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Abstract

Natural hypersaline environments are inhabited by an abundance of prokaryotic and eukaryotic microorganisms capable
of thriving under extreme saline conditions. Yeasts represent a substantial fraction of halotolerant eukaryotic microbiomes
and are frequently isolated as food contaminants and from solar salterns. During the last years, a handful of new species
has been discovered in moderate saline environments, including estuarine and deep-sea waters. Although Saccharomyces
cerevisiae is considered the primary osmoadaptation model system for studies of hyperosmotic stress conditions, our increas-
ing understanding of the physiology and molecular biology of halotolerant yeasts provides new insights into their distinct
metabolic traits and provides novel and innovative opportunities for genome mining of biotechnologically relevant genes.
Yeast species such as Debaryomyces hansenii, Zygosaccharomyces rouxii, Hortaea werneckii and Wallemia ichthyophaga
show unique properties, which make them attractive for biotechnological applications. Select halotolerant yeasts are used in
food processing and contribute to aromas and taste, while certain gene clusters are used in second generation biofuel produc-
tion. Finally, both pharmaceutical and chemical industries benefit from applications of halotolerant yeasts as biocatalysts.
This comprehensive review summarizes the most recent findings related to the biology of industrially-important halotolerant
yeasts and provides a detailed and up-to-date description of modern halotolerant yeast-based biotechnological applications.
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Introduction

Microorganisms able to colonize hyperosmotic environ-
ments are grouped according to the a,,, which describes the
chemical potential of free water in a given solution. Thus,
microbes in growth media can be classified as xerotolerant
(no absolute requirement of low a,,) and xerophilic (capable
of growth, under at least one set of conditions, at a water
activity below 0.85) (Pitt and Hocking 2009 and references
therein). A more comprehensive microbial classification
strategy was proposed recently (Dakal et al. 2014), which
considers the non-ionic or ionic osmolyte nature, and cata-
logues microbes as osmophilic, osmotolerant, and osmo-
sensitive, or halophilic, halotolerant and, halosensitive,
respectively. Table 1 shows the grouping of relevant yeast
strains into these categories, some of which are considered
in this work.

Amongst the 106 orders of fungi known at present, the
phenomenon of tolerance for low a,, is restricted to only
10. This physiological behavior is in most cases limited to
a single genus or just to a few species. In the case of Wal-
lemiales (Basidiomycota), Capnodiales, Dothideales and
Eurotiales (Ascomycota), halophily is attributed to several
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groups within the same order without clear phylogenetical
explanation (Gunde-Cimerman et al. 2009). These spe-
cies grow at salinities exceeding 2.9 M NaCl, but most of
them also grow well in salt-free media. In contrast to many
typically halophilic prokaryotes isolated from hypersaline
environments, most fungal species identified in these media
should be considered halotolerant (Gostincar et al. 2019).
Preferred locations for the isolation of xelotolerant yeasts
include brine and soil of solar salterns. Butinar et al. (2005)
found 43 unique yeast isolates, which were identified as
Pichia guilliermondii, D. hansenii, Yarrowia lipolytica,
Metschnikowia bicuspidata, Candida parapsilosis, Rho-
dosporidium sphaerocarpum, R. babjevae, Rhodotorula
laryngis, and Trichosporon mucoides. More recent study by
Chung et al. (2019) described fungal isolates from salterns
mainly as black yeasts (H. werneckii, Phaeotheca triangula-
ris, Aureobasidium pullulans and Trimmatostroma salinum),
and other fungal genera such as Cladosporium, Aspergillus
and Penicillium. Seawater remains an excellent source of
halotolerant yeasts. Jones et al. (2015) provided an exten-
sive list of identified marine fungi, which included a total
number of 1112 species, among them 213 were yeasts. More
recently, Mitchison-Field et al. (2019) identified 36 species
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Table 1 Classification of several yeasts according to the tolerance to non-ionic/ionic osmolytes (adapted from Dakal et al. 2014 and references

therein)

Type of osmolyte  Classification ~ Osmolytes’ requirement  Growth properties Representative yeasts

Non-ionic Osmotolerant  No absolute Able to grow at Candida tropicalis, Zygosaccharomyces rouxii, Hor-
55-65% (w/v) sugar taea werneckii and Debaryomyces hansenii
concentration (lower
than 0.88 a,,)

Tonic Halophilic Absolute Up to saturation Wallemia ichthyophaga

Halotolerant ~ No absolute Ability to grow at C. paralopsis, Z. rouxii, H. werneckii and D. hansenii

15-25% (w/v) salt
concentrations
(0.92-0.85 a,)

of fungi in several marine locations and organisms around
Woods Hole (MA, USA) including 16 Ascomycetes and 4
Basidiomycetes belonging to Aspergillus, Cladosporium,
Candida, Cryptococcus, Metschnikowia, Meyerozyma,
Penicillium, Hortaea, Rhodotorula, and Trichoderma gen-
era. Osmotolerant yeasts, such as Candida, Debaryomyces,
Pichia, Rhodotorula, and Zygosaccharomyces have been
isolated from foods (reviewed in Butinar et al. 2005).

A recent study involving 626 yeast strains implied that
yeast species tend to be more resistant to osmotic stress
caused by carbohydrates rather than NaCl (Stratford et al.
2019). Osmosensitive yeast species were found to be equally
affected by NaCl and glucose, while relative toxicity of salt
became more pronounced in more osmoresistant species.
The most glucose-resistant species tested were Zygosaccha-
romyces spp. while salt resistant species included Debar-
yomyces hansenii var. fabryi and Candida parapsilosis.
According to this study, other yeast species such as Candida
apicola, Torulaspora microellipsoides, Zygotorulaspora
florentina and strains belonging to Candida pseudointer-
media, Clavispora lusitania, Wickerhamomyces anomalus
and Zygosaccharomyces bailii could be classified as salt-
sensitive based on their tolerance to glucose (Stratford et al.
2019).

