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Halotolerant yeasts represent a heterogeneous group of unicellular fungi able to survive and thrive
under hypersaline conditions. This review examines the biodiversity of halotolerant yeasts in various
habitats with high salt content and the potential practical applications of this group of microorganisms
in industry and agriculture. Halotolerant yeasts are found in various habitats with elevated salt content,
including seawater, hypersaline ponds and salterns, saline soils and wastewaters, salt-containing foods.
Habitats with moderate salinity, e.g. seawater, food products, olive fermentation wastewaters can boast a
comparatively large biodiversity of yeasts both ascomycetes and basidiomycetes. Hypersaline niches are
mostly inhabited by pigmented and melanized yeasts and yeast-like fungi. The adaptability and robustness
of halotolerant yeasts could be exploited in several biotechnological fields, mainly the food industry and
bioremediation. Yeasts isolated from food products with elevated salt content are studied as potential
starter cultures in the corresponding fermenting products due to their enzymatic and antimicrobial activity
and probiotic characteristics. Marine yeasts are of an increasing interest due to their production of
various hydrolytic enzymes, biofuel production using seawater, bioremediation of saline wastewaters and
the probiotic potential in aquaculture. Halotolerant yeasts found in various saline wastewaters could be
used in bioremediation of wastewaters with high salinity containing various organic pollutants. However
more research is required to achieve practical utilization of this group of microorganisms.

Keywords: halotolerant yeasts, hypersaline habitats, potential applications, bioremediation, enzymes,

food industry.

Yeasts are a non-taxonomical group of uni-
cellular fungi able to reproduce asexually either
by budding or fission and inhabit various eco-
logical niches. They are usually found in high
numbers in habitats with high nutrient content
e.g. plants and their roots, flowers, fruits, insect
guts, various food products. However, in smaller
numbers yeasts are also ubiquitous in soil, air,
water and living organisms [1]. Extremotolerant
and extremophilic yeasts constitute a large part of
known yeasts, e.g. they often possess tolerance to
low pH (acidophiles/acid-tolerant) and high sugar
concentrations (osmophiles/osmotolerant) [2].
However tolerance to several other stress factors is
less frequently observed, for example tolerance to
the elevated temperature or alkaline conditions in
yeasts is detected to much lesser degree.

Many types of yeast possess osmotolerance,
e.g. the ability to grow at high osmotic pressure
usually caused by high levels of sugar and salt [1].
Halotolerance, e.g. the ability to tolerate high salt
content is less wide-spread among yeasts though a
high proportion of known species can grow at 10 %
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NaCl [1]. Extremely halotolerant yeasts, those able
to tolerate sodium chloride at concentrations higher
than 15 % are much rarer [3].

Halotolerant yeasts are a widely heterogeneous
group that includes representatives from both
main taxonomic groups — Ascomycota and Basi-
diomycota [4]. This group of microorganisms
possesses robustness and ability to thrive under
harsh conditions and is characterized by different
mechanisms and ways to cope with osmotic stress
and sodium toxicity that is often accompanied
by low pH. They are often characterized by
unique biochemical processes and adaptation
techniques that allow them to survive under
extreme conditions. Such characteristics could
be exploited in several biotechnological fields
[5].

Environments with elevated salt content include
a wide range of habitats such as food products and
beverages, fermented or salt-cured, seawater and
its plants and fauna, hypersaline water reservoirs
and soils and man-made hypersaline sources such
as salt-containing wastewaters [6]. The specific
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extreme environments could establish conditions
unique for a certain group of microorganisms that
could determine the physiological characteristics
of yeasts and in prospect their biotechnological
potential.

This review explores the biodiversity of yeasts
in various saline and hypersaline environments with
the focus on halotolerant yeasts and their potential
practical applications related to their habitat.

1. Foods with high salt content as a reservoir
of biotechnologically important yeasts. His-
torically humans prolonged the storage and
microbiological safety of various food products
by decreasing water activity in the corresponding
foods, e.g. by addition of salt and/or sugar or by
dehydration thus increasing osmotic pressure
in the preserved foods and inhibiting the growth
of undesirable microorganisms. Another way of
increasing the shelf-life of foods is the fermentation
process that results in low pH of the final product
thus ensuring the microbiological safety of the
foods [7]. The conditions specific for certain food
products, e.g. low pH, the presence of certain
chemical compounds, low water activity due to high
sugar or salt concentration would be selective for
the survival and proliferation of yeasts with unique
characteristics suitable for their biotechnological
application.

It should be noted that there are several
sources of microorganisms that participate in the
fermentation or maturation of salt-containing
products. The main sources of yeasts in various
food products are natural yeast populations in the
initial substrates and environmental contamination
of the processing facilities [8]. Some yeasts that
thrive under saline conditions during the production
of various food products and participate in various
biochemical processes during the production
could be the part of autochthonous mycobiota
of the corresponding initial food substrate —
olives, vegetables, fruits, milk, etc. [9-12]. The
spontaneous fermentation of these substrates
results in the creation of the specific conditions
(low pH, high salinity, high osmotic pressure,
the presence of various chemical compounds)
unfavourable for the survival of the majority of the
autochthonous microbiota and the selection of few
groups of microorganisms that could thrive under
such pressure, e.g. extremotolerant yeasts, lactic
acid bacteria and other gram-negative bacteria
[13]. However microorganisms that are dominant
on the surface of the corresponding vegetable or
fruit are not necessarily the same that would be
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the main players in the process of the spontaneous
fermentation [9]. Although fermentation processes
could employ the specifically selected cultures
of microorganisms that does not preclude the
participation of other fungi and bacteria initially
present in the food substrate and even successfully
overpowering the starter cultures [14]. For example
a large study of the surface microbiota of smear-
ripened cheeses resulted in the detection of 55
bacterial and 30 yeast species with only few of
those being deliberately inoculated as starter
cultures [15]. Another important source of various
yeasts in food products would be the surrounding
areas in the sites of production (air, surfaces,
equipment, brines, etc.) where stable associations
of microorganisms have evolved over many years
[14, 16].

