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Abstract
The halophilic yeast Debaryomyces hansenii has been studied for several decades, serving as eukaryotic model for under-
standing salt and osmotic tolerance. Nevertheless, lack of consensus among different studies is found and, sometimes, con-
tradictory information derived from studies performed in very diverse conditions. These two factors hampered its establish-
ment as the key biotechnological player that was called to be in the past decade. On top of that, very limited (often deficient) 
engineering tools are available for this yeast. Fortunately Debaryomyces is again gaining momentum and recent advances 
using highly instrumented lab scale bioreactors, together with advanced –omics and HT-robotics, have revealed a new set 
of interesting results. Those forecast a very promising future for D. hansenii in the era of the so-called green biotechnology. 
Moreover, novel genetic tools enabling precise gene editing on this yeast are now available. In this review, we highlight the 
most recent developments, which include the identification of a novel gene implicated in salt tolerance, a newly proposed 
survival mechanism for D. hansenii at very high salt and limiting nutrient concentrations, and its utilization as production 
host in biotechnological processes.
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Introduction

Debaryomyces hansenii is a halotolerant and xerotolerant 
non-conventional yeast with an enormous potential to be 
used in biotechnology (Navarrete and Martínez 2020; Prista 
et al. 2016). In recent years, the interest in D. hansenii has 
increased again and several studies have contributed to a 
better understanding of its halotolerant/halophilic behavior, 
using new methodology (such as controlled bioreactions) 
and omic-techniques (Navarrete et al. 2021a, b). Further-
more, new and interesting physiological characteristics have 
been described, presenting this yeast as an excellent option 

when working in harsh conditions that are commonly found 
in diverse industrial processes (Navarrete et al. 2021a, b).

Environmental technology or green technology are 
terms used to define a type of science that seeks for more 
environmentally friendly methods to e.g. produce different 
compounds, while reducing the negative impact of those 
processes on the environment. For instance, this non-con-
ventional yeast is able to grow in media containing high 
concentration of salt, meaning that the use of pure water 
sources will not be necessary when industrially growing this 
yeast. Along this line, a recent work described the higher 
resistance of D. hansenii, and other halotolerant yeasts, to 
organic solvents/reagents in seawater rather than in freshwa-
ter (Andreu and del Olmo 2020), which indicates the pos-
sibility of using this yeast as biocatalysts in seawater. In the 
case of D. hansenii, its ability to grow in media containing 
high concentration of salt means that the use of pure water 
will not be necessary for the industrial production of bio-
mass. Additionally, the utilization of high salt concentra-
tions decreases the risk of contamination and reduces the 
costs due to sterilization (Navarrete et al. 2020; Navarrete 
and Martínez 2020). Moreover, the ability of D. hansenii to 
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utilize different carbon sources and to growth in the pres-
ence of certain inhibitors, makes it an excellent option when 
working in industrial bioprocesses based on both lignocellu-
losic and non-lignocellulosic biomass feedstocks (Dyerberg 
et al. 2022).

Engineering D. hansenii

For decades, the only limitation when working with D. 
hansenii was the lack of efficient and reproducible molecu-
lar tools allowing engineering of this yeast. Consequently, 
for many years, halotolerance studies in D. hansenii were 
carried out using heterologous expression in Saccharomyces 
cerevisiae (Prista et al. 2016). Although several research 
groups have been successful in developing some molecular 
tools, it is in the twenty-first century when the application of 
novel technologies has made possible highly efficient trans-
formation methods and the obtaining of knockout strains of 
D. hansenii (Fig. 1). These are important steps to improve 
both our general knowledge about the yeast, and to obtain 
better host strains for their future use in the industry.

Tools developed in the early 2000s

The first documented attempt to engineer D. hansenii, was 
performed by Ricaurte and Govind (1999). They demon-
strated D. hansenii’s sensitivity to hygromycin B and trans-
formed the yeast with plasmids containing a hygromycin B 
resistance gene. However, in these experiments the trans-
formation efficiency was very low. Genome integration was 
also achieved by the same authors, who used integrative 

plasmids with the same dominant marker (Ricaurte and 
Govind 1999).

A system based on HIS4 as auxotrophic marker was also 
effectively used for gene disruption in D. hansenii (Minhas 
et al. 2009). The authors were able to delete three differ-
ent genes (DhXR, DhPPZ1 and DhMPK1) by homologous 
recombination, though the gene disruption method showed 
again an extremely low efficiency (only 4/25 clones showing 
the desired phenotype) (Minhas et al. 2009, 2012).

In S. cerevisiae, the preferred method for double-strand 
breaks repair is HR (homologous recombination). On the 
other hand, many other yeast species prefer the NHEJ (non-
homologous end joining) pathway, including D. hansenii. 
In order to avoid random genome integration and the con-
sequent difficulty to find correct mutant strains, the adopted 
strategy to generate NHEJ-deficient mutants seems to be the 
key to easily obtain knockout strains of D. hansenii (Krapp-
mann 2007).

The use of novel techniques: CRISPR‑Cas9 
to engineer non‑conventional yeasts

The discovery of CRISPR-Cas9 technology and its appli-
cations in genome editing, have had a great impact on the 
engineering and synthetic biology fields, for S. cerevisiae 
but also for many other microorganisms, including some 
non-conventional yeast (Stovicek et al. 2017). As mentioned 
before, genetic engineering of this yeast has been highly 
limited mostly due to the NHEJ pathway as the preferred 
one by D. hansenii. For this reason, it is nearly impossible 
(or highly inefficient) to introduce genome alterations via 
homology based gene targeting in this yeast (Krappmann 
2007; Spasskaya et al. 2021; Strucko et al. 2021).

Fig. 1   Chronological scheme of the different tools used to engineer D. hansenii in the last decades, their main characteristics and possible short-
ages
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A recent study described the successful application of 
CRISPR/Cas9 in D. hansenii genome editing for the first 
time (Spasskaya et al. 2021). However, it was mainly used 
for gene inactivation via defective NHEJ repair, while 
homologous recombination (HR) directed edits had still 
low success.

Shortly after the aforementioned study, Strucko et al. 
(2021) reported the development of a highly efficient 
CRISPR-Cas9 engineering toolbox for D. hansenii, which 
allows introducing precise Cas9-mediated point mutations 
and marker-free gene deletion via HR. In this work, the 
authors disrupted the NHEJ pathway in D. hansenii creat-
ing a mutant for the gene KU70, which codes an essential 
protein for NHEJ repair. Therefore, a highly efficient gene 
targeting by HR was achieved in this mutant strain. Besides, 
a CRISPR-Cas9 tool, compatible with multiplex gene target-
ing in D. hansenii was also successfully developed (Strucko 
et al. 2021).

First D. hansenii´s characterization 
in controlled environments

D. hansenii has been traditionally used as a model organism 
to study osmotolerance and salt tolerance in eukaryotic sys-
tems (Adler et al. 1985; Prista et al. 1997, 2005). Therefore, 
the role of potassium and sodium fluxes on ion homeostasis 
has been extensively studied on this yeast (Almagro et al. 
2001; García-Salcedo et al. 2007; Martínez et al. 2011; 
Montiel and Ramos 2007; Prista et al. 2007; Velkova and 
Sychrova 2006). However, it was difficult to find consen-
sual information on behavioral patterns of this yeast due 
to the diverse culture conditions (e.g. media composition, 
pH, temperature, strain type, etc.) and different experimental 
methodologies used by the different research groups.