During the last years, and particularly in the past dec-
ade, our knowledge of osmotolerant and halotolerant yeasts
has increased considerably due to the identification of an
increasing number of isolates and the utilization of novel
molecular techniques for their characterization. These dis-
coveries resulted in development of new biotechnologi-
cal applications, which utilize these microorganisms and/
or their components. This review provides a detailed and
comprehensive outline of the most recent advantages in this
exciting field with a special focus on the main industrially-
important halotolerant/halophilic yeasts and their potential
applications.

Description of relevant halotolerant yeasts

Few halotolerant yeast species have been extensively studied
during the last several years. Species such as H. werneckii,
W. ichthyophaga, D. hansenii and Z. rouxii have become
model organisms and due to their unique physiological traits
provide the biological foundation for numerous biotechno-
logical applications.

Hortaea werneckii, also known as black yeast, grows
optimally between 0.8 and 1.7 M NaCl, but can tolerate up
to 2 M concentration of MgCl, or 1.7 M CaCl,, 10% NaCl
with 12% glucose, and 50% glucose (reviewed in Zalar et al.
2019). It is the aetiological agent of a skin disorder, tinea
nigra, characterized by black spots on hands and feet.

The fungal genus Wallemia comprises eight recognized
species; among them W. sebi, W. mellicola, W. muriae and
W. ichthyophaga are commonly associated with foods. Wal-
lemia species can easily contaminate and spoil food pre-
served with high amounts of salt or sugar. An increase in
NaCl concentration from 5 to 15% (w/v) in the growth media
increases the production of the toxic metabolites wallimidi-
one, walleminol, and walleminone (Jancic¢ et al. 2016). W.
ichthyophaga can grow in NaCl-saturated media and is an
obligate halophilic microorganism, which requires at least
1.5 M NaCl (or some other osmolyte at equivalent a) for
growth, achieving its maximal proliferation in concentra-
tions ranging between 2.6 and 3.4 M NaCl (Zajc et al. 2014a;
Zalar et al. 2005). This species is also capable of growing
in saturated KCI and MgSO, solutions and in 2.1 M MgCl,
(Zajc et al. 2014b).

Debaryomyces hansenii can tolerate as much as 4.0 M
NaCl. Its growth rate is not affected in culture media contain-
ing 4% (w/v) of marine salts (NaCl content around 0.55 M).
However, when the concentration of this salt exceeds 2.0 M
both the growth and glucose consumption slow down to
42-46% and 22-24% when compared to control cultures
without salts, respectively (Capusoni et al. 2019). This spe-
cies plays a role in processing and maturation of common
foods such as cheeses and sausages. In addition, this yeast
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limits the presence of undesirable harmful bacteria in those
foods. D. hansenii can produce effective killer toxins against
other yeasts (reviewed in Prista et al. 2016). It is an oleagi-
nous microorganism that can accumulate massive amounts
of lipids (up to 70% of its total biomass). D. hansenii uses a
broad spectrum of carbon sources that are generally catabo-
lized by a respiratory metabolism. It is one of the important
extremophilic yeasts that can utilize xylose, and it has been
shown to be able to produce xylitol, arabitol and ribofla-
vin. D. hansenii genes encoding xylose dehydrogenase and
xylose/H* transporter have been used for second-generation
bioethanol produced during the fermentation of pentoses in
S. cerevisiae.

The genus Zygosaccharomyces comprises seven species
with osmo- and halotolerant Z. rouxii, which is the most
phylogenetically related to S. cerevisiae and used in some
fermentation processes (Dakal et al. 2014). The most glu-
cose-resistant species identified corresponds to Zygosaccha-
romyces spp. (Stratford et al. 2019 and references therein).

Other relevant features of these yeasts are compilated in
Table 2.

In addition to those described above, many other halotol-
erant yeast species have been described worldwide (Table S1
in the Supplementary Material). Species belonging to Can-
dida, Meyerozyma, Millerozyma, Pichia, Rhodotorula,
Schwannyomyces, Torulaspora, and Yarrowia genera have
been broadly employed for biotechnological applications. It
is worth mentioning that some of these organisms (Debaryo-
myces fabryi, Kluyveromyces marxianus, Schwannyomyces
etchellsii, and Schwanniomyces polymorphus), have been
demonstrated to form biofilms in seawater media in the
absence of glucose (Zarnowski et al. 2021).

Besides H. werneckii, other black yeasts have been identi-
fied in hypersaline environments. For example, Phaeotheca
triangularis, Aureobasidium pullulans and Trimmatostroma
salinum were found in salterns (Chung et al. 2019 and ref-
erences therein). These microorganisms are polymorphic
fungi that undergo yeast-like, filamentous, and meristematic
development, and hyphal forms are predominantly observed
on solid agar media. While H. werneckii and P. triangu-
laris grow in media containing up to 25% (w/v) NaCl, A.
pollutans cannot proliferate at concentrations higher than
10% and T. salinum grows optimally at salinities from 2
to 6% (w/v), but tolerates NaCl concentrations up to 26%.
A. penicillioides has been defined as an obligate halophile
because its isolates from salterns are unable to grow with-
out the addition of 10% solar salt. Mitchison-Field et al.
(2019) have characterized other black yeasts such as Kuni-
fia petricola which produced spherical cells that appeared
to expand isotropically and, at the colony level, generated
linear chains with branched networks. Aureobasidium pullu-
lans formed up to six buds from a multinuclear mother cell.
In Phaeotheca salicorniae, cells have the ability to switch
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bidirectionally between yeast-like and hyphal-like types;
besides, orthogonal divisions not previously described in
other fungi, which result in triangular-shaped compartments,
have been shown by these authors.