However every food product is characterized
by the specific physicochemical parameters during
production that would determine the diversity and
biotechnological traits of the corresponding yeast
microbiota. Yeasts that inhabit salt-containing
products and their potential use in biotechnology
will be discussed.

1.1. Biodiversity and the biotechnological
potential of yeasts from fermented olives. Olive
fermentation is a complex biochemical process of
transformation of table olives with the bitter taste
and high oil content into the final product suitable
for human consumption. Yeasts play a dual role
during olive fermentation — as participants in the
fermentation process due to their fermenting,
hydrolytic activities and production of various
aromatic substances, vitamins and other compounds
and as potential spoilage microorganisms [9].

Olive fermentation brines contain up to 10 %
NaCl that inhibits the growth of various undesirable
microorganisms and allows reproduction and
dominance of the starter culture microorganisms
that among other valuable characteristics must
possess halotolerance. Fermentation of olives is
usually performed by the indigenous microbiota
of olives which include lactic acid bacteria, yeasts,
enterobacteria, and other bacteria [19]. Yeast
biodiversity of fermented olives is of increasing
interest due to their role in olive fermentation and
potential valuable biotechnological traits. A great
variety of various yeast species is detected during
table olive fermentation depending on the region,
type of olives, and stage of fermentation, most of
them being ascomycetous yeasts and belonging
to Pichia, Candida and Saccharomyces genera
(Table 1).
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The autochthonous microbiota of fermented
olives would be well-adapted to survive and thrive
under the conditions of table olive fermentation —
high salinity, phenolic content, low pH, low sugar
content [32]. Yeasts isolated from different stages
of olive fermentation are studied as potential
candidates as starter co-cultures alongside lactic
acid bacteria in olive fermentation due to their
fermenting characteristics, production of aromatic
and volatile compounds, the probiotic potential and
killer activity and also as promising producers of
hydrolytic enzymes. Several works highlighted the
decrease in fermentation time and improvement in
organoleptic characteristics of fermented olives as
a result of the use of yeasts as starter co-cultures.
Also a high proportion of strains with killer activity
(antimicrobial activity against fungi) were detected
by several authors in yeasts isolated from fermented
olives (Table 2).

Table 2

As it can be concluded from the presented data
yeasts that are isolated from table olive processing
and belong to the representatives of P/W. anomalus,
S. cerevisiae and C. boidinii species are especially
promising regarding their biotechnological po-
tential.

1.2. Yeasts from fermented vegetables and
fruits. A wide variety of yeasts are detected in
various foods and beverages with the elevated
salt content and it should be noted that the vast
majority of those belong to ascomycetous yeasts.
The most frequently detected yeasts in fermented
vegetables and fruits belonged to Pichia/Kodamea,
Wickerhamomyces, Debaryomyces, Saccharomy-
ces and Candida genera, while basidiomycetous
yeasts were detected infrequently and belon-
ged to Trichosporon spp. and Rhodotorula spp.
(Table 3).

Biotechnological traits of yeasts in table olive processing

Yeast species Reference

Biotechnological trait

S. cerevisiae
D. hansenii
P, fermentans

P. guilliermondii
P.membranifaciens
K. lactis
K. marxianus
C.boidinii
C. diddensiae
Candida norvegica
C. oleophila
A. pullulans

l P. galeieformis

[25]

B-glucosidase

[33]

[34]

:- P/W. anomalus

Enzymatic

[19]

activities

[35]

lipase

[34]

[36]

esterase

[34]

[23]

Antibacterial activity

[37]

[22]

[38]

Killer activity

[37]

[38]

[24]

Probiotic potential

[40]
[23]

[41]

[42]

[43]

Potential starter co-cultures

[44]

[45]

- -

[46]
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Table 3

Yeast biodiversity in fermented vegetables and fruits

Yeast genus

Yeast species

Source

Reference

cucumber
cabbage
pepper
radish

D. hansenii

[47,48]

Debaryomyces

Debaryomyces spp.

[10]

P.(Kodamea) ohmeri

P, anomala / W. anomalus

P. kluyveri

Pichia P. onychis

orientalis

P, kudriavzevii/ Isaatchenkia

Pichia spp.

H. opuntiae

Hanseniaspora

H. pseudiguilliermondii

Hanseniaspora spp.

S. cerevisiae

Saccharomyces S. castellii

S. unisporus

Saccharomyces spp.

Zygosaccharomyces Z. rouxii

Zygosaccharomyces spp.

Kluyveromyces marxianus

Torulaspora spp.

Kazachstania spp.

Millerozyma spp.

C. albicans

C. sake

Candida
Candida spp.

Lodderomyces elongisporus

[52]

Trichosporon spp.

[52]
[10]

Rhodotorula spp.