D. hansenii has been already used to produce industrially-
relevant products such as xylitol, trehalose and fat-soluble 
vitamins (Navarrete and Martínez 2020), that the yeast 
is able to produce naturally. Specially, the xylitol market 
in food and pharmaceutical industry has exponentially 
increased during the last decades (Musatto 2012). Several 
authors have published their work about increased xylitol 
production by D. hansenii during glucose, glycerol or xylose 
fermentation. For instance, a 2.5-fold increased xylitol con-
centration was obtained when the XDH gene, coding for a 
xylitol dehydrogenase, was disrupted in D. hansenii (strain 
CBS767) (Pal et al. 2013). The authors also observed bet-
ter xylitol yields when the mutant cells were grown with 
glycerol as co-substrate during xylose fermentation in flasks 
and in bioreactors. Another study, investigated the use of 
rapeseed straw hemicellulosic hydrolysate as a fermenta-
tion medium for xylitol production by D. hansenii in flasks 
(López-Linares et al. 2018). More specifically, the authors 

obtained 0.45 g/g of xylitol without the need to completely 
eliminate the toxic compounds generated during the conver-
sion of xylose to xylitol. This work also revealed a negative 
impact of glucose on the yeast performance along the pro-
cess. All these studies are of extreme relevance when intro-
ducing D. hansenii as a suitable host for biotechnological 
processes, but none presented a complete characterization 
of the yeast during the fermentation process. The majority of 
them were performed in shake flasks (non-controlled condi-
tions) and exclusively focused on the specific processes but 
not on the cell physiology under the production conditions.

The first characterization of D. hansenii in batch cultiva-
tion and under highly controlled lab-scale bioreactors was 
reported by our lab in 2021 (Navarrete et al. 2021a). In this 
work, we contributed to a more complete picture of the cen-
tral carbon metabolism and the external pH influence on D. 
hansenii´s ability to tolerate high salt concentrations (Na+ 
and K+) (Navarrete et al. 2021a). Furthermore, a differential 
effect of both salts was observed, with NaCl exhibiting a 
more significant positive impact than KCl. Besides, higher 
growth rates at a combination of low pH and high salt vs. 
low pH and no salt were also described.

Additionally, this study led us to propose a novel survival 
strategy for this yeast, at very high salinity (Fig. 2). We dem-
onstrated that D. hansenii increases its growth rate at moder-
ate-high salinity (over 1 M) which permits metabolizing the 
most of the available carbon quite rapidly in this conditions, 
thus limiting resources for other competitors (Navarrete 
et al. 2021a). When the salt concentration increases to higher 
levels (2 M) in the environment, the yeast cells slow down 
their growth rate while still proliferating and at the same 
time increasing the carbon yield conversion into biomass. 
That allows overpopulating areas rich in salts, for example 
thawing Arctic glacier and coastal environments where D. 
hansenii has been described to be the most prevalent species 
(Butinar et al. 2011; Jacques et al. 2015).

Discovery of novel genes/proteins involved 
in D. hansenii´s response to high salt

Several studies touching upon D. hansenii´s metabolism at 
a molecular/regulatory level have been published in the last 
20 years (Gori et al. 2006; Martínez et al. 2012; Papouskova 
and Sychrova 2007; Ramos-Moreno et al. 2019). However, 
studies covering proteomics and transcriptomics analyses 
under salt exposure were very limited in number and difficult 
to consensuate, due to the utilization of different strains, 
experimental conditions or sampling regimes among them.

Particularly, a couple of proteomics analyses identified a 
number of induced proteins involved in the glycerol synthe-
sis and the upper part of the glycolysis, in the presence of 
NaCl. Examples of repressed proteins were e.g. those related 
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to the lower part of the glycolysis, Krebs cycle or aminoac-
ids biosynthesis (Gori et al. 2006). Martínez et al. (2012) 
also studied D. hansenii´s proteome but in the presence of 
KCl, correlating very well their observations with the results 
previously presented by Gori and collaborators.

A key factor when investigating the effect of high salt 
on D. hansenii´s metabolism is the cultivation time. Some 
authors have described high sodium concentrations as det-
rimental after only 2–3 h of exposure, whereas it has been 
recently confirmed that longer cultivation times are needed 
in order to observe the overall positive effect of salts on 
the cell metabolism of this yeast (Navarrete et al. 2021a; 
Papouskova and Sychrova 2007).

The most recently published study on D. hansenii show 
a holistic and integrative view, containing several –omics 
analysis (proteomics, phosphoproteomics and RNAseq 
analyses). This study was performed under 1 M NaCl/KCl 
using chemostats (continuous cultivations), a cultivation 
setup which overcomes the limitations normally observed 
in batch processes. Chemostats ensure that all the cells 
in the culture are in steady-state exponential growth and 
therefore, the different culture conditions are fairly com-
parable. This means that all the cells can be set at the 
same growth rate by controlling the feeding in and out 
the bioreactor (Navarrete et al. 2021b). The main conclu-
sion from this work was that wider, non-specific and less 

coordinated expression changes occurred when KCl was 
used, and in contrast a more specific and targeted response 
occurred in the presence of sodium. Furthermore, from 
the transcriptomics and global proteomics analyses, an 
increase in the respiratory metabolism was observed in the 
presence of both salts that correlates with a higher growth 
rate and better cell performance. Additionally, several pro-
teins related to the cellular responses to oxidative stress 
are more abundant or increased their translation under 
these conditions (e.g. Sod1, Ctt1, Srx1), which can also be 
linked with a higher respiratory metabolism stimulated by 
the presence of salt. On top of this, resistance to drugs and 
growth inhibitors was also observed by the overexpression 
of genes involved in this type of response (e.g. TPO1 and 
PDR5) (Navarrete et al. 2021b). An interesting observation 
in this study was that, among all the responsive genes and 
proteins to the presence of salt, around 40–50% of them 
are still uncharacterized or have yet unknown function.

Interestingly from the phosphoproteomics analysis, a 
novel and yet uncharacterized transmembrane transporter 
(B5RUG0) was identified. It seems to be involved in the 
response to high salt concentrations, and its aminoacid 
sequence shows some homology with a certain membrane 
transporter involved in metal tolerance in Candida species. 
This specific transporter showed to be highly regulated in 
D. hansenii, which makes it a really interesting target of 

Fig. 2   Graphic illustration of a novel survival strategy for D. hansenii growing in environments with very high salinity, proposed by Navarrete 
et al. (2021a)
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study and therefore worth to be further investigated (Nav-
arrete et al. 2021b).

The era of the high‑throughput (HT) 
analyses and their potential use in the study 
of D. hansenii

The discovery and implementation of the HT 
systems in the recent years

Since the introduction of molecular biology, a tool to 
develop hundreds of engineered cells in a short period of 
time has always been in the wish list of microbial engineers. 
In recent years, the advances in genetic engineering and the 
discovery and implementation of advanced techniques such 
as CRISPR/Cas and Multiple Automated Genome Evolu-
tion (MAGE) have allowed the generation of large libraries, 
overcoming this challenge (Guo et al. 2018; Vervoort et al. 
2017). Fortunately, even newer ones have been created that 
allow the generation of a huge amount of engineered cells 
in a very short time, thus creating the need to identify and 
select the best performing strain or the one with the desired 
phenotype in the shortest amount of time and with the lowest 
cost possible. Recently, High-Throughput Screening (HTS) 
methodologies are gaining interest as crucial systems for this 
purpose (Sarnaik et al. 2020).