Mechanisms for adaptation of halotolerant/
osmotolerant yeasts to extreme
environmental conditions

Several research groups have described the main survival
strategies of halotolerant and osmotolerant yeasts to coun-
teract changes in turgor pressure and therefore adapt to life
at low a,, (Kogej et al. 2007; Gunde-Cimerman et al. 2009;
Gostincar et al. 2011; Lenassi et al. 2013; Plemenitas et al.
2014; Prista et al. 2016; Chung et al. 2019; Sanchez et al.
2020). These strategies include modulation of membrane
composition (sterol to phospholipid ratio), synthesis of com-
patible solutes, maintenance of intracellular Na* concentra-
tions below toxic levels, activity of transporters of glycerol
and alkali-metal-cation, resistance of some enzymes to salt
stress, optimized energy-obtaining pathways, and activity of
some organelles. In addition, gene duplication events have
been described in several yeasts, which one can consider as
the strategy of enriching the genomic toolbox that promotes
survival under extreme environment conditions (Zalar et al.
2019).

Based on the accumulated information about the ability
of H. werneckii to withstand extreme a,, Gostincar et al.
(2011) proposed an integrated model of extreme halotol-
erance that could be applied to most yeasts showing this
property. Figure 1 outlines the sequential steps in response
to osmotic stress in halotolerant yeasts that occur accord-
ing to this model. The High Osmolarity Glycerol (HOG)
Mitogen-Activated Protein Kinase (MAPK) pathway was
initially described in the baker’s yeast (S. cerevisiae) and
is responsible for the transcription response to hyperos-
motic stress (Posas et al. 2000). This pathway consists of
two upstream branches (SHO1 and SLN1) and common
downstream elements Pbs2p MAPKK and Hoglp MAPK.
Activation of this pathway causes rapid nuclear accumula-
tion of Hoglp, essentially leading to the expression of target
genes. The optimization of energy metabolism that follows
the signal transduction pathway is due to an increase in the
number of mitochondria and upregulation of expression of
genes involved in ATP synthesis, the glycolytic pathway, the
tricarboxylic acid cycle, the pentose-phosphate pathway, the
modulation of energy storage and, maybe, the harvesting of
light by a transmembrane rhodopsin proton pump (Gostincar
et al. 2011). This energy supply is key for other molecular
processes that drive the adaptation mechanisms in osmotol-
erant/halotolerant yeasts, as described below.
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Fig. 1 Steps in the yeast
response to osmotic stress
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The HOG pathway in Z. rouxii contains two function-
ally redundant plasma membrane osmosensors Slnl and
Shol, initially identified in S. cerevisiae (Dakal et al.
2014), whereas in H. werneckii two copies of HwShol and
HwHhk7 exist. HwHhk7A/B proteins are soluble, cytosolic
proteins (Gostincar et al. 2011), and the transcription of the
encoding genes depends on the extracellular salt concentra-
tion (Lenassi and Plemenitas 2007). In W. ichthyophaga,
WiShol, a homolog of the ScShol protein, has been identi-
fied in only one copy but there is no evidence of Slnl-like
histidine kinases (Plemenitas et al. 2014; Konte et al. 2016).

Signaling cascade to Hog1

In Z. rouxii a putative ZrPbs2 MAPKK kinase is present,
which is similar to S. cerevisiae Pbs2. In H. werneckii two
copies of HwYpd1, HwSsk1 and Ssk2 (SLN branch), Ste20
and Stell (SHOI1 branch) and Pbs2 have been identified.
Heterologously expressed HwPbs2 in S. cerevisiae does not
support functionality of SHO1 branch (Plemenitas et al.
2014). In the case of W. ichthyopaga homologs of these
proteins have been found in one copy, but the SHO1 branch
components seem not to be involved in HOG signaling,
and WiStel1 and WiPbs2 cannot complement S. cerevisiae
mutants (Plemenita$ et al. 2014). The signaling cascade
in D. hansenii is still poorly understood. The S. cerevi-
siae PBS2 homolog DPBS2 can partially complement the
osmo-sensitivity of pbs2 mutation in S. cerevisiae (Sharma
and Mondal 2005 and references therein). These authors
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have reported that the two MAPKKSs exhibit considerable
sequence divergence in non-catalytic regions but their kinase
domains show strong similarity.

The MAPK Hog1

Depending on the haploidy, Z. rouxii possesses one or two
HOGI1 (ZrHOG) copies, which are homologs of the S. cer-
evisiae HOGI (Iwaki et al. 1999; Kinclova et al. 2001). In
H. werneckii HwHog1 shows high homology to S. cerevi-
siae Hog1 and a typical C-terminal common docking motif
(Turk and Plemenitas 2002). These authors found several
important differences between the two kinases: HwHogl
is shorter, under nonstress conditions it is located on the
plasma membrane instead of being in the cytoplasm, and it
is totally activated only at extremely high NaCl concentra-
tions. KejZar et al. (2015a) reported on the existence of two
redundant kinases, HwHog1 A and HwHog1B, whose activi-
ties are crucial for growth at osmolyte concentrations >3 M.
These two kinases can both rescue the osmosensitive pheno-
type of the S. cerevisiae hogIA strain and the transcription
of the encoded genes is salt-dependent. Low basal phospho-
rylation of HwHog1 A/B has been described in non-stressed
cells and in those treated with 1.8 M NaCl or KCl, or<2 M
sorbitol (Kejzar et al. 2015b), but this modification is clearly
observed under osmolyte concentrations >3 M, and displays
differences depending on the osmolyte.