[10]

Fermented vegetables and fruits are considered
probiotic foods [56]. Halotolerant yeasts are known
to play a role in the production of several traditional
fermented vegetable and fruit products and are
studied as potential probiotic microorganisms.
Several yeast strains have been investigated as co-
starter cultures alongside lactic acid bacteria for
the production of a traditional Korean dish kimchi
that contains salted and fermented vegetables,
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usually cabbage and radish [57]: Galactomyces
geotrichum and P. anomala [58], S. cerevisiae [59].
It is assumed that yeasts could improve the quality
of the products due to their enzymatic activities,
prolong its shelf-life and microbiological safety.
The probiotic potential of several yeast strains
isolated from various foods with the elevated salt
content has been demonstrated: S. cerevisiae isolated
from traditional Korean fermented cucumbers [54],
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P. kudriavzevii, H. opuntiae, W. anomalus isolated
from fermented pepper [51].

However works focusing on the biotechno-
logical potential of yeasts from various fermented
fruits and vegetables are comparatively scarce
presumably due to an enormous amount and
diversity of such traditional food products in
different parts of the world that are customarily
obtained by spontaneous fermentation [7].

1.3. Yeasts in salt-cured meat and fish products.
The production of various fermented and preserved
meat and fish products often requires the addition
of salt that improves the taste and microbiological
safety of the product [60]. Although the main groups
of microorganisms responsible for the maturation
process of fermented meat and fish products are
lactic acid bacteria and staphylococci, high numbers
of yeasts are found during the production of these
foods that could reflect some role of yeasts in flavor
and aroma formation [7]. Several yeast species,
mainly belonging to ascomycetes have been
reported in various salt-cured and preserved fish
and meat products (Table 4). The most frequently
detected yeasts in foods of fish origin are Pichia
spp., Candida spp., D. hansenii, Y. lipolytica while
a variety of ascomycetous and basidiomycetous
yeasts are usually isolated from sausages.

Microbiota of salt-supplemented meat products
has been studied for various potential applications,
especially in the food industry as starter cultures for
sausages maturation and to inhibit the development
of undesirable microorganisms, mainly molds.
Halotolerant yeasts D. hansenii are known to play
an important role in the maturation of fermented
meat products probably due to their lipolytic and
proteolytic activities [69, 71]. Several studies
demonstrated the biotechnological potential of
these yeasts for aroma improvement and anti-
mold effect [68, 72, 73]. The potential of yeasts
to combat spoilage microorganisms in cured meat
products, especially toxigenic Penicillum molds
is researched, the promising results are shown by
halotolerant yeast D. hansenii against toxigenic
mold Penicillum verrucosum in dry-fermented
sausages [74] and Penicillum nordicum in ham
[75], although it is not clear whether the inhibitory
effect was based on killer protein production or
other mechanisms. Yeast strains isolated from
dry-cured ham exhibited antagonistic activity
against mold P. nordicum which was enhanced by
addition of sodium chloride [76]. The ubiquitous
yeast Y. lipolytica has been evaluated for potential
use in sausage production due to its well-known
high lipolytic activity and high incidence in meat
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products, however contradictory reports show the
positive effect of inoculation [77] and no effect at
all [78].

1.4. Halotolerant yeasts as spoilage micro-
organisms in the food industry. Halotolerant yeasts
were first isolated from various food products as
spoilage microorganisms [47] and for a long time
it has been considered as an established fact that
hypersaline environments apart from food do not
contain yeasts or fungi [79]. Halotolerant yeasts can
be responsible for spoilage of some salt-containing
foods including salad dressings, mayonnaise,
fermented fruits and vegetables, salt-cured meat
and cheese. Food spoilage by yeasts mostly occurs
due to the appearance of undesirable odour and
taste, the softening of the product texture, the
expansion of the packaging due to gas formation,
or the appearance of yeast film on the surface of
the product [47]. The most frequently isolated
yeasts that lead to spoilage of salt-containing foods
belong to ascomycetous yeast of Saccharomyces,
Debaryomyces, Pichia, Candida, Yarrowia genera
and some others (Table 5). Interestingly, very rarely
basidiomycetous yeasts are held responsible for
spoilage of foods in general and salt-containing
foods in particular; usually representatives of
Geotrichum candidum, Rhodotorula spp. and
Cryptococcus spp. are detected in such foods
undergoing spoilage [47]. Such a phenomenon
could be partially explained by the observation
that basidiomycetous yeasts are more sensitive
to osmotic stress that is one of the common
stress factors encountered by microorganisms in
food when compared to ascomycetes [80]. That
would also explain a much higher frequency and
biodiversity of ascomycetous yeasts in most food
products.

It should be emphasized that some yeasts
species can play a dual role in the food industry:
to be responsible for the product spoilage and
at the same time be also proposed as potential
starter cultures or could possess valuable
biotechnological traits (Table 6). Especially such
phenomenon is reported for yeasts commonly
found in fermented olives. The same traits
that could be beneficial for the fermentation or
maturation process during production (hydrolytic
and fermenting activities, production of aromatic
and volatile compounds) could also lead to the
appearance of undesirable characteristics, e.g.
gas formation, change in texture or unpleasant
odour or taste, especially if they continue long
after the completion of the fermentation process
[99].
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Table 5