HTS techniques allow scaling-down the assays to the 
μL or mL scale using microtiter plates to test as many 
conditions as possible in a reasonable timeframe, gaining 
insight into the process (Xiao et al. 2015). These plates 
can, for example, act as micro-reactors and be introduced 
in automated microbioreactor systems (e.g. BioLector™) 
that can simulate industrial-scale fermentations, monitor-
ing critical parameters such as optical density for biomass 
determination and temperature, among others (Zeng et al. 
2020). Moreover, each well can also act as a miniature 

test tube in which multiple analysis can be performed, as 
ELISA or enzymatic assays (Boettner et al. 2002; Du et al. 
2019; Weinberger et al. 2020), reducing the amount of 
chemical reagents and sample used. Then, the plates can 
be placed into microplate readers (e.g. SpectraMax ID3 
or CLARIOStar Plus) which have different measurement 
modes as absorbance, fluorescence, and luminescence 
(Kodedová and Sychrová 2016; Kamli et al. 2021). Most 
of these microbioreactor systems, as the aforementioned 
BioLector™, can be used to design optimal bioreaction 
setups. The de-novo design of suitable fermentation media 
can be afterwards upscale for industrial production vol-
umes with a high degree of reproducibility (Jacobsen et al. 
2020). Some relevant examples currently available in the 
literature are summarized in Table 1.

Nevertheless, plate handling and pipetting for the 
screening of thousands of clones or conditions is a very 
demanding work. Hence, the development of automated 
systems to facilitate this task have made HTS to become 
a feasible reality (Burckhardt 2018; Sarnaik et al. 2020). 
Some companies have designed advanced robots to auto-
mate entire workflows and laboratory protocols (Table 1). 
The advantages of these novel technologies compared to 
traditional handling are e.g. (i) they can perform repetitive 
tasks with lower error distribution, which reduces human 
labor and ensures reproducibility; (ii) they can eliminate 
cross-contamination; and (iii) they can reduce the opera-
tor’s risk of handling toxic substances (Bogue 2012; Stri-
matis 1989).

Finally, with the large amount of data that HTS sys-
tems generate, it is necessary to develop new computa-
tional techniques to analyze and make predictions from 
the results (Leavell et al. 2020). Hence, the future of HTS 
platforms is to include modelling and Machine Learning 
approaches to further optimize the screening. Along this 
line, recent studies have shown the beneficial impact of 
using Machine Learning algorithms decreasing the number 

Table 1   List of the most representative equipment used as HTS and their function

Function Equipment Commercial house References

Equipment for HTS
Microplate reader SpectraMax ID3 Molecular devices Ismail et at. (2021), Hartmann et al. (2021)

CLARIOStar Plus BMG LABTECH Almeida et al.(2021), Chapman et al. (2021)
Microbioreactors BioLector II M2p-labs Back et al. (2016), van Dijk et al. (2020)

Ambr250 Cell Culture Sartorius Manahan et al. (2019), Eng et al. (2021)
Equipment to automate HTS methods
Colony picker Qpix 400 Molecular devices Varberg et al. (2020), Zhang et al. (2021)

ROTOR Singer Instruments Dyerberg et al. (2022), Aguiar-Cervera et at. (2019)
Liquid handling robots OT-2 Opentrons Tenhaef et al. (2021), Biedermann et al. (2022)

TECAN Tecan Machillot et al. (2018), Cavallo et al. (2020)
Hamilton Hamilton Weinberger et al. (2020), Benieyton et al. (2016)
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of experiments needed to reach a satisfactory conclusion 
(Dreiman et al. 2021; Simmons et al. 2008).

Using advanced HT technologies for screening 
a library of D. hansenii for strains with higher 
potential for industrial production setups

The implementation of HTS has contributed to a better 
understanding of D. hansenii metabolism. Recently, a 
study conducted in our lab analyzed the positive effect of 
sodium ions on the performance of a selected D. hansenii 
array from the DTU Bioengineering Fungal collection, and 
their capabilities to tolerate abiotic stresses compared to 
the model strain most commonly used in published studies 
during the last three decades (Dyerberg et al. 2022). Using 
advanced robotics, we were able to screen up to 61 strains 
of D. hansenii in more than 50 different media conditions.

In this study, we analyzed the growth of the yeast 
strains in agar plates comparing eight different carbon 
sources, under the presence of increasing concentrations 
of fermentation inhibitors often released from pretreatment 
of complex feedstocks (e.g. vanillin, furfural or hydroxym-
ethyl-furfural (HMF) among others), and with the presence 
or absence of NaCl. We used a ROTOR (Singer Instru-
ments) robot to spot the yeast library from liquid to agar 
plates (128 colonies per plate), and a PhenoBooth (Singer 
Instruments) to monitor the colonies growth after 48 and 
144 h. The diameter and density of the colonies were used 
as an indicator of carbon utilization and stress tolerance. 
Moreover, the effect of sodium ions on the strain’s behav-
ior was studied when growing in medium with low pH. A 
final test was performed in a microbioreactor (BioLector 
II, mp2 Labs) to assess growth stability and determine the 
differences in growth rates (Dyerberg et al. 2022).

The results obtained concurred with those previously 
observed by Prista et  al. (2016) and Navarrete et  al. 
(2021a): not only D. hansenii can thrive at high osmotic 
pressure, but also sodium ions have a protective effect 
on its growth under the presence of other stress factors, 
improving its performance. We additionally found that 
adding 1 M NaCl to the media enhanced the assimila-
tion of pentose sugars, such as arabinose and xylose, and 
relieved the abiotic stress caused by the presence of some 
fermentation inhibitors tested, such as furfural or HMF. 
Moreover, we noticed a positive effect on cell growth in 
acidic environments when sodium was present, as Navar-
rete et al. (2021a) showed in their previous work.

With this screening, Dyerberg et al. (2022) demon-
strated that D. hansenii´s behavior with sodium ions is 
not strain-dependent, but it is extended to the species level. 
Interestingly, some strains showed an increased favourable 
phenotype, that allowed to select the most interesting ones 

for their further study and potential utilization in produc-
tion processes at industrial volumes.

Biotechnological use of D. hansenii 
in waste‑streams revalorization processes

D. hansenii has a huge potential as a new cell factory for 
the revalorization of industrial waste streams (Kaur et al. 
2021; Navarrete et al. 2020). The inherent capabilities 
that this non-conventional yeast presents–the halophilic 
character, the high osmotic tolerance and the low pH 
resistance, among others–allow it to grow using complex 
feedstocks instead of the traditional commercial defined 
media, as lignocellulosic biomass or industrial by-products 
(Capusoni et al. 2019; Chao et al. 2009).