Among the two Hogl-like kinases, WiHoglA and
WiHog1B, identified in W. ichtyophaga, the former cannot
fully complement the function of ScHog1, but the latter is a
functional Hog1-like kinase that improves halotolerance of
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the S. cerevisiae hogIA strain (Konte and Plemenitas 2013).
A particular trait of WiHog] is the constitutive phosphoryla-
tion under optimal osmotic conditions (3.4 M NaCl) and
the dephosphorylation when the cells cope with hypo/hyper-
osmolar stress (Konte and Plemenitas 2013).

Regarding D. hansenii, DhHOGI has been cloned and
sequenced (Bansal and Mondal 2000), and its expression
in the S. cerevisiae hoglA mutant strain confers ability to
grow under hyperosmotic conditions and to induce glycerol
overproduction. The characterization of a null HOGI mutant
in this yeast (Sanchez et al. 2020) has revealed that the HOG
pathway is required for survival under high external osmo-
larity but, similarly to what was described for H. werneckii,
is dispensable under low and mid-osmotic conditions. Strong
DhHog1 phosphorylation depends on high external osmolar-
ity, and its pattern is essentially consistent with its translo-
cation to the nucleus, in which long accumulation occurs.
These authors also demonstrated a role for DhHogl1 in the
response to oxidative stress, which can be triggered by NaCl
or KCI (Ramos-Moreno et al. 2019).

Intracellular levels of compatible osmolytes

Polyols act as compatible solutes to counteract osmotic
stress in yeasts, with glycerol being the most abundant
among them. The intracellular levels of this molecule in S.
cerevisiae depend on glycerol-3-phosphate dehydrogenase
(Gpd), pr-glycerol-3-phosphate phosphatase (Gpp) and
glycerol dehydrogenase (Gey) enzymes, and the activity of
transporters such as Stll (glycerol-proton symporter) and
Fpsl (involved in efflux of glycerol and xylitol).

Hortaea werneckii genome contains two salt-inducible
GPD1 genes that show similar gene transcription regulation
and share 98% amino-acid sequence identity. Leakage of
glycerol is reduced by the incorporation of a layer of mela-
nin into the cell wall. Thus, the degree of melanization is
altered in response to various exposures to salinities (Ple-
menitas et al. 2008). In W. ichthyophaga there is only one
WiGDPI gene and its expression is less induced by salt.
The gene can rescue the salt tolerance phenotype of the S.
cerevisiae gpdlgpd2 double mutant (Lenassi et al. 2011).
A second homolog of ScGPDI has also been found along
with homologs of ScGPP1 (one), ScSTLI (four) and ScFPS1
(three) genes (reviewed in Plemenitas et al. 2014).

DhGPD1 and DhGPD?2 have been described in D. hanse-
nii. They are upregulated upon hyperosmotic stress and their
involvement in NaCl tolerance in this yeast has been dem-
onstrated (Almagro et al. 2000; Gori et al. 2005). It is worth
mentioning that DAGPDI and DhMSN2 are modulated by
stress at their transcriptional level (Ramos-Moreno et al.
2019). D. hansenii contains a unique Na*/glycerol symporter
that also uses potassium ions and has not been identified in
S. cerevisiae. Glycerol accumulation has been reported to

be partially dependent on DhHogl, that fully upregulates
the transcription of DASTLI gene and partially upregulates
DhGPDI (Sanchez et al. 2020).

Zygosaccharomyces rouxii possesses two putative glyc-
erol-3-phosphate dehydrogenases (ZrGpd1p and ZrGpd2p),
and two isogenes of the S. cerevisiae GCY1 (ZrGCYI and
ZrGCY2) (Iwaki et al. 2001). ZrGPD1 and ZrGPP2 have a
main role in the production of glycerol, but unlike in S. cer-
evisiae, their expression is not regulated in response to salt
stress and hence seems to by-pass the HOG pathway control
(Dakal et al. 2014).

Cell turgor is also maintained by the accumulation of
large amounts of other compatible solutes, such as erythritol,
arabitol, mannitol, and mycosporine-glutaminol-glucoside
in H. werneckii; arabitol and traces of mannitol in W. ich-
thyophaga, and trehalose, arabinitol, glutamic acid, and ala-
nine in D. hansenii (Zajc et al. 2014b; Sanchez et al. 2020).
In Z. rouxii, the production of compatible solutes depends
upon the osmoticum (Dakal et al. 2014). Under salt stress,
D-arabitol is produced in excess and accumulated, and the
glycerol concentration remains invariable, while fructose
and glucose-containing medium has been associated with
mannitol production, which is inhibited by salt.

Levels and activity of membrane transporters

The enrichment in plasma membrane transporters is charac-
teristic of the extremophile yeast H. werneckii (Lenassi et al.
2013; Plemenitas et al. 2014), with a number of homologs
ranging between four and eight like in the case of Trk1/2
channels (for potassium uptake), Tok channels (potas-
sium efflux), Na*, K*/H* antiporter Nhal, Na*/P, sym-
porter Pho89, Ena Na* P-type ATPases and Pmal P-type
H*-ATPase. It is also worth mentioning a salt-dependent
transcription enrichment of the HwPMAs genes in this yeast.
Homologs of S. cerevisiae proteins involved in cation trans-
port across the vacuole and Golgi apparatus membranes have
also been found in H. werneckii and, in some cases, enrich-
ment is found.