Spoilage yeasts in food products with elevated salt content

Food Yeast species Reference
S. cerevisiae, P. manshurica, C. boidinii [81]
Fermented . .
olives S. cerevisiae, P. membranifaciens [82]
P. membranifaciens, Candida etchellsii, Candida pararugosa [83]
Saccharomyces bayanus, S. unisporus, Hansenula anomala, [84]
Debaryomyces sp.
P. manshurica, Issatchenkia occidentalis [85]
. P kudriavzevii [86]
Fermented fruits ; ; ; p
and vegetables Kazachstania engua,.Ka.zachstama pseu.c-iohumlhs [87]
P. membranifaciens, D. hansenii [88]
K. ohmeri, G. candidum, Candida spp. [89]
Hanseniaspora uvarum, Pichia kluyveri, Y. lipolytica,
s . [90]
Kazachstania servazzi, C. sake
Processed meat C. sake [91]
products
Soy sauces, P.membranifaciens, Saccharomyces exiguus [92]
mayonnaise and Zygosacharomyces bailii, Zygosacharomyces bisporus [93]
salad dressings T. delbrueckii [94]
T. delbrueckii, C. parapsilosis, P. fermentans, D. hansenii,
P. membranifaciens, Pichia norvegensis, P. guilliermondii, Pichia jadinii, [95]
Rhodotorula glutinis, P. anomala, Saccharomyces dairensis,
Rhodotorula minuta, S. unisporus, Y. lipolytica, Cryptococcus sp.
D. hansenii, K. marxianus, Y. lipolytica, T. delbrueckii, P. anamola,
Cheese Pguilliermondii, G. geotrichum, Williopsis californica, C. sake, [96]
Candida versatilis, C. diddensiae, C. zeylanoides
D. hansenii, C. parapsilosis, K. marxianus, P. fermentans,
R. mucilaginosa, Trichosporon asahii, Sporodiobolus salmonicolor, [97]
Y lipolytica
Y lipolytica [98]
Table 6

Yeast species as spoilage yeasts and potential biotechnological cultures in food industry

Olive fermentation

Fermented vegetables Meat products

Yeast species -
potential use

spoilage

potential use

spoilage | potential use | spoilage

D. hansenii

S. cerevisiae

W/P. anomalus

P. membranifaciens
P, kudriavzevii

C. boidinii

Y. lipolytica

2. Marine yeasts: biodiversity and future
perspective. Seawater represents a huge reservoir
of various ascomycetous and basidiomycetous
yeasts; altogether more than 200 yeast species have
been reported to be found in marine environments
[100]. 220 yeast species belonging to 74 genera in
9 classes are currently described as marine yeasts
[101].
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Low yeast numbers (below 10—100 cells/l) are
usually found in oceans and seas water although
higher yeast cell concentrations are often associated
with seaweeds and various marine animals [102].
Frequently novel yeast species are discovered
in marine environments. New basidiomycetous
yeast species Naganishia qatarensis and Kondoa
qatarensis were isolated from seawater in Qatar
[103, 104], Rhodotorula pacifica — from sediments
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in the North-West Pacific Ocean [105]. New
ascomycetous species Candida oceani was isolated
from a deep-sea hydrothermal vent in the Atlantic
Ocean [76].

Most studies performed on the biodiversity of
marine yeasts are done using genetic approaches
as isolation and cultivation of fungi from seawater
is often difficult and time-consuming. It has been
shown than yeast forms dominate fungal diversity
in deep-sea water and sediments around the world
[106]. Yeast distribution and biodiversity in seas
and oceans are greatly dependent on the isolation
source (sea, sediments, algae, invertebrates, fish,
and mammals), geographical location, nutrient
availability and many other factors [107]. A large
study of microbial biodiversity in European coastal
sea waters resulted in the detection of yeasts
belonging to basidiomycetous genera Rhodotorula,
Rhodosporidium, Sporobolomyces, Kondoa,
and Cryptococcus and ascomycetous genera
Geotrichum, Debaryomyces, Saccharomyces,
Candida and Pichia [109].

Several reviews indicate that the most fre-
quently detected marine yeasts are represented
by ascomycetous genera Debaryomyces, Candida
(Torulopsis), Pichia, Kluveromyces, Metschnikowia,
and basidiomycetous genera Cryptococcus,
Rhodotorula, Leucosporidium, Rhodosporidium,
Sporobolomyces, Trichosporon [100, 108, 110].
Most such yeasts especially Candida, Pichia, and
Debaryomyces and pigmented basidiomycetes are
not exclusively confined to marine environments
and are common in most terrestrial habitats [100].
It should be emphasized that marine yeasts were
the subject of several comprehensive and extensive
reviews that cover various topics on their isolation,
ecology, metabolic traits, and biotechnological
potential [100, 108, 110, 111] and this work does
not aim to review all the available information on
biodiversity of yeasts in the marine environment
instead focusing on some biotechnological traits of
marine yeasts.

Seas and oceans provide a unique reservoir of
microorganisms, sometimes previously unknown
and adapted to ever-changing surrounding con-
ditions, e.g. temperature, osmolarity, nutrient avai-
lability, pressure, and salinity [100]. As marine
yeasts are poorly studied compared to their ter-
restrial relatives their biotechnological relevance
became a subject of increasing scientific inte-rest.