Lignocellulosic biomass, including wood, agricultural, 
forestry, food and municipal solid waste, is currently 
employed as a substrate by the biorefinery industry for the 
production of biofuels, organic acids, and other valuable 
chemicals (Berlowska et al. 2018). It is the most abundant 
renewable raw material in the world as it is not season 
dependent and moreover, it contains high concentration of 
sugars as hemicellulose, cellulose and lignin carbohydrate 
polymers (Singhvi and Gokhale 2019). Nevertheless, due 
to the recalcitrant nature of the lignocellulosic biomass, it 
is necessary to perform a chemical or biological pretreat-
ment to release the fermentable sugars from the polymers 
and make them accessible for the microorganisms, which 
imposes the main challenge for its industrial use. During 
this process, some microbial growth inhibitors can also be 
released depending on the hardness of the conditions used 
and the biomass source. For example, some fermentation 
inhibitors often released from acid or alkaline hydroly-
sis pretreatment are phenolic compounds like vanillin, 
furan aldehydes such as furfural or HMF, and organic 
acids including formic acid or acetic acid (Bhatia et al. 
2020). To avoid it, alternative pretreatment strategies are 
also available, such as enzymatic pretreatments (Hosseini 
Koupaie et al. 2019).

D. hansenii, unlike the model organism S. cerevisiae, is 
able to metabolize a broad range of sugars usually found in 
lignocellulosic biomass, including arabinose, mannose, or 
xylose (Dyerberg et al. 2022). It can also grow when some 
inhibitors are present in the environment. For example, it 
tolerates up to 4 g/L of furfural and 2 g/L of HMF, and this 
tolerance increases when sodium is present in the media 
(Dyerberg et al. 2022). The capacity to thrive under harsh 
conditions makes D. hansenii a perfect candidate for the lig-
nocellulosic biomass revalorization. As an example, Portilla 
et al. (2008) used D. hansenii to revalue vine-shoot trimming 
waste and convert the contained xylose to xylitol. However, 
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more studies are needed to gain further insights on the pro-
cess involving D. hansenii and lignocellulosic biomass.

Other “dirty” feedstock sources are potential substrates 
for D. hansenii. Some industrial waste-derived streams, as 
the ones coming from the food industry, can still be rich in 
nutrients and are a perfect example of a possible feedstock 
source. More specifically, the dairy industry produces vast 
amounts of wastewater on a daily basis that contains pro-
teins, salt, fatty substances, lactose and chemicals used 
during the cleaning process of the milk (Arvanitoyannis 
and Giakoundis 2006). Usually, these effluents cannot 
be discharged in wastewater plants because they exceed 
the permitted contaminant limits. Consequently, compa-
nies are searching for alternatives to treat this waste and 
reduce the levels of chemical and biological contaminat-
ing factors, or revalorite it. The superior performance of 
D. hansenii under high salinity and high osmotic pres-
sure environments, and its capacity to metabolize lactose, 
could make it a suitable cell factory for this purpose. On 
top of that, as many microorganisms cannot survive these 
stressful conditions, the yeast would have a significant 
advantage to overcompete other microorganisms, which 
could spare the sterilization needs, hence reducing the 
operational costs. Moreover, using the newly established 
genetic engineering tools for D. hansenii (Spasskaya et al. 
2021; Strucko et al. 2021) it may now be possible to pro-
duce high-value bioproducts from waste by introducing 
heterologous biosynthetic pathways in this yeast.

Future perspectives

The challenges to overcome, derived from the development 
of novel bioreaction processes for the so-called green tran-
sition, require implementing novel microbial cell factories 
with higher robustness. These novel cell factories must 
show an innate better tolerance to industrial fermentation 
conditions whilst not compromising their production yields 
or productivity. Normally, increasing the tolerance in the 
classical hosts require numerous rounds of engineering that 
negatively affect these two important parameters (Navarrete 
and Martínez 2020).

In this regard, D. hansenii possesses all the advantages 
to become a suitable cell factory for the green biotechnol-
ogy revolution. One of the main challenges faced by most 
industries is the exorbitantly high amount of waste generated 
every day which, if uncontrolled, can cause environmental 
and health damage (Donzella et al. 2021; Klitkou and Bol-
wig 2019; Liguori and Faraco 2016). Therefore, exploiting 
the capacity of D. hansenii for waste-streams revaloriza-
tion could help to achieve a more sustainable waste man-
agement, switching from a linear to a circular economy. 
High-value chemicals, food ingredients such as vitamins 

and antioxidants, or recombinant proteins such as industrial 
enzymes or peptide-based therapeutics, could be produced 
from the use of these waste-streams. Until very recently, 
D. hansenii’s use for industrial production was limited to 
flavonoids or xylitol, which were naturally produced by this 
yeast. However, with the recently demonstrated capability to 
introduce recombinant biosynthetic pathways, the produc-
tion possibilities are uncountable.

It is important to stress the fact that higher levels of 
understanding of D. hansenii’s metabolism are still nec-
essary, as the latest advances in terms of physiological/
molecular characterization simply scratched the surface: 
Debaryomyces’ potential still remains to be unfolded at its 
full. For example, as previously mentioned, over 40–50% 
of salt responsive genes and proteins remain uncharacter-
ized, and little is known about the regulatory networks that 
govern the positive responses in terms of cell performance 
to harsh environments (high salt / low pH / low carbon).
Therefore, the development of a comprehensive genome 
scale metabolic model to better understand metabolic fluxes 
and integrate multi-omics analyses would definitely help to 
achieve significant advances. In this sense, the follow up 
development of high precision engineering tools based on 
CRISPR/Cas9, and the implementation of advanced HTS / 
engineering methodologies will play an important role in the 
near future. We are now able to introduce non-natural bio-
synthetic pathways into D. hansenii’s and, most importantly, 
from now onwards we have the possibility to obtain a library 
of mutants, that will be paramount to better understand and 
characterize the aforementioned unknown genes / proteins 
responsive to salt. This will ultimately help to design better 
production strains while increasing our understanding on 
this yeast’s peculiar and interesting behavior.

Funding  The authors would like to acknowledge the Novo Nordisk 
Fonden, within the framework of the Fermentation Based Biomanufac-
turing Initiative (Grant Number NNF17SA0031362) and the AIM-Bio 
project (Grant Number NNF19SA0057794) for supporting this work, 
as well as the support from the COST Action CA-18229 ‘Yeast4- Bio’.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 



	 World Journal of Microbiology and Biotechnology (2022) 38:99

1 3

99  Page 8 of 10

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visithttp://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Adler L, Blomberg A, Nilsson A (1985) Glycerol metabolism and 
osmoregulation in the salt-tolerant yeast Debaryomyces hanse-
nii. J Bacteriol 162:300–306. https://​doi.​org/​10.​1128/​jb.​162.1.​
300-​306.​1985

Aguiar-Cervera J, Severn O (2019) Development of a new high-
throughput method for screening large yeast libraries for use in 
the beverage industry. Access Microbiol 1:30. https://​doi.​org/​10.​
1099/​acmi.​byg20​19.​po0017

Almagro A, Prista C, Benito B, Loureiro-Dias MC, Ramos J (2001) 
Cloning and expression of two genes coding for sodium pumps 
in the salt-tolerant yeast Debaryomyces hansenii. J Bacteriol 
183:3251–3255. https://​doi.​org/​10.​1128/​JB.​183.​10.​3251-​3255.​
2001

Almeida LD, Silva ASF, Mota DC, Vasconcelos AA, Camargo 
AP, Pires GS, Furlan M, Freire HMRDC, Klippel AH, Silva 
SF, Zanelli CF, Carazzolle MF, Oliver SG, Bilsland E (2021) 
Yeast double transporter gene deletion library for identifica-
tion of xenobiotic carriers in low or high throughput. mBio 
12:e0322121. https://​doi.​org/​10.​1128/​mbio.​03221-​21

