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A B S T R A C T   

The application of non-Saccharomyces yeasts in beer as a natural tool for innovation, to create different aroma 
profiles and flavoured non-alcoholic beers, has attracted great interest from both researchers and commercial 
brewers. As a result, a higher diversity of non-Saccharomyces yeasts for beer production is expected on the market 
in the coming years. However, the safe use of non-Saccharomyces yeasts has not been broadly investigated and no 
guidance for the safety assessment of yeasts is published. The fundamentals of a safety assessment include an 
accurate taxonomic species identification using up-to date methods, along with a literature study regarding the 
yeast species in question. The strain-specific safety concerns that should be assessed involve pathogenic po-
tential, antifungal resistance, production of biogenic amines and possible allergic reactions. However, yeast 
safety assessment is in its infancy compared to bacterial safety assessment and research is needed to set cut-off 
values for antifungal resistance, identify potential virulence genes and validate screening tools to assess yeast 
strains. Finally, the individual breweries are responsible for the safety related to the process in which yeasts are 
applied and throughout the shelf life of the beer. The application of non-Saccharomyces yeasts for industrial beer 
production is promising in terms of defining new prototypes and developing healthier and safer beers, but only if 
good food safety measures, i.e., both for the strain and the production process, are in place throughout the food 
value chain. In this way, the ancient role of yeasts in making beverages safer and thereby improving food safety is 
emphasized.   

1. Introduction 

Since ancient times, the brewing industry has been shaped by various 
factors. In Early Modern Times, beer was the beverage of choice in many 
civilizations partly due to safety reasons, as the fermented end product 
made ‘an antimicrobial milieu’, creating a safe beverage out of water 
that was in many cases unsafe for human consumption (Poelmans and 
Swinnen, 2011). Since the late 19th century, the industrialization and 
the progress in the brewing science allowed a more consistent and 
efficient process (Bamforth, 2017). Specifically, the isolation of pure 
Saccharomyces carlsbergensis in 1883 at Carlsberg Brewery, Denmark 
(reclassified as Saccharomyces pastorianus), led to the usage of Saccha-
romyces yeasts as a single culture providing consistency to the fermen-
tation process (Basso et al., 2016; Lodolo et al., 2008; Meussdoerffer, 
2009; Steensels and Verstrepen, 2014). Nowadays, selected domesti-
cated strains of Saccharomyces cerevisiae dominate the industrial 

production of fermented beverages, such as beer, wine and distilled 
spirits (Walker and Stewart, 2016). In view of the extensive and well- 
documented history of safe use, S. cerevisiae is acknowledged with a 
Qualified Presumption of Safety (QPS) status in Europe. QPS status is 
granted based on a risk assessment of biological agents performed by the 
Panel on Biological Hazards (BIOHAZ) of the European Food Safety 
Authority (EFSA) (EFSA-BIOHAZ Panel, 2007, 2021a). Similarly, 
S. cerevisiae has a ‘Generally Recognized As Safe’ (GRAS) status by the 
US Food and Drug Administration (FDA) based on the long history of 
safe use i.e. prior 1958 (FDA, 2018; International Food Biotechnology 
Council (IFBC), 1990). 

Sociocultural factors have also influenced the demands and beer 
preferences over the centuries. Nowadays, the popularity of craft and 
specialty beers along with a more health-conscious society have defined 
new trends in the brewery sector (Calvo-Porral, 2019). New flavours and 
varieties, but also low calorie and non-alcoholic beers are main drivers 
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for product diversification (Basso and Alcarde, 2016). The use of non- 
domesticated S. cerevisiae and non-Saccharomyces yeasts as a brewing 
strategy to create new beer prototypes is gaining relevance among 
brewers (Catallo et al., 2020; Gschaedler, 2017). The interest in this 
subject is also shared by the research community as reflected in the 
growing number of scientific articles published over the last fifteen years 
(Fig. 1). 

While the main commercial considerations when selecting a micro-
organism as starter culture are the technological characteristics and the 
production of desired metabolites, the principal regulatory concern is 
the safety of the microbial food culture (Pariza et al., 2015; Vinicius De 
Melo et al., 2020). In contrast to food-related Saccharomyces spp., the 
usage of non-Saccharomyces yeasts for beer production is relatively new 
and undocumented. Thus, these yeasts must be carefully assessed for 
safe use in beer. Furthermore, while a few studies address the safety 
aspect of yeasts in fields such as dairy (Jacques and Casaregola, 2008; 
Makino et al., 2010), bioprotection (Sundh and Melin, 2011), probiotics 
(Fleet and Balia, 2006) and wine (Tristezza et al., 2013; Vejarano and 
Gil-Calderón, 2021; Vilela, 2020), there is little or no literature on the 
safe use of non-Saccharomyces yeasts in beer. 

This review explores the safety aspects regarding the application of 
non-Saccharomyces yeasts in beer brewing. Strain specific concerns and 
those related to the final application in beer are described. Challenges 
and benefits concerning the emerging genomic tools in the safety 
assessment and the current status of the regulatory framework are 
further discussed. 