Marine yeasts are extensively studied as pro-
ducers of extracellular hydrolytic enzymes as
enzymes synthesized by them are expected to
retain activity under varying temperature, pressure
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and salinity [111]. Large screening studies are
performed on marine yeasts in search for novel
promising enzymes. More than 300 marine yeast
strains were screened for inulinase production and
yeast strain C. aureus was found to produce the
highest quantities of extracellular inulinase [112].
Among 427 yeast strains isolated from seawater,
sea sediments, fish, and algae four strains secreted
extracellular inulinase in the seawater-based
medium and were identified as Cryptococcus
aureus, D. hansenii, Y. lipolytica, and P. guil-
liermondii [113]. The screening for proteolytic
enzymes among these yeasts revealed four yeasts
strains C. aureus, A. pullulans, Y. lipolytica and
L. orientalis which produced extracellular alkaline
proteases [114]. Extracellular hydrolytic enzymes
produced by marine-derived yeasts include
inulinase, protease, lipase, pullulanase, amylase,
and several others (Table 7).

As production of biofuels requires large
quantities of water the potential use of seawater
as the basis for fermentation medium for biofuel
production using halotolerant yeasts is researched
[111]. Most industrially relevant S. cerevisiae
strains lack tolerance to high salt content thus
making the fermentation in seawater-based media
inefficient. Marine yeasts with high fermentative
capacity could be employed for biofuel production
using seawater [111]. A marine strain S. cerevisiae
AZ 65 was an efficient producer of ethanol in
seawater based medium converting sugars to
ethanol with 83.3 % theoretical yield [122]. Also
high ethanol yields were obtained by this yeast
strain using sugarcane molasses in seawater.

Marine-derived yeast strains Candida sp. have
been shown to efficiently ferment various sugars
and seaweed hydrolysate to ethanol in the presence
of up to 11% NaCl [123]. Non-diluted seaweed
hydrolysate containing 11.25% salt and 5.5%
reducing sugars was fermented by the isolated
yeast with 50% conversion efficiency while thrice
diluted hydrolysate was fermented with 100%
conversion efficiency in 2 days. Several ethanol-
producing yeasts strains were isolated from marine
sediments in India, and the most efficient producer
was Pichia salicaria strain [124]. A marine yeast
M. guilliermondii was studied for ethanol pro-
duction from spent seaweed hydrolysate in com-
bination with the marine bacterial consortium
[125].

Marine yeasts have recently become the sub-
ject of research as possible candidates for bio-
diesel production. Oleaginous yeasts including
Rhodotorula, Cryptococcus, and Rhodosporidium
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are among the most frequently found yeast
species in seawater and sediments [102]. Several
oleaginous yeasts belonging to Rhodosporidium
and Cryptococcus sp. were isolated from seawater
in Northern China; the highest lipid accumulation
was observed in Rhodosporidium strain up to 44%
of dry cell weight and the cultivation in medium

with salinity similar to seawater did not affect
biomass yield or lipid accumulation [126]. The use
of seawater as the medium for lipid production was
studied for wild-type and genetically engineered
strains of Y. lipolytica [127] and R. mucilaginosa
[128].

Table 7
Hydrolytic enzymes produced by marine yeasts
Enzyme Yeast producer Source of isolation Reported activity | Reference
C. aureus Sea sediment, China 85.0 U/ml [112]
Inulinase |, zqc;o?yz;f:skDg' Lﬁ%jf;’;n | Algac, sea sediment, China |39.56-62.85 U/ml | [113]
P. guilliermondii Marine alga, China 60 U/ml [115]
Metschnikowia reukaufii Sea sediment, China 72.5 U/ml [116]
R. mucilaginosa Sea invertebrates, Antarctica 11.12 U/ml [117]
Protease R. mucilaginosa Marine alga, Antarctica up to 48.55 U/ml [118]
C. aureus, A. pullulans, Seawater and sea sediments, | 26.7-127 U/mg
; . . ; . . [114]
Y lipolytica, I. orientalis China protein
Lipase Crop tococc.us. laurentz.zt Sea invertebrates, Antarctica | 0.143-0.23 U/ml [117]
Leucosporidium scottii
Endoxylanase Cryptococcus adeliensis Sea invertebrates, Antarctica 0.43 U/ml [117]
B-xylosidase C. laurentii Sea invertebrates, Antarctica 1.09 U/ml [117]
Glucoamylase A. pullulans Sea water, Pacific Ocean 10 U/ml [119]
Phytase K. ohmeri Marine fish 0.557 U/ml [120]
Pullulanase A. pullulans Sea mud - [121]

Marine yeasts would be well-adapted to the con-
ditions of the open sea and, as such, are studied as
producers of antifungal substances — killer proteins
for aquaculture. Yeasts can be pathogenic for
marine invertebrates thus causing economic losses
in aquaculture, for example M. bicuspidate causes
so-called emulsification disease in crab Portunus
trituberculatus [110]. Several marine yeast strains
with killer activity against this pathogen have
been isolated and described including P. anomala
strain isolated from sea [129], psychrotolerant
Antarctic yeast strain Mrakia frigid with killer
activity against M. bicuspidate, C. albicans, and
C. tropicalis [130], marine-derived Williopsis
saturnus strain with a broad spectrum of killer
activity besides M. bicuspidate against C. aureus,
L. elongisporus, C. albicans, C. tropicalis, and R.
mucilaginosa [131]. For most described strains the
optimal conditions for killer protein production
included the supplementation of the medium with
sodium chloride at 2-8 % concentrations. The use
of these compounds against pathogenic yeasts
could provide a safe and effective strategy of
biocontrol in aquaculture [110].
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Marine environments could be heavily polluted
by various contaminants including hydrocarbons,
heavy metals, and various other organic substances.
Marine yeasts can possess the ability to degrade
organic pollutants or remove heavy metal ions
from the environment [110]. Bioremediation of
oil spills in seawater requires microorganisms
that would successfully remove hydrocarbons
in the presence of salt. Halotolerant yeast strain
Lipomyces tetrasporus isolated from the Red Sea
could degrade crude oil more efficiently in the
presence of 25 and 45 g/l NaCl than in the salt-
free medium [132]. C. tropicalis strain isolated
from motor oil-polluted area in the Mediterranean
Sea demonstrated a high hydrocarbon-degrading
activity in the seawater-based medium [133].