Wallemia ichthyophaga cells maintain low intracellular
K* and Na™ at constant salinities, but during hyperosmotic
shock the amounts of both cations increase significantly
(Zajc et al. 2014b). The ratio of intracellular K* and Na™* is
higher across the whole salinity range than that found in H.
werneckii, and decreases with increasing salinities (reviewed
in Plemenitas et al. 2014). The number of cation transport-
ers in W. ichthyophaga is low and mostly independent of
salt, except for the P-type ATPases HwEnal and HwEna2.
Considering these findings, it seems that W. ichthyophaga
resists higher sodium concentrations and has a poor capa-
bility to adjust to changing environments, probably because
this microbe prefers relatively constant growth conditions
with extremely high salinity levels (Plemenitas et al. 2014).
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In Z. rouxii growing under increasing salinity, intracel-
lular Na™ content rises slightly, intracellular Kt content
decreases significantly, and the activity of Na*/K*-ATPase
is around four-fold higher (Wang et al. 2020a). To mediate
the efflux of excessive cations through the plasma membrane
this yeast uses the ZrEnal, ZrNhal and ZrSod2-22 trans-
porters. Unlike in S. cerevisiae, ZrEnal has little relevance
in salt tolerance and the major pump-out activity relies on
ZrSod22 and its variants.

DhTRKI, DhHAKI, DhENAI1/DhENA2, DhNHAI,
DhKHAI, and DhNHX1, the genes encoding transporters
participating in potassium and sodium inward and out-
ward fluxes and organellar sequestration, have been cloned
and characterized in D. hansenii (reviewed in Prista et al.
2016). The upregulation of DhENAI and DhENA2 under
hyperosmotic stress has been demonstrated (Almagro et al.
2000; Gori et al. 2007). Recently, Herrera et al. (2017) have
unveiled two new halotolerance determinants in D. hanse-
nii: the function of the vacuole in the tight regulation of
the maintenance of low Na™ levels in the cytosol and in K*
homeostasis, and the good performance of the cells when
cytosolic values of Na* are significantly higher than those
reported in the model yeast. Unlike other fungi, D. hansenii
is considered a sodium-ion includer. Cytosolic Na* levels
reach values around three times higher than those reported
in S. cerevisiae.

Changes in the membrane properties associated
to halotolerance

To preserve the integrity of the cells and the membrane-
associated processes In H. werneckii and D. hansenii, mem-
brane lipid composition is restructured in the presence of
greater amounts of salt by changes in the expression of genes
that are involved in lipid synthesis and modification. Com-
pared to S. cerevisiae, the membranes are more fluid, the
sterol-to-phospholipid ratio is lower, and fatty acid unsatu-
ration increases (Gunde-Cimerman et al. 2009). The major
fatty acid in the plasma membrane of D. hansenii is oleic
acid. Capusoni et al. (2019) have also reported that the expo-
sure to hyper-osmotic conditions elicits reversible membrane
depolarization and reduces the membrane permeability, not
only in D. hansenii strains but also in other less osmotolerant
species like S. cerevisiae. In Z. rouxii, however, ergosterol
content increases, the unsaturated/saturated fatty acid ratio
reduces, and cell membrane fluidity decreases under NaCl
stress (Dakal et al. 2014).

Modifications in morphology and growth
The adaptation of H. werneckii to extremely saline condi-

tions involve changes in cell size and colony appearance,
cell-wall ultrastructure, morphology (which includes
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enhanced melanization), and meristematic growth (Kogej
et al. 2007). Striking findings related to long-term adaptation
changes in cell wall morphology, signaling pathways and the
pentose phosphate cycle were also reported in a recent study
of a H. werneckii isolate grown for over 7 years and for at
least 800 generations under salinity far above this specie’s
preferred optimum (Gostincar et al. 2021).

Wallemia ichthyophaga grows in multicellular groups
or as sarcina-like structures (Zalar et al. 2005). As salinity
rises, these clumps increase in size and there is a decrease
in the functional cell size due to a threefold thickening of
the cell walls. Kralj Kuncic et al. (2010) concluded that the
observed about ninefold increase in the expression of the cel-
lulase/exo-1,3-pB-glucanase gene when the NaCl concentra-
tion elevated from 1.7 M to saturated solution could provide
protection to the cells from the hostile environmental condi-
tions. On the other hand, the expansion of the hydrophobins
protein family to 26 members from just 15 predicted in the
last common ancestor of W. ichthyophaga and W. sebi (Zajc
et al. 2013) results in both increased cell wall strength and
rigidity and may have a role in the sarcina-like morphology
and in the formation of compact cell clusters (Plemenitas
et al. 2014).

Other traits related to osmo(halo)tolerance are described
in Table S2 in the Supplementary Material.

Biotechnological applications
of halotolerant yeasts

Microorganisms, and especially yeasts, play a significant
role in diverse biotechnological applications. Halotolerant
yeasts have unique properties for these purposes, and have
been broadly used in food production, as biocatalysts in the
synthesis of valuable products, and also in biodegradation
processes. Figure 2 outlines the most common biotechno-
logical applications. Table S1 in the Supplementary Mate-
rial contains a description of recently reported or proposed
applications of some halotolerant yeast strains, which are
used either as whole cells or just as individual enzymes. A
more detailed description of several of these applications is
provided below.