Andreu C, del Olmo M (2020) Whole-cell biocatalysis in seawater: 
new halotolerant yeast strains for the regio-and stereoselectivity 
reduction of 1-phenylpropane-1,2-dione in saline-rich media. 
ChemBioChem 21:1621–1628. https://​doi.​org/​10.​1002/​cbic.​
20200​0023

Arvanitoyannis IS, Giakoundis A (2006) Current strategies for dairy 
waste management: a review. Crit Rev Food Sci Nutr 46:379–390. 
https://​doi.​org/​10.​1080/​10408​39059​10006​95

Back A, Rossignol T, Krier F, Nicaud JM, Dhulster P (2016) High-
throughput fermentation screening for the yeast Yarrowia 
lipolytica with real-time monitoring of biomass and lipid pro-
duction. Microb Cell Fact 15:147. https://​doi.​org/​10.​1186/​
s12934-​016-​0546-z

Beneyton T, Wijaya IP, Postros P, Najah M, Leblond P, Couvent A, 
Mayot E, Griffiths AD, Drevelle A (2016) High-throughput 
screening of filamentous fungi using nanoliter-range droplet-based 
microfluidics. Sci Rep 6:27223. https://​doi.​org/​10.​1038/​srep2​7223

Berlowska J, Cieciura-Włoch W, Kalinowska H et al (2018) Enzymatic 
conversion of sugar beet pulp: a comparison of simultaneous sac-
charification and fermentation and separate hydrolysis and fer-
mentation for lactic acid production. Food Technol Biotechnol 
56:188–196. https://​doi.​org/​10.​17113/​ftb.​56.​02.​18.​5390

Bhatia SK, Jagtap SS, Bedekar AA et al (2020) Recent developments 
in pretreatment technologies on lignocellulosic biomass: effect 
of key parameters, technological improvements, and challenges. 
Bioresour Technol 300:122724. https://​doi.​org/​10.​1016/j.​biort​ech.​
2019.​122724

Biedermann AM, Gengaro IR, Rodriguez-Aponte SA, Love KR, Love 
JC (2022) Modular development enables rapid design of media 
for alternative hosts. Biotechnol Bioeng 119:59–71. https://​doi.​
org/​10.​1002/​bit.​27947

Boettner M, Prinz B, Holz C, Stahl U, Lang C (2002) High-through-
put screening for expression of heterologous proteins in the yeast 
Pichia pastoris. J Biotechnol 99:51–62. https://​doi.​org/​10.​1016/​
S0168-​1656(02)​00157-8

Bogue R (2012) Robots in the laboratory: a review of applications. Ind 
Rob 39:113–119. https://​doi.​org/​10.​1108/​01439​91121​12033​82

Burckhardt I (2018) Laboratory automation in clinical microbiology. 
Bioengineering (Basel) 5:102. https://​doi.​org/​10.​3390/​bioen​ginee​
ring5​040102

Butinar L, Strmole T, Gunde-Cimerman N (2011) Relative incidence of 
Ascomycetous yeasts in Arctic coastal environments. Microb Ecol 
61:832–843. https://​doi.​org/​10.​1007/​s00248-​010-​9794-3

Capusoni C, Arioli S, Donzella S, Guidi B, Serra I, Compagno C 
(2019) Hyper-osmotic stress elicits membrane depolarization 
and decreased permeability in halotolerant marine Debaryomyces 
hansenii strains and in Saccharomyces cerevisiae. Front Microbiol 
10:1–10. https://​doi.​org/​10.​3389/​fmicb.​2019.​00064

Cavallo F, Troglio F, Fagà G, Fancelli D, Shyti R, Trattaro S, Zanella 
M, D’Agostino G, Hughes JM, Cera MR, Pasi M, Gabriele M, 
Lazzarin M, Mihailovich M, Kooy F, Rosa A, Mercurio C, 
Varasi M, Testa G (2020) High-throughput screening identifies 
histone deacetylase inhibitors that modulate GTF2I expression 
in 7q11.23 microduplication autism spectrum disorder patient-
derived cortical neurons. Mol Autism 11:88. https://​doi.​org/​10.​
1186/​s13229-​020-​00387-6

Chao HF, Yen YF, Ku MS (2009) Characterization of a salt-induced 
DhAHP, a gene coding for alkyl hydroperoxide reductase, from 
the extremely halophilic yeast Debaryomyces hansenii. BMC 
Microbiol 9:1–14. https://​doi.​org/​10.​1186/​1471-​2180-9-​182

Chapman J, Orrell-Trigg R, Kwoon KY, Truong VK, Cozzolino D 
(2021) A high-throughput and machine learning resistance moni-
toring system to determine the point of resistance for Escherichia 
coli with tetracycline: combining UV-visible spectrophotometry 
with principal component analysis. Biotechnol Bioeng 118:1511–
1519. https://​doi.​org/​10.​1002/​bit.​27664

Donzella S, Capusoni C, Pellegrino L, Compagno C (2021) Bio-
processes with reduced ecological footprint by marine Debaryo-
myces hansenii strain for potential applications in circular econ-
omy. J Fungi 7:1028. https://​doi.​org/​10.​3390/​jof71​21028

Dreiman GHS, Bictash M, Fish PV, Griffin L, Svensson F (2021) 
Changing the HTS paradigm: AI-driven iterative screening for 
hit finding. SLAS Discov 26:257–262. https://​doi.​org/​10.​1177/​
24725​55220​949495

Du Z, Valtierra S, Cardona LR, Dunne SF, Luan CH, Li L (2019) 
Identifying anti-prion chemical compounds using a newly estab-
lished yeast high-throughput screening system. Cell Chem Biol 
26:1664–1680. https://​doi.​org/​10.​1016/j.​chemb​iol.​2019.​10.​004

Dyerberg ASB, Navarrete C, Martínez JL (2022) High-throughput 
screening of a Debaryomyces hansenii library for potential candi-
dates with improved stress tolerance and wider carbon utilisation 
capabilities. BioRxiv. https://​doi.​org/​10.​1101/​2022.​03.​24.​485636

Eng T, Banerjee D, Lau AK, Bowden E, Herbert RA, Trinh J, Prahl 
JP, Deutschbauer A, Tanjore D, Mukhopadhyay A (2021) Engi-
neering Pseudomonas putida for efficient aromatic conversion to 
bioproduct using high throughput screening in a bioreactor. Metab 
Eng 66:229–238. https://​doi.​org/​10.​1016/j.​ymben.​2021.​04.​015

García-Salcedo R, Montiel V, Calero F, Ramos J (2007) Characteriza-
tion of DhKHA1, a gene coding for a putative Na(+) transporter 
from Debaryomyces hansenii. FEMS Yeast Res 7:905–911. 
https://​doi.​org/​10.​1111/j.​1567-​1364.​2007.​00258.x

Gori K, Hébraud M, Chambon C, Mortensen HD, Arneborg N, Jes-
persen L (2006) Proteomic changes in Debaryomyces hansenii 
upon exposure to NaCl stress. FEMS Yeast Res 7:293–303. 
https://​doi.​org/​10.​1111/j.​1567-​1364.​2006.​00155.x

Guo X, Chavez A, Tung A, Chan Y, Kaas C, Yin Y, Cecchi R, Garnier 
SL, Kelsic ED, Schubert M, DiCarlo JE, Collins JJ, Church GM 
(2018) High-throughput creation and functional profiling of DNA 
sequence variant libraries using CRISPR-Cas9 in yeast. Nat Bio-
technol 36:540–546. https://​doi.​org/​10.​1038/​nbt.​4147