Textile wastewaters are characterized not only
by various dye content but also by high salinity
[134] so yeasts with the bioremedial potential
should also possess halotolerance to be efficient
under such conditions. The potential to degrade
various textile dyes was studied in several
marine-derived yeast strains. Salt-tolerant yeast
Scheffersomyces spartinae isolated from sea mud
successfully degraded more than 90% of aze dye
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Acid Scarlet 3R under optimal conditions [135].
Another halotolerant strain C. tropicalis SYF-1
isolated from sea mud could decolorize six different
azo dyes thereby reducing the toxicity of the dye-
containing solutions [136]. Halotolerant strain P.
occidentalis G-1 isolated from sea mud effectively
degraded more than 98% of azo dye Acid Red B in
the presence of 3% NaCl due to its high ligninase
activity [137]. Other examples of halotolerant
yeasts efficiently degrading different azo dyes under
high salinity conditions include Cyberlindnera
samutprakarnensis [138], G. geotrichum [139].

As several marine yeasts including Rhodo-
torula spp., Candida spp., Saccharomyces spp,
Debaryomyces spp. are known to colonize the gut
of marine animals and to produce extracellular
proteases, siderophores and killer proteins thus
inhibiting pathogenic microbiota [110] their
probiotic potential is researched. D. hansenii
is one of the most frequently isolated yeast
species in seawater and also in the fish gut [140]
and was shown to exert a beneficial effect on
fish S. aurata [141], and also in newborn goats
[142]. Other examples of marine yeasts with the
immunomodulating effect on aquaculture include
C. sake [143], Rhodosporidium paludigenum [144],
Candida aquaetextoris [145].

So it could be concluded that marine yeasts rep-
resent a heterogeneous group of ascomycetes and
basidiomycetes that are still poorly researched and
could be promising sources of novel enzymes,
probiotics, and bioremedial agents.

3. Yeasts in hypersaline habitats: salterns,
hypersaline ponds and halophytes

Seawater usually has salinity on the average
3.5 % of salts, mainly NaCl, per liter. There are
several natural environments on the Earth that are
characterized by even higher salinity that include
salterns and saltern ponds, hypersaline lakes,
and surrounding soils and halophitic plants [6].
Only recently the presence of fungi and, yeasts in
particular, in hypersaline environments apart from
food products has been detected. Ascomycetous
yeasts in hypersaline habitats are usually
represented by pigmented yeasts of Rhodotorula,
Rhodosporidium, Aureobasidium, and Naganishia/
Cryptococcus genera while ascomycetes include
representatives of Candida, Pichia/Meyerozyma,
and Debaryomyces (Table 8).

Gunde-Cimerman et al. described fungal bio-
diversity in hypersaline waters of saltern ponds
with the salinity of 3-35 % NaCl which included
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melanized yeastlike fungi Hortaea werneckii,
Phaeotheca triangularis, Trimmatostroma sali-
num and A. pullulans [79]. Strains of black
yeast H. werneckii were dominant in the salterns
throughout the year. Halophilic dimorphic fungus
H. werneckii is one of the most halotolerant
eukaryotic microorganisms isolated from very
diverse environments — from hypersaline water
in salterns, seawater and human skin where it can
cause superficial infection tinea nigra [154].

159 fungal strains were isolated from hyper-
saline Inland Sea in Qatar characterized by high
salinity up to saturation, red-pigmented yeasts
R. mucilaginosa and Symmetrospora marina being
the most frequently isolated strains [150]. Ascomy-
cetous and basidiomycetous yeasts were isolated
with similar frequency.

Yeast biodiversity was studied in hypersaline
soils surrounding salt lake Urmia Lake in Iran,
where salinity is recorded in the range 12-30 %, the
basidiomycetous yeasts represented the majority of
isolates (92.4 %) [151, 152]. 43 strains of halophilic
and halotolerant fungi have been isolated from soil
in a man-made saltern in Thailand where salinity
reached 13.11 %, most belonging to filamentous
fungi of Aspergillus genus [155]. The only isolated
yeast belonged to S. halophilus and was the most
frequent halophilic fungus in soil samples. In the
soils in the Dead Sea region, Israel with various
salinity levels only one yeast strain Rhodotorula
sp. among 329 fungal isolates has been identified
[156]. Several non-identified yeast isolates were
isolated alongside microscopic fungi belonging to
23 different species from hypersaline soil and water
of the Mono Lake area, USA [157].

Halophytic plants are adapted to saline soils
by excreting excess salt or by accumulating salt
in their tissues or organs. Fungal biodiversity of
halophytes has been described in several studies
however most studies are focused on mycelial
mycobiota [6]. Among various fungal species
of salt-excreting desert tree of Tamarix genus
traces of Saccharomyctotina and representatives
of Bensingtonia and Sporobolomyces have been
detected [158]. Sporobolomyces yeasts have also
been found on leaves of Phragmites australis in
brackish marshes [159]. Among 320 fungal strains
from halophyte Salicornia europaea 6 strains of
yeastlike black fungus Aureobasidium have been
isolated [160].

