducing operating costs 
(Chen & Jiang, 2018). Furthermore, the ability to pro-
duce several industrially interesting compounds at the 
mid-two-digit titre range offers quick implementation of 
respective processes in the chemical industry. Of par-
ticular importance in this regard is the fact that large-
scale industrial processes already exist (for pullulan 
production). Many challenges of up-scaling have thus 
already been addressed.

This review contributes to the growing collection 
of scientific publications on this remarkable fungus, 
highlighting some of the many features that make 
Aureobasidium a promising candidate for future ex-
ploitation in the biotechnological industry in the frame-
work of the circular bioeconomy.
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