Hartmann FS, Weiss T, Shen J, Smahajcsik D, Seibold GM (2021) 
Visualizing the pH in Escherichia coli colonies via the sensor 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/jb.162.1.300-306.1985
https://doi.org/10.1128/jb.162.1.300-306.1985
https://doi.org/10.1099/acmi.byg2019.po0017
https://doi.org/10.1099/acmi.byg2019.po0017
https://doi.org/10.1128/JB.183.10.3251-3255.2001
https://doi.org/10.1128/JB.183.10.3251-3255.2001
https://doi.org/10.1128/mbio.03221-21
https://doi.org/10.1002/cbic.202000023
https://doi.org/10.1002/cbic.202000023
https://doi.org/10.1080/10408390591000695
https://doi.org/10.1186/s12934-016-0546-z
https://doi.org/10.1186/s12934-016-0546-z
https://doi.org/10.1038/srep27223
https://doi.org/10.17113/ftb.56.02.18.5390
https://doi.org/10.1016/j.biortech.2019.122724
https://doi.org/10.1016/j.biortech.2019.122724
https://doi.org/10.1002/bit.27947
https://doi.org/10.1002/bit.27947
https://doi.org/10.1016/S0168-1656(02)00157-8
https://doi.org/10.1016/S0168-1656(02)00157-8
https://doi.org/10.1108/01439911211203382
https://doi.org/10.3390/bioengineering5040102
https://doi.org/10.3390/bioengineering5040102
https://doi.org/10.1007/s00248-010-9794-3
https://doi.org/10.3389/fmicb.2019.00064
https://doi.org/10.1186/s13229-020-00387-6
https://doi.org/10.1186/s13229-020-00387-6
https://doi.org/10.1186/1471-2180-9-182
https://doi.org/10.1002/bit.27664
https://doi.org/10.3390/jof7121028
https://doi.org/10.1177/2472555220949495
https://doi.org/10.1177/2472555220949495
https://doi.org/10.1016/j.chembiol.2019.10.004
https://doi.org/10.1101/2022.03.24.485636
https://doi.org/10.1016/j.ymben.2021.04.015
https://doi.org/10.1111/j.1567-1364.2007.00258.x
https://doi.org/10.1111/j.1567-1364.2006.00155.x
https://doi.org/10.1038/nbt.4147


World Journal of Microbiology and Biotechnology (2022) 38:99	

1 3

Page 9 of 10  99

protein mCherryEA allows high-throughput screening of mutant 
libraries. BioRxiv. https://​doi.​org/​10.​1101/​2021.​07.​08.​451719

Hosseini Koupaie E, Dahadha S, Bazyar Lakeh AA, Azizi A, Elbesh-
bishy E (2019) Enzymatic pretreatment of lignocellulosic biomass 
for enhanced biomethane production—A review. J Environ Man-
age 233:774–784. https://​doi.​org/​10.​1016/j.​jenvm​an.​2018.​09.​106

Ismail M, Srivastava V, Marimani M, Ahmad A (2021) Carvacrol 
modulates the expression and activity of antioxidant enzymes in 
Candida auris. Res Microbiol. https://​doi.​org/​10.​1016/j.​resmic.​
2021.​103916

Jacobsen IH, Ledesma-Amaro R, Martínez JL (2020) Recombinant 
β-Carotene production by Yarrowia lipolytica - Assessing the 
potential of micro-scale fermentation analysis in cell factory 
design and bioreaction optimization. Front Bioeng Biotechnol 
8:29. https://​doi.​org/​10.​3389/​fbioe.​2020.​00029

Jacques N, Zenouche A, Gunde-Cimerman N, Casaregola S (2015) 
Increased diversity in the genus Debaryomyces from Arctic gla-
ciers samples. Antonie Van Leeuwenhoek 107:487–501. https://​
doi.​org/​10.​1007/​s10482-​014-​0345-7

Kamli MR, Malik MA, Lone SA, Sabir JSM, Mattar EH, Ahmad A 
(2021) Beta vulgaris assisted fabrication of novel Ag-Cu bimetal-
lic nanoparticles for growth inhibition and virulence in Candida 
albicans. Pharmaceutics 13:1957. https://​doi.​org/​10.​3390/​pharm​
aceut​ics13​111957

Kaur J, Kaur S, Kumar M, Krishnan P, Kaur J, Priya Minhas A (2021) 
Studies on production, optimization and machine learning-
based prediction of biosurfactant from Debaryomyces hansenii 
CBS767. Int J Environ Sci Technol. https://​doi.​org/​10.​1007/​
s13762-​021-​03639-x

Klitkou A, Bolwig S (2019) Adding value to side-streams in the food 
and beverage industry: lessons for the circular bioeconomy. NIFU-
Insight 12:1–6

Kodedová M, Sychrová H (2016) High-throughput fluorescence screen-
ing assay for the identification and comparison of antimicrobial 
peptides’ activity on various yeast species. J Biotechnol 233:26–
33. https://​doi.​org/​10.​1016/j.​jbiot​ec.​2016.​06.​023

Krappmann S (2007) Gene targeting in filamentous fungi: the benefits 
of impaired repair. Fungal Biol Rev 21:25–29. https://​doi.​org/​10.​
1016/j.​fbr.​2007.​02.​004

Leavell MD, Singh AH, Kaufmann-Malaga BB (2020) High-through-
put screening for improved microbial cell factories, perspective 
and promise. Curr Opin Biotechnol 62:22–28. https://​doi.​org/​10.​
1016/j.​copbio.​2019.​07.​002

Liguori R, Faraco V (2016) Biological processes for advancing lig-
nocellulosic waste biorefinery by advocating circular economy. 
Bioresour Technol 215:13–20. https://​doi.​org/​10.​1016/j.​biort​ech.​
2016.​04.​054

López-Linares JC, Romero I, Cara C, Castro E, Mussatto SI (2018) 
Xylitol production by Debaryomyces hansenii and Candida 
guilliermondii from rapeseed straw hemicellulosic hydrolysate. 
Bioresour Technol 247:736–743. https://​doi.​org/​10.​1016/j.​biort​
ech.​2017.​09.​139

Machillot P, Quintal C, Dalonneau F, Hermant L, Monnot P, Mat-
thews K, Fitzpatrick V, Liu J, Pignot-Paintrand I, Picart C (2018) 
Automated buildup of biomimetic films in cell culture microplates 
for high-throughput screening of cellular behaviors. Adv Mater 
30:e1801097. https://​doi.​org/​10.​1002/​adma.​20180​1097

Manahan M, Nelson M, Cacciatore JJ, Weng J, Xu S, Pollard J (2019) 
Scale-down model qualification of ambr® 250 high-throughput 
mini-bioreactor system for two commercial-scale mAb processes. 
Biotechnol Prog 35:e2870. https://​doi.​org/​10.​1002/​btpr.​2870

Martínez JL, Sychrova H, Ramos J (2011) Monovalent cations regu-
late expression and activity of the Hak1 potassium transporter in 
Debaryomyces hansenii. Fungal Genet Biol 48:177–184. https://​
doi.​org/​10.​1016/j.​fgb.​2010.​06.​013