Very few studies are focused on the bio-
technological potential of yeasts isolated from
various hypersaline habitats. As these habitats
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Table 8

Yeast biodiversity in hypersaline water and soils

Source Sampling sites Yeast species Reference
Salterns in Slovenia, Spain,
Israel, France, Namibia, P, guilliermondii, D. hansenii, Y. lipolytica,
Portugal M. bicuspidata, C. parapsilosis, Rhodosporidium [146]
Salterns and | The Dead Sea, the Great sphaerocarpum, Rhodosporidium babjevae,
associated | Salt Lake (USA), Enriquillo Rhodotorula laryngis, Trichosporon mucoides
habitats Lake (Dominican Republic)
Hyper saline ponds Cryptococcus neoformans, R. sphaerocarpum,
in Marakkanam and D. hansenii, S. cerevisiae, Y. lipolytica, H. werneckii, [147]
Tuticorin saltpans, India C. albicans, Candida sp., Aureobasidium sp.
Antarctic brines from Candida sp., Leucosporidium sp., Naganishia sp.,
Tarn Flat Sporobolomyces sp., Malassezia s [148]
(Northern Victoria Land) P Y p-» ZHd Sp-
. C. tropicalis, Meyerozyma caribbica,
Wadi EINatrun, Egypt M. guilliermondii, R. mucilaginosa [149]
. Aureobasidium iranianum, Aureobasidium
Hypersaline . o
melanogenum, A. pullulans, Candida metapsilosis,
waters . o o .
Candida orthopsilosis, C. parapsilosis, D. hansenii,
Debaryomyces nepalensis, H.werneckii,
The Inland Sea, Qatar Kondoa spp., Naganishia (Cryptococcus) [150]
albida, Naganishia albidosimilis, N. qatarensis,
Papilliotrema (Cryptococcus) laurentii,
Rhodotorula diobovata, R. mucilaginosa
Candida baotianensis, T. delbrueckii,
M. guilliermondii, Metschnikowia sinensis,
D. hansenii, Naganishia (Cryptococcus) spp.,
Hypersaline Urmia Lake, Iran Cystobaszdzz.Am spp., Rhodotolrul.a spp., [151, 152]
. Holtermanniella spp., Naganishia spp.,
soils . .
Saitozyma spp., Tausonia spp.,
Vanrija spp., Vishniacozyma spp.
The Great Salt Plains
of Oklahoma, USA Debaryomyces spp. [153]

are characterized by extremely high salinity
the possibility of using such microorganisms
as producers of industrially relevant enzymes
active at high salt concentrations has been raised.
Halotolerant strain Usilago cynodontis isolated
from soil of salt lake in Algeria exhibited high
cellulose, lipase, and protease activity [161].
Six strains of halophilic fungi isolated from the
man-made saltern in Thailand were screened
for the production of enzymes, antioxidants and
antimicrobial agents, the only yeast strain belonging
to S. halophilus [155]. This yeast demonstrated
low to moderate antimicrobial activity and weak
lipolytic activity.

Yeast strain Sterigmatomyces halophilus iso-
lated from saltern sediments in Mexico was
evaluated for its probiotic potential in aquaculture
and has been shown to boost immunity in fish
Sparus aurata as a dietary supplement [162].
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4. Wastewaters as a source of yeasts with the
bioremedial potential

Several industries generate vast amounts of
wastewaters with high salt content either due to
the specific use of salt in the production process or
by using seawater to substitute drinking water. The
main examples of such industries are table olive
fermentation, oil refinery, chemical, and dyeing
industries [134].

Large quantities of saline wastewaters are
generated by table olive fermentation and thriving
yeast communities are found there. 23 fungal strains
were isolated from olive brine wastewaters with
4.7 % salinity including C. boidinii, C. diddensiae,
Candida bombi and Citeromyces matritensis [163].
Up to 5 1g CFU/ml of fungi were found in table
olive wastewaters and Pichia spp. were dominant
fungal isolates [164].Wastewaters generated by
olive fermentation are characterized by high salt
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and phenol content, high chemical oxygen demand
(COD), and biological oxygen demand (BOD),
often highly acidic. There is no generally accepted
strategy for treating these wastewaters; usually they
are stored in the evaporation ponds during warmer
periods of the year [165]. The extreme conditions
in these wastewaters facilitate the survival of
extremophilic or extremotolerant microorganisms
that could be of use in bioremediation [166].
Red-pigmented yeast R. mucilaginosa isolated
from olive wastewater stored in the evaporation
pond completely degraded following phenolic
compounds: f-protocatechuic, vanillic, and
p-coumaric acids and reduced COD up to 50 %
in olive mill wastewater [167]. Other examples of
halotolerant yeasts isolated from wastewaters and
able to reduce COD, dye content, and concentration
of phenolic compounds include fungi Candida
rugosa, Candida cylindracea, and Y. lipolytica
[168]. G. candidum [169].C. matritensis and As-
pergillus fumigatus[163].