2. Non-Saccharomyces yeasts in beer production 

Before the development of defined starter cultures, non-Saccharo-
myces yeasts were already involved in brewing, since beer-like beverages 
were originally driven by spontaneous fermentation (Basso et al., 2016). 
For instance, the brewery-resident microbiota consisting of a mixed 
consortium of bacteria and yeasts provides the main characters of lambic 
and gueuze beers. Kluyveromyces and Brettanomyces species are 
commonly found in these beers, specifically Brettanomyces bruxellensis 
producing the distinctive aroma during the beer maturation (Bokulich 
and Bamforth, 2013; Serra Colomer et al., 2019). The microbial 
composition of 39 commercial beers was investigated using meta-
genomic and as expected, S. cerevisiae was the most prevalent yeast 
species. Lower levels of 42 wild yeast species were also detected, 
probably introduced due to contamination, with some samples 

containing up to 10 different yeast species. The most abundant species 
were Saccharomyces paradoxus and Saccharomyces mikatae, but other 
genera such as Brettanomyces, Kazachstania, Pichia and Wick-
erhamomyces were also detected (Sobel et al., 2017). This finding sug-
gests that the presence of other yeasts than the traditional brewer's 
yeast, S. cerevisiae, and their contributions to the beer, could be higher 
than expected. 

During fermentation, yeasts produce flavour-active compounds as 
metabolic products, e.g., higher alcohols, esters and vicinal diketones 
(Pires et al., 2014). Hence, non-Saccharomyces yeasts entail a natural 
solution to achieve alternative flavours and sensorial profiles while 
keeping a ‘clean label’, that refers to a product that contains minimal 
and mostly natural ingredients. Non-Saccharomyces yeasts can also be 
used to produce non-alcoholic and low alcohol beer (NABLAB) without 
the addition of synthetic aroma substances or/and complex techniques 
for ethanol removal. Technologies involving Pichia kluyveri (Saerens and 
Swiegers, 2014) and Saccharomycodes ludwigii yeasts have been patented 
for this purpose (Glaubitz and Haehn, 1933; Huige et al., 1990). Many 
other yeasts such as Torulaspora delbrueckii (Holt et al., 2018; Toh et al., 
2020), Zygosaccharomyces rouxii (De Francesco et al., 2015; Methner 
et al., 2019), Zygotorulaspora florentina, W. anomalus (Canonico et al., 
2019), Lachancea thermotolerans (Toh et al., 2020; Zdaniewicz et al., 
2020), Candida shehatae, Candida tropicalis (Michel et al., 2016), 
Cyberlindnera saturnus (Methner et al., 2019) and Brettanomyces spp. 
(Holt et al., 2018; Serra Colomer et al., 2019) have been investigated to 
achieve flavoured beers and NABLAB. Recent studies have revisited this 
topic, providing a comprehensive overview of the non-Saccharomyces 
yeasts and their role in beer fermentation (Basso et al., 2016; Bellut and 
Arendt, 2019; Capece et al., 2018; Petruzzi et al., 2016). 

Strains of non-Saccharomyces yeasts developed for wine application 
have also been applied in research for beer production. For instance, 
L. thermotolerans used to balance acidity in wines, resulted in an good 
choice when producing sour beer without addition of bacteria (Domizio 
et al., 2016). T. delbrueckii, which was the first non-Saccharomyces yeast 
product for winemaking, has shown an attractive usage for bio- 
flavouring and reduction of ethanol (Canonico et al., 2016). In addi-
tion to wine, brewers have looked for inspiration into other traditional 
fermented beverages. For instance, ́kveiḱ ale yeasts, originally found in 
Norwegian farmhouses, can be used to recreate ancient beer styles beer 
based on Norwegian traditions (Bråtå, 2017; Cubillos et al., 2019). Non- 
Saccharomyces yeasts isolated from ́kombuchá (Bellut et al., 2018), cider 
(Rodríguez Madrera et al., 2021) and sourdough (Johansson et al., 
2021) have been investigated for NABLAB production, and Cubillos 
et al. (2019) reviewed the brewing potential of wild non-Saccharomyces 
yeasts. Nowadays strains belonging to the Brettanomyces genus dominate 
the market of non-Saccharomyces yeasts for beer production. Other 
yeasts such as L. thermotolerans, H. uvarum, P. kluyveri, S. ludwigii and 
T. delbruekii can also be found as brewing yeast products (Burini et al., 
2021). Given the diversity of non-Saccharomyces yeasts that can be 
exploited for brewing and the improvements in the screening tech-
niques, an increasing number of non-Saccharomyces yeasts in the market 
is expected in the coming years. 