Food industry

Halophiles have been used in traditional fermentation pro-
cesses increasing health benefits such as nutrient enrich-
ment. These microbes enter the food chain at different steps,
adapt to the environment to survive and grow, and gener-
ate useful active substances through metabolic processes,
which results in the production of high sugar and/or salt fer-
mented foods. However, the presence of halophiles may have
adverse outcomes and result in undesired food spoilage and
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Production of high sugar and/or salt
fermented foods: soy sauce, balsamic
vinegar, cheeses, sausages

Generation of zymocins as a biocontrol
agents

Polycyclic aromatic hydrocarbons
Phenol and its derivatives
Azo dyes

Bioremediation

Production of chiral drugs of
pharmaceutical interest

Biocata |ysis « Generation of other relevant products
such as D-arabinitol, xylitol, piruvic acid
Biofuel production

Fig.2 Some biotechnological applications of halotolerant yeasts

damage due to the accumulation of potentially toxic com-
pounds such as biogenic amines, nitrates, and nitrosamines.
This aspect of halophiles’ biology causes severe economic
losses in the production of bread, cereals, spices, dairy prod-
ucts, chocolate, fermented sauces, soft drinks, fruits, jams
and syrups (Gostincar et al. 2011; Dakal et al. 2014; Qi et al.
2014a, b). It has been estimated that food loss caused by
yeasts in Australia could exceed $ 10,000,000 annually, and
could represent around 5-10% of all food production (Pitt
and Hocking 2009).

Zygosaccharomyces yeasts (also called “ZygoFactories”)
play a central role in the production of traditional fermented
highly sugary and salty food such as soy sauce, soybean
paste, miso, kombucha or balsamic vinegar. They also pro-
duce secondary metabolites that can serve as relevant flavor
components and food additives. In this sense, Z. rouxii has
a key role in the production of soy sauce, where it releases
flavor compounds, which contribute to its fragrant and
smoky aroma. It is also a crucial cell factory in the produc-
tion of balsamic vinegar, converting concentrated sugars to
ethanol as well as in ethanol-free beer production (Solieri
2021). However, due to their tolerance to salt, sugar and
acid preservatives, Zygosaccharomyces strains are one of the
main spoilage yeasts in the food industry (Dakal et al. 2014).
Some wild Z. rouxii are known to impair the quality of soy
sauce due to the generation of unpleasant odors caused by
the formation of flor velum (Mogi and Watanabe 2020).

Candida versatilis is another of the major microbes in
the soy sauce fermentation, which enriches the flavor and
improves its quality. Qi et al. (2014a) have described an
important effect of the salt stress in the quantity and nature
of metabolites produced by this microorganism. Both syn-
thesis and secretion of aldehydes and phenols were enhanced
under these conditions. Elevated levels of a variety of bio-
genic amines were shown during the aging period of soy
sauce production, which may be due to amino acid decar-
boxylation by yeast decarboxylase(s).

Debaryomyces hansenii is the predominant yeast species
isolated from multiple common foods. Its metabolic activity
is essential to the ripening process of cheeses and sausages
such as salami, playing an important role in the final desir-
able organoleptic properties of these foods, and it can be
used as a starter to develop their characteristic flavors and
textures (Prista et al. 2016 and references therein). Differ-
ent strains uniquely contribute to the final aroma and taste
of these products, adding a whole range of distinct volatile
compounds or altering their composition with distinctive
proteolytic enzymes. It has been demonstrated, for instance,
that D. hansenii generates ester and sulfur compounds,
among other volatiles, responsible for the characteristic
meat aroma and taste (Perea-Sanz et al. 2019). Bacterial
microbiota on processed foods is influenced by the presence
of this yeast due to its striking ability to modulate pH. It has
been described as a common contaminant of foods and bev-
erages, being associated with the spoilage of cheese, milk,
yogurt, jam, and confectionery. However, the knowledge of
its growth behavior under different conditions is useful to
the establishment of food preservation strategies (Almagro
et al. 2000).

Other described osmotolerant and/or halotolerant food
yeasts include Millerozyma farinosa, a yeast species found
primarily in alcoholic beverages such as beer and sake, H.
werneckii, which is detected on salty foods, and Candida
davenportii, C. stellata and C. magnoliae that have been
predominantly associated with spoilage of sugary foods
(reviewed in Dakal et al. 2014).

It is worth mentioning that halophilic yeasts produce
zymocins or yeast killer (K) toxins, which can be developed
as potential biocontrol agents in food industries and also
in the treatment of fungal infections. Zymocins are hetero-
geneous antimycotical agents produced by different yeast
strains. In fact, several halotolerant species like D. hansenii,
Pichia membranifaciens, P. farinosa or C. nodaensis display
or even increase K activity in the presence of salts like NaCl,
and for this reason they can be interesting tools in several
biotechnological applications, especially in the preservation
of salt-fermented foods (da Silva et al. 2008 and references
therein).

Bioremediation

The progress of industrialization has increased the use of
chemicals in products such as fuels and industrial solvents.
Pesticides, insecticides, and herbicides in agriculture consti-
tute the main source of water pollution, and their improper
disposal results in life-threatening air, water, and soil con-
tamination. Conventional physical and chemical methods for
treatment of pollutants are costly, time-consuming and result
in generation of other contaminants in the process (Nikolaiv-
its et al. 2020 and references therein). Bioremediation has
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emerged as a safe, low-cost, and eco-friendly alternative
technology that offers sustainable removal of hazard-
ous chemicals. The US Environmental Protection Agency
(USEPA) defines bioremediation as a treatment process in
which microorganisms are employed to degrade or modify
toxic pollutants to less harmful products, thus reducing envi-
ronmental pollutants generated by various anthropogenic
activities.

Polycyclic aromatic hydrocarbons (PAHs) are a group of
carcinogenic and highly toxic environmental pollutants with
prolonged stability. Bacteria have been used for removal of
PAHs, but their effectivity is low when these compounds
have high molecular weights, like in the case of benzo[a]
pyrene and phenanthrene. Several species of filamentous
fungi and lately also yeasts have been used as bioremediat-
ing agents because they can use these compounds as growth
substrates. As these pollutants are widely distributed in dif-
ferent ecosystems, including saline environments, halotoler-
ant and halophilic yeasts like Candida sp. S1 (Hadibarata
et al. 2017), Basidioascopus persicus EBL-C16 (Kamyabi
et al. 2018), or R. mucilaginosa EXF-1630 (Martinez-Avila
et al. 2021) are essential bioplayers for the recuperation of
these ecological niches.