Yeast biodiversity in saline wastewaters
generated by other industries is usually very scarce
due to harsh conditions and low carbon content
and mostly represented by extremotolerant yeast
strains. Fungal load in alkaline wastewaters with
high salt and ammonium content was very low and
represented mostly by filamentous fungi although
one ascomycetous yeast C. parapsilosis and two
basidiomycetes G. geotrichum and R. minuta were
isolated [170]. Two halo- and osmotolerant yeast
strains P. guilliermondii and R. mucilaginosa
isolated from chemical wastewater evaporation
ponds exhibited extremely high salt tolerance up
to 3.5 M NaCl [171]. Halotolerant Debaryomyces
sp. strain isolated from phenolic sludge with high
salinity was also highly tolerant to heavy metals
and phenolic compounds [172]. In oil refinery
wastewater in Brazil a low fungal diversity was
observed and three phenol-degrading yeast strains
tentatively identified as P. membranifaciens, C.
rugosa and C. tropicalis were isolated [173].

Such autochthonous for wastewaters extre-
motolerant strains could possess tolerance to
several stress factors and the ability to degrade
various toxic organic compounds that are present
in industrial wastewaters. Pichia and Rhodotorula
yeasts isolated from chemical evaporation ponds
were capable of degrading a number of polycyclic
aromatic hydrocarbons including anthracene and
phenanthrene [171]. Halotolerant Debaryomyces
sp. strain isolated from phenolic sludge with high
salinity completely degraded 500 mg/1 of phenol in
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the presence of 1% sodium chloride, the presence
of Mn (II) and Zn (II) ions did not noticeably affect
the efficiency of phenol degradation [172], phenol
degradation was considerably increased by yeast
cells immobilization in Ca-alginate [174]. Phenol-
degrading yeast strain C. tropicalis was considered
for the remediation of phenol-containing
wastewaters due to its efficient phenol removal and
biosurfactant production [173].

Conclusions. Halotolerant yeasts represent a
heterogeneous group of yeasts and yeastlike fungi
belonging to ascomycetes and basidiomycetes.
They are found in many saline and hypersaline
habitats including various food products,
hypersaline ponds and salterns, saline soils and
wastewaters, the surface of halophytic plants, and
some others. A high diversity of yeasts is observed
in habitats with moderate salinity, e.g. seas and
oceans, various food products. Interestingly the
majority of yeasts detected in foods with high salt
content belong to ascomycetous species while
marine environments and the associated animals
and plants are populated by both ascomycetes and
basidiomycetes. Several halotolerant yeast genera,
mostly Candida, Pichia, and Debaryomyces could
be considered real cosmopolites as they inhabit
very different and often inhospitable for most
yeasts habitats. Very low yeast loads are detected
in hypersaline niches where salinity exceeds that of
seawater. Saline wastewaters are characterized not
only by high salinity but also often by the presence
of other contaminants like phenolic compounds
and heavy metal salts thus creating very harsh
conditions for the survival of microorganisms.
Yeasts present in salterns are mainly represented
by pigmented yeasts and melanized yeast-like fungi
[175] that could be explained by the role of pigment
formation under conditions of high salinity [176].

The extreme conditions created in the specific
saline environments result in the survival and
selection of highly tolerant and adapted to such
conditions microbiota that could be of use in the
corresponding fields. As an example halotolerant
yeasts isolated from olive processing wastewaters
are proposed as bioremedial agents to decrease
COD, dye, and phenolic content in such
wastewaters. Yeast strains found in large quantities
in various food products are considered as potential
starter cultures in the corresponding fermentation
and preservation processes due to their possession
of the necessary characteristics, e.g. enzymatic
and fermenting activities, probiotic qualities
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and antimicrobial activity against undesirable
microorganisms. Marine yeasts are proposed
as a novel source of biofuel production using
seawater due to their adaptation to the conditions,
as producers of novel hydrolytic enzymes active
at high salinity and pressure and also as probiotics
in aquaculture. Yeasts isolated from habitats with
extremely high salinity higher than 10% are very
few and only a handful of works deal with their
biotechnological potential usually concerning their
enzymatic activities.

TF'AJTOTOJIEPAHTHI AP 7KI:
BIOPIBHOMAHITTA TA
NNEPCIIEKTHBH 3ACTOCYBAHHA
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Pesome

lanmoronepaHTHI IpXKIKI TPEACTABISIIOTH TeTe-
POTEHHY TpyIIy OIHOKIITUHHUX I'pUOIB, 30aTHUX
BIDKMBATH Ta PO3MHOXKYBATHUCS 32 YMOB BHUCOKOI CO-
JIOHOCTI. Y 1IbOMY OIVIsIJII pO3TIIsAAA€ThCS Oiopi3HOMa-
HITTS TAJIOTOJICPAHTHHX JAPIKIDKIB Y PI3HUX JKEepeiax
3 BUCOKUM BMICTOM COJII Ta IMOTCHIIIHHE MPaKTHIHE
3aCTOCYBaHHS Ii€l TPy MIKPOOPTaHi3MiB y Mpo-
MHCJIOBOCTI Ta ClIbCbKOMY rocrofapctsi. ['amorose-
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BUIIICHUM BMIiCTOM COJli, BKITIFOYAIOYd MOPCHKY BOIY,
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rinepcaniHOBi BOZOHNMHU Ta COJSTHUKH, COJIOH] TPYHTH
Ta CTIYHI BOJHM, Xap4oBi MPOJYKTH 3 BUCOKUM BMicC-
ToM couti. /[kepena 3 TOMIpHOIO COJIOHICTIO, TaKi SIK
MOpCBKa BOJIa, XapuoBi MPOAYKTH, CTiUHI BoaH (ep-
MEHTAIlii OJIMBOK XapaKTePH3YOThCS JIOBOJI 3HAYHUM
O10pI3HOMAHITTAM JPIXKIKIB SIK ACKOMIIIETIB, TaK 1
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