Martínez JL, Luna C, Ramos J (2012) Proteomic changes in response 
to potassium starvation in the extremophilic yeast Debaryomyces 
hansenii. FEMS Yeast Res 12:651–661. https://​doi.​org/​10.​1111/j.​
1567-​1364.​2012.​00815.x

Minhas A, Biswas D, Mondal AK (2009) Development of host and 
vector for high-efficiency transformation and gene disruption in 
Debaryomyces hansenii. FEMS Yeast Res 9:95–102. https://​doi.​
org/​10.​1111/j.​1567-​1364.​2008.​00457.x

Minhas A, Sharma A, Kaur H, Rawal Y, Ganesan K, Mondal AK 
(2012) Conserved Ser/Arg-rich motif in PPZ orthologs from 
fungi is important for its role in cation tolerance. J Biol Chem 
287:7301–7312. https://​doi.​org/​10.​1074/​jbc.​M111.​299438

Montiel V, Ramos J (2007) Intracellular Na and K distribution in 
Debaryomyces hansenii: cloning and expression in Saccharomy-
ces cerevisiae of DhNHX1. FEMS Yeast Res 7:102–110. https://​
doi.​org/​10.​1111/j.​1567-​1364.​2006.​00115.x

Mussatto SI (2012) Application of xylitol in food formulations and 
benefits for health. In: Silva SS, Chandel AK (eds) D-Xylitol. 
Springer-Verlag, Berlin, pp 309–323

Navarrete C, Martínez JL (2020) Non-conventional yeasts as supe-
rior production platforms for sustainable fermentation based bio-
manufacturing processes. AIMS Bioeng 7:289–305. https://​doi.​
org/​10.​3934/​bioeng.​20200​24

Navarrete C, Jacobsen IH, Martínez JL, Procentese A (2020) Cell 
factories for industrial production processes: current issues and 
emerging solutions. Processes 8:768. https://​doi.​org/​10.​3390/​
pr807​0768

Navarrete C, Frost AT, Ramos-Moreno L, Krum MR, Martínez JL 
(2021a) A physiological characterization in controlled bioreactors 
reveals a novel survival strategy for Debaryomyces hansenii at 
high salinity. Yeast 38:302–315. https://​doi.​org/​10.​1002/​yea.​3544

Navarrete C, Sánchez BJ, Savickas S, Martínez JL (2021b) Debary-
Omics: an integrative–omics study to understand the halophilic 
behavior of Debaryomyces hansenii. Microb Biotechnol. https://​
doi.​org/​10.​1111/​1751-​7915.​13954

Pal S, Choudhary V, Kumar A, Biswas D, Mondal AK, Sahoo DK 
(2013) Studies on xylitol production by metabolic pathway engi-
neered Debaryomyces hansenii. Bioresour Technol 147:449–455. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2013.​08.​065

Papouskova K, Sychrova H (2007) The co-action of osmotic and high 
temperature stresses results in a growth improvement of Debaryo-
myces hansenii cells. Int J Food Microbiol 118:1–7. https://​doi.​
org/​10.​1016/j.​ijfoo​dmicro.​2007.​04.​005

Portilla OM, Rivas B, Torrado A, Moldes AB, Domínguez JM (2008) 
Revalorisation of vine trimming wastes using Lactobacillus aci-
dophilus and Debaryomyces hansenii. J Sci Food Agric 88:2298–
2308. https://​doi.​org/​10.​1002/​jsfa.​3351

Prista C, Almagro A, Loureiro-Dias MC, Ramos J (1997) Physiological 
basis for the high salt tolerance of Debaryomyces hansenii. Appl 
Environ Microbiol 63:4005–4009. https://​doi.​org/​10.​1128/​aem.​
63.​10.​4005-​4009.​1997

Prista C, Loureiro-Dias MC, Montiel V, Garcia R, Ramos J (2005) 
Mechanisms underlying the halotolerant way of Debaryomyces 
hansenii. FEMS Yeast Res 5:693–701. https://​doi.​org/​10.​1016/j.​
femsyr.​2004.​12.​009

Prista C, Gonzalez-Hernandez JC, Ramos J, Loureiro-Dias MC (2007) 
Cloning and characterization of two K+ transporters of Debaryo-
myces hansenii. Microbiology 153:3034–3043. https://​doi.​org/​10.​
1099/​mic.0.​2007/​006080-0

Prista C, Michán C, Miranda IM, Ramos J (2016) The halotolerant 
Debaryomyces hansenii, the Cinderella of non-conventional 
yeasts. Yeast 33:523–533. https://​doi.​org/​10.​1002/​yea.​3177

Ramos-Moreno L, Ramos J, Michán C (2019) Overlapping responses 
between salt and oxidative stress in Debaryomyces hansenii. 
World J Microbiol Biotechnol 35:170. https://​doi.​org/​10.​1007/​
s11274-​019-​2753-3

https://doi.org/10.1101/2021.07.08.451719
https://doi.org/10.1016/j.jenvman.2018.09.106
https://doi.org/10.1016/j.resmic.2021.103916
https://doi.org/10.1016/j.resmic.2021.103916
https://doi.org/10.3389/fbioe.2020.00029
https://doi.org/10.1007/s10482-014-0345-7
https://doi.org/10.1007/s10482-014-0345-7
https://doi.org/10.3390/pharmaceutics13111957
https://doi.org/10.3390/pharmaceutics13111957
https://doi.org/10.1007/s13762-021-03639-x
https://doi.org/10.1007/s13762-021-03639-x
https://doi.org/10.1016/j.jbiotec.2016.06.023
https://doi.org/10.1016/j.fbr.2007.02.004
https://doi.org/10.1016/j.fbr.2007.02.004
https://doi.org/10.1016/j.copbio.2019.07.002
https://doi.org/10.1016/j.copbio.2019.07.002
https://doi.org/10.1016/j.biortech.2016.04.054
https://doi.org/10.1016/j.biortech.2016.04.054
https://doi.org/10.1016/j.biortech.2017.09.139
https://doi.org/10.1016/j.biortech.2017.09.139
https://doi.org/10.1002/adma.201801097
https://doi.org/10.1002/btpr.2870
https://doi.org/10.1016/j.fgb.2010.06.013
https://doi.org/10.1016/j.fgb.2010.06.013
https://doi.org/10.1111/j.1567-1364.2012.00815.x
https://doi.org/10.1111/j.1567-1364.2012.00815.x
https://doi.org/10.1111/j.1567-1364.2008.00457.x
https://doi.org/10.1111/j.1567-1364.2008.00457.x
https://doi.org/10.1074/jbc.M111.299438
https://doi.org/10.1111/j.1567-1364.2006.00115.x
https://doi.org/10.1111/j.1567-1364.2006.00115.x
https://doi.org/10.3934/bioeng.2020024
https://doi.org/10.3934/bioeng.2020024
https://doi.org/10.3390/pr8070768
https://doi.org/10.3390/pr8070768
https://doi.org/10.1002/yea.3544
https://doi.org/10.1111/1751-7915.13954
https://doi.org/10.1111/1751-7915.13954
https://doi.org/10.1016/j.biortech.2013.08.065
https://doi.org/10.1016/j.ijfoodmicro.2007.04.005
https://doi.org/10.1016/j.ijfoodmicro.2007.04.005
https://doi.org/10.1002/jsfa.3351
https://doi.org/10.1128/aem.63.10.4005-4009.1997
https://doi.org/10.1128/aem.63.10.4005-4009.1997
https://doi.org/10.1016/j.femsyr.2004.12.009
https://doi.org/10.1016/j.femsyr.2004.12.009
https://doi.org/10.1099/mic.0.2007/006080-0
https://doi.org/10.1099/mic.0.2007/006080-0
https://doi.org/10.1002/yea.3177
https://doi.org/10.1007/s11274-019-2753-3
https://doi.org/10.1007/s11274-019-2753-3