Phenol and its derivatives are extremely hazardous con-
taminants, toxic to animals and humans, and are generated
from a variety of industrial processes. Phenol is soluble in
water, and is frequently found in industrial salty wastewater
along with other contaminants like heavy metals. Candida
sp. JS3 (Jiang et al. 2015), Debaryomyces sp. IS4 (Jiang
et al. 2016) and C. tropicalis SDP-1 (Gong et al. 2021) are
halotolerant yeasts that have been shown effective in degra-
dation of these compounds. It has also been described that
the immobilisation of Candida sp. in SiO, nanoparticles had
a better phenol removal performance compared to free cells
(Jiang et al. 2018). The wastewater from the printing, tex-
tile and dyeing industries are representative of hypersaline
wastewater which contain azo dyes, a vast group of highly
toxic pollutants that are recalcitrant to biodegradation by
bacteria. Halotolerant yeasts such as Sterygmatomyces halo-
philus SSA1575 (Al-Tohamy et al. 2020), Pichia occidenta-
lis A2, Candida tropicalis Al and C. tropicalis SYF-1 (Tang
et al. 2020; Wang et al. 2020b) have been effective in the
degradation of these hazardous contaminants.

Biocatalysis

Biocatalysis has been considered an alternative to classic
chemical methods that fulfills the green chemistry prin-
ciples (Anastas and Eghbali 2010). It involves the use of
whole cells and enzymes, which are nature’s sustainable,
renewable and biodegradable catalysts. They are used under
mild temperature and pH conditions; water is used as an
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environmentally friendly solvent (Ni et al. 2014). In addi-
tion, no heavy metals are employed, and good control over
chemo-, regio- and stereoselectivity are achieved (Hernéaiz
et al. 2010). Biocatalysis has a special impact on the phar-
maceutical industry as most chiral drugs can be synthesized
on a large-scale using enzymes or whole cells in any step of
their synthesis (Wells and Meyer 2014).

Water is one of the most preferred solvents by the phar-
maceutical industry because its reduced cost and its low
impact in the environment (Anderson 2012). However,
considerable water usage is another problem in industrial
processes, and it is important to investigate alternatives to
freshwater. Seawater represents the most important water
reservoir with a lot of microorganisms adapted to the high
salinity. Marine microorganisms and their enzymes consti-
tute an important source of research into finding new prop-
erties as a result of singular physicochemical conditions,
such as salt tolerance, hyperthermostability, barophilicity or
cold adaptability (Trincone 2010), and in this sense, marine
yeasts have been shown promising for biotechnological
applications to perform bioprocesses under medium- or
high- salinity conditions (Grande et al. 2012; Dominguez
de Maria, 2013; Zaky et al. 2014, 2018; Zambelli et al. 2015;
Serra et al. 2016; Andreu and del Olmo 2018, 2019, 2020).
In this section, we show some examples of distinct catalytic
activities to produce interesting valuable compounds that
can be carried out by whole cells or enzymes in salty media.

The ability of halotolerant yeast S. etchellsii to produce the
chiral precursor of ephedrine (R)-(-)-phenylacetylcarbinol out
of benzaldehyde has been demonstrated in seawater with the
conversion rate of the starting material being higher in this
medium than in freshwater controls (Andreu and del Olmo
2018). Whole cells of salt-resistant Meyerozyma guilliermondii
LM2, have shown nitrile hydrolyzing activity, converting dif-
ferent substrates with high yields and high enantioselectivity
toward racemic substrates (Serra et al. 2019). It has also been
found that several marine Pichia and Candida yeast isolates
can catalyze the conversion reaction of monosodium glutamate
to GABA only in the presence of glucose (Masuda et al. 2008).

Debaryomyces and Schwanniomyces halotolerant yeast
strains have been used as cell factories for biocatalytic
reduction of pro-chiral ketones into chiral alcohols using
seawater as a solvent. In this medium, these yeasts show
higher thermotolerance, resistance to different organic sol-
vents and enhanced activity. Higher substrate charges and
several recycling steps have also been possible in seawater
when compared to analogical reactions carried out in fresh-
water (Andreu and del Olmo 2018, 2019). Other halotolerant
yeast strains used for the asymmetric reduction of ketones
have been S. cerevisiae FY86, K. marxianus, T delbrueckii,
M. guilliermondii (Andreu and del Olmo 2020), and Rho-
dotorula mucilaginosa (Serra et al. 2016).
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The competence of D. hansenii to synthesize biotechno-
logically relevant products has been well documented. In
this sense, it is a valuable alternative to chemical syntheses,
not only because of low costs but also for the scope of new
products. For instance, as a halotolerant strain, it produces
compatible solutes such as p-arabinitol. D. hansenii thia-
mine auxotrophs under thiamine limitation have also been
shown to accumulate pyruvic acid, a product widely used
in the chemical, pharmaceutical and agrochemical indus-
tries. This yeast has been considered a traditional “cell
factory” of alditols, and its capacity to produce xylitol has
been exploited for several decades. This product is a meta-
bolic intermediate of p-xylose fermentation and is used in
the food industry for its high sweetening properties (Breuer
and Harms 2006). Salty substance feedstocks like fermented
wastes, soy sauce or marine microalgae are interesting res-
ervoirs for ethanol production due to their abundance. As
salt concentration is an important parameter in this process
due to its reducing effect on cell growth, the use of halo-
tolerant yeasts for bioethanol production also has gained a
lot of attention in recent years. Bioethanol production was
achieved from salted algae by Citeromyces matritensis M37
(Okai et al. 2016), in a growth medium supplemented with
10% (w/v) molasses and 4% (w/v) NaCl by two new strains
of K. marxianus (Karatay et al. 2019), as well as in seawater
by S. cerevisiae AZ65 (Zaky et al. 2020). A recent review by
Scapini et al. (2021) provides an updated data for seawater-
based biorefineries.

Halotolerant yeasts belonging to the genera Cryptococ-
cus, Schwanniomyces, Yarrowia, Pichia, Schizosaccharomy-
ces and Williopsis have been shown to mediate the synthesis
of nanoparticles (Mohite et al. 2017 and references therein).
Both gold and silver nanoparticles generated by W. satur-
nus NCIM 3298 exhibited good catalytic properties in the
NaBH,-based reduction of 4-nitrophenol to 4-aminophenol.
This observation suggests they could potentially be used as
antioxidants and catalysts in the cosmetic and pharmaceuti-
cal industries.

Finally, it is worth mentioning that not only whole cells of
halotolerant microorganisms have been used as biocatalysts.
Several halophilic enzymes, like glycosidases, proteases and
lipases have been purified and characterized (Ruginescu
et al. 2020). Enzymes derived from halophilic organisms
could be useful in low-water or anhydrous solvent applica-
tions due to the effect of salt on lowering water activity.
Organic solvents enhance reaction rate by increasing the
solubility of nonpolar substrates, enhancing thermostability
and allowing reactions usually unfavored in aqueous solution
(Demirci et al. 2021 and references therein).

Design and use of novel systems for industrial
processes

Besides the use of isolates with potential industrial interest,
recent research also involves the development of new strat-
egies such as microorganism combinations with enhanced
properties or the rational design of efficient halotolerant
enzymatic systems. An example of the former is the con-
struction of a novel multipurpose oleaginous consortium
designated as OYC-Y.BC.SH developed using three yeast
cultures viz. Yarrowia sp. SSA1642, Barnettozyma califor-
nica SSA1518 and Sterigmatomyces halophilus SSA1511.
This consortium has a high ability to accumulate large
amounts of triacylglycerol lipids, grow on xylose, produce
lipase and xylanase and it could rapidly decolorize com-
monly used textile reactive azo dyes. The specific enzyme
activities were significantly higher than that of individual
strains (Ali et al. 2020). On the other hand, rational design
has been used for the development of new halotolerant
enzymes for the synthesis of cytidine diphosphate choline,
a drug applied in brain surgery patients. An increase in the
incidence of surface acidic residues in the enzyme resulted
in an improvement of the activity and ICs, of the mutant
respect to the wild counterpart (Zheng et al. 2019).

In the future the construction of genetically modified
strains useful for industrial processes is expected to become
more common. However, this requires the development of
vectors, markers and strategies for efficient transformation
with heterologous DNA. Unfortunately, these tools have not
become available for most of these yeasts yet. In the case
of Z. rouxii an improved transformation method by elec-
troporation has been proposed (Watanabe et al. 2010) and,
more recently, a set of centromeric and episomal plasmids
carrying antibiotic markers and Cre recombinase have been
developed (Bizzarri et al. 2019). Metabolic engineering of
Y. lipolytica and two-stage continuous fermentation process
have been developed for a sustainable eicosapentaenoic acid
(C20:5, EPA) production (Xie et al. 2017).

New molecular tools for genetic manipulation have also
been developed for D. hansenii. Ricaurte and Govind (1999)
introduced the first successful strategy for transformation
using dhURA3 gene as a plasmid marker and an ura3 mutant
strain. A more effective method of transformation by elec-
troporation based on the DhHIS4 gene as the selectable
marker and a histidine auxotrophic recipient strain has been
reported more recently; this system is also used for gene
disruption by homologous recombination, although with
low rate (Minhas et al. 2009; Minhas and Biswas 2019).
The ambiguous translation of the CUG codon in D. hanse-
nii also makes genetic manipulation more difficult, while
heterologous expression in S. cerevisiae may help with gene
function determination. Recently, a novel plasmid-based
CRISPRCYY/Cas9 tool for gene editing of prototrophic
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strains of D. hansenii and a NHEJ-deficient strain have
been reported (Strucko et al. 2021). This method allows for
a highly efficient introduction of point mutations and single/
double gene deletions in D. hansenii.

The knowledge of genetic loci underlying sugar- and salt
tolerance in halotolerant yeasts can be utilized to improve
the growth and fermentation performance characteristics of
laboratory and industrial strains when grown under stress-
full conditions. This know-how could potentially alleviate
problems caused by extansive soil salinization in plant crops
and in agriculture in general (Dakal et al. 2014 and refer-
ences therein).

Concluding remarks

Halotolerant and osmotolerant yeasts constitute an important
group of microorganisms present worldwide. During the last
two decades, important advances have been made regard-
ing their identification, characterization, and development of
industrial applications. We still need to improve and broaden
our knowledge of these yeasts to better understand how they
can adapt to the extreme conditions in their natural habitats
and to use this information for bioprocesses. As discussed
in this review some of these strains have been studied for
decades, and now we have some insights into general com-
mon strategies that these fungi exploit for halotolerance and
osmotolerance. We have also observed differences in several
pathways, proteins and enzymes involved when compared
among them and with S. cerevisiae, but many intriguing fea-
tures need to be confirmed and studied in more detail. The
omic-based analyses carried out during the last years and
many others that will become available and implemented
in next forthcoming years, along with molecular tools for
which interesting strains remain elusive will increase our
knowledge of these halophilic yeasts and their adaptive
biology.
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