	 World Journal of Microbiology and Biotechnology (2022) 38:99

1 3

99  Page 10 of 10

Ricaurte ML, Govind NS (1999) Construction of plasmid vectors and 
transformation of the marine yeast Debaryomyces hansenii. Mar 
Biotechnol 1:15–19. https://​doi.​org/​10.​1007/​PL000​11745

Sarnaik A, Liu A, Nielsen D, Varman AM (2020) High-throughput 
screening for efficient microbial biotechnology. Curr Opin Bio-
technol 64:141–150. https://​doi.​org/​10.​1016/j.​copbio.​2020.​02.​019

Simmons K, Kinney J, Owens A, Kleier DA, Bloch K, Argentar D, 
Walsh A, Vaidyanathan G (2008) Practical outcomes of apply-
ing ensemble machine learning classifiers to high-throughput 
screening (HTS) data analysis and screening. J Chem Inf Model 
48:2196–2206. https://​doi.​org/​10.​1021/​ci800​164u

Singhvi MS, Gokhale DV (2019) Lignocellulosic biomass: hurdles 
and challenges in its valorization. Appl Microbiol Biotechnol 
103:9305–9320. https://​doi.​org/​10.​1007/​s00253-​019-​10212-7

Spasskaya DS, Kotlov MI, Lekanov DS, Tutyaeva VV, Snezhkina AV, 
Kudryavtseva AV, Karpov VL, Karpov DS (2021) CRISPR/Cas9-
mediated genome engineering reveals the contribution of the 26S 
proteasome to the extremophilic nature of the yeast Debaryomyces 
hansenii. ACS Synth Biol 10:297–308. https://​doi.​org/​10.​1021/​
acssy​nbio.​0c004​26

Stovicek V, Holkenbrink C, Borodina I (2017) CRISPR/Cas system 
for yeast genome engineering: advances and applications. FEMS 
Yeast Res. https://​doi.​org/​10.​1093/​femsyr/​fox030

Strimatis JR (1989) Robots in the laboratory - an overview. J Chem 
Educ 66(1):A8

Strucko T, Andersen NL, Mahler MR, Martínez JL, Mortensen UH 
(2021) A CRISPR/Cas9 method facilitates efficient oligo-medi-
ated gene editing in Debaryomyces hansenii. Synth Biol 6:1–9. 
https://​doi.​org/​10.​1093/​synbio/​ysab0​31

Tenhaef N, Stella R, Frunzke J, Noack S (2021) Automated rational 
strain construction based on high-throughput conjugation. ACS 
Synth Biol 10:589–599. https://​doi.​org/​10.​1021/​acssy​nbio.​0c005​
99

Van Dijk M, Trollmann I, Saraiva MAF, Brandão RL, Olsson L, 
Nygård Y (2020) Small scale screening of yeast strains enables 
high-throughput evaluation of performance in lignocellulose 

hydrolysates. Bioresour Technol Rep 11:100532. https://​doi.​org/​
10.​1016/j.​biteb.​2020.​100532

Varberg JM, Gardner JM, McCroskey S, Saravanan S, Bradford 
WD, Jaspersen SL (2020) High-throughput identification of 
nuclear envelope protein interactions in Schizosaccharomyces 
pombe using an arrayed membrane yeast-two hybrid library. 
G3(Bethesda) 10:4649–4663. https://​doi.​org/​10.​1534/​g3.​120.​
401880

Velkova K, Sychrova H (2006) The Debaryomyces hansenii NHA1 
gene encodes a plasma membrane alkali-metal-cation antiporter 
with broad substrate specificity. Gene 369:27–34. https://​doi.​org/​
10.​1016/j.​gene.​2005.​10.​007

Vervoort Y, Linares AG, Roncoroni M, Liu C, Steensels J, Verstrepen 
KJ (2017) High-throughput system-wide engineering and screen-
ing for microbial biotechnology. Curr Opin Biotechnol 46:120–
125. https://​doi.​org/​10.​1016/j.​copbio.​2017.​02.​011

Weinberger S, Beyer R, Schüller C, Strauss J, Pellis A, Ribitsch D, 
Guebitz GM (2020) High throughput screening for new fungal 
polyester hydrolyzing enzymes. Front Microbiol 11:554. https://​
doi.​org/​10.​3389/​fmicb.​2020.​00554

Xiao H, Bao Z, Zhao H (2015) High throughput screening and selec-
tion methods for directed enzyme evolution. Ind Eng Chem Res 
54:4011–4020. https://​doi.​org/​10.​1021/​ie503​060a

Zeng W, Guo L, Xu S, Chen J, Zhou J (2020) High-throughput screen-
ing technology in industrial biotechnology. Trends Biotechnol 
38:888–906. https://​doi.​org/​10.​1016/j.​tibte​ch.​2020.​01.​001

Zhang J, Chen Y, Fu L, Guo E, Wang B, Dai L, Si T (2021) Accel-
erating strain engineering in biofuel research via build and test 
automation of synthetic biology. Curr Opin Biotechnol 67:88–98. 
https://​doi.​org/​10.​1016/j.​copbio.​2021.​01.​010

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/PL00011745
https://doi.org/10.1016/j.copbio.2020.02.019
https://doi.org/10.1021/ci800164u
https://doi.org/10.1007/s00253-019-10212-7
https://doi.org/10.1021/acssynbio.0c00426
https://doi.org/10.1021/acssynbio.0c00426
https://doi.org/10.1093/femsyr/fox030
https://doi.org/10.1093/synbio/ysab031
https://doi.org/10.1021/acssynbio.0c00599
https://doi.org/10.1021/acssynbio.0c00599
https://doi.org/10.1016/j.biteb.2020.100532
https://doi.org/10.1016/j.biteb.2020.100532
https://doi.org/10.1534/g3.120.401880
https://doi.org/10.1534/g3.120.401880
https://doi.org/10.1016/j.gene.2005.10.007
https://doi.org/10.1016/j.gene.2005.10.007
https://doi.org/10.1016/j.copbio.2017.02.011
https://doi.org/10.3389/fmicb.2020.00554
https://doi.org/10.3389/fmicb.2020.00554
https://doi.org/10.1021/ie503060a
https://doi.org/10.1016/j.tibtech.2020.01.001
https://doi.org/10.1016/j.copbio.2021.01.010

	Debaryomyces hansenii: an old acquaintance for a fresh start in the era of the green biotechnology
	Abstract
	Introduction
	Engineering D. hansenii
	Tools developed in the early 2000s
	The use of novel techniques: CRISPR-Cas9 to engineer non-conventional yeasts

	First D. hansenii´s characterization in controlled environments
	Discovery of novel genesproteins involved in D. hansenii´s response to high salt
	The era of the high-throughput (HT) analyses and their potential use in the study of D. hansenii
	The discovery and implementation of the HT systems in the recent years
	Using advanced HT technologies for screening a library of D. hansenii for strains with higher potential for industrial production setups

	Biotechnological use of D. hansenii in waste-streams revalorization processes
	Future perspectives
	References