3. Fundamentals for the safety assessment of non-Saccharomyces 
yeasts 

Microbial food cultures are microorganisms (yeasts, bacteria or 
moulds) being used in food production and are considered as a char-
acteristic food ingredient (EFFCA, 2018). Consequently, as any ingre-
dient that is intentionally used in a food, they should comply with the 
current food legislation of a given country (Laulund et al., 2017). In the 
EU, they must satisfy the legal requirements of the General Food Law 
(Regulation EC no. 178/2002) regarding safety (Bourdichon et al., 2019; 
Laulund et al., 2017). As shown in Fig. 2, establishing the taxonomic 
identity of the food culture, followed by a literature study is the starting 
point of every microbial safety assessment as outlined with the QPS 
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Fig. 1. Published studies on non-Saccharomyces yeasts in brewing published in 
the last 15 years. Web search engines such as Google Scholar and the databases 
Elsevier and the Royal Danish Library were employed with the following search 
terms: “beer”, “fermentation”, “yeast”, “non-conventional yeasts”, “non- 
Saccharomyces yeasts”, “brewery”, “brewing”, “wort”. 
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approach (EFSA-BIOHAZ Panel, 2017; Sohier et al., 2008). 

3.1. Reliable taxonomic identification 

Unambiguously defined biological taxonomic units, generally at 
species level, should be performed as part of a reliable safety assessment 
using up-to-date molecular methods. In EU adhering to the EFSA guid-
ance, for a microbial strain whose identity corresponds to a taxonomic 
unit within the QPS list, the QPS status will be granted when a strain 
fulfil the qualifications (Herman et al., 2019). The nomenclature and 
taxonomy of fungi, including yeast, are covered by the International 
Code of Nomenclature for Algae, Fungi, and Plants (formerly Interna-
tional Code of Botanical Nomenclature) (Herman et al., 2019; Hibbett 
and Taylor, 2013). Some fungi with pleomorphic life cycles have two 
different names according to their teleomorph and anamorph state. 
Driven by the concept “one fungus: one name”, this dual system of 
nomenclature was abolished in 2011. The new system aims for a clearer 
and phylogenetically accurate nomenclature built on DNA-based ap-
proaches over morphology-based approaches (Hawksworth and Lück-
ing, 2017; Lücking et al., 2020; Stielow et al., 2015; Taylor, 2011). 
However, it should be noted that in some cases anamorph nomenclature 
is still the common choice for naming species, especially in the clinical 
setting with uses of for example Candida krusei instead of Pichia 
kudriavzevii (the teleomorph form) or the cheese filamentous yeast being 
referred to Geotrichum candidum instead of the teleomorph version, 
Galactomyces candidus (Pottier et al., 2008), due to long history of this 
nomenclature. 

Traditional classification and identification of yeasts relies on 
phenotypic tests, which examine morphological, physiological and 
biochemical characteristics. From the 1970s onwards, a genomic criteria 
started to gain relevance (Barnett and Barnett, 2011). Nowadays, 
identification of yeast is mainly achieved by sequencing two ribosomal 

loci (barcodes), the internal transcribed spacer (ITS5 and ITS4) and the 
domains 1 and 2 (D1/D2) of the 26S Large Subunit ribosomal DNA (Vu 
et al., 2016). This approach enables to discriminate yeast species, as it 
was shown by Vu et al. (2016) who established quantitative taxonomic 
thresholds from analysing 9000 yeast species with these barcodes. Due 
to the continuing decrease in the cost of next-generation sequencing, 
strain verification using Whole Genome Sequencing (WGS) is becoming 
a feasible approach. This method can provide additional information of 
the strain (Gallegos et al., 2020) such as the presence of genes involved 
in safety concerns, i.e. virulence genes, secondary metabolite encoding 
genes and antifungal resistance (Ronholm et al., 2016). Moreover, WGS 
data and taxogenomic studies can reveal phylogenetic relationships and 
pathogenic lineages that can be tracked over time (Rychen et al., 2018). 
For instance, Libkind et al. (2020a) reviewed the potential of the 
genomic data and the current bioinformatic approaches to describe 
novel yeast species based on the complete genome. 

3.2. Literature study 

The availability of a substantial body of knowledge is a prerequisite 
for a species to obtain the QPS status by EFSA, and should include the 
history of use, ecological niche, clinical aspects, industrial applications 
and the species distinctive characteristics are some of the aspects be 
included (EFSA-BIOHAZ Panel, 2007; Herman et al., 2019). Non- 
existent clinical evidence is generally considered positive when estab-
lishing the safety of a species. However, this could be due to the fact that 
the target population has not previously been exposed to this specific 
microorganism (EFSA, 2005). Thus, the species and application could 
potentially be considered novel, and a novel food registration would be 
required for marketing in EU. 

Yeasts are, in general, not considered as severe foodborne infectious 
agents compared to some bacterial species and viruses. In fact, as part of 

Fig. 2. A safety assessment should be performed when using non-Saccharomyces yeasts for brewing purposes. The fundamentals of every safety assessment are the 
taxonomic identification and a literature study of the non-Saccharomyces yeast. Potential strain-specific concerns should be assessed by the yeast manufacturer 
whereas the breweries are responsible for concerns related to the intended application of the yeast. 
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the normal diet humans consume large amounts of viable yeast cells 
which do not cause adverse health effects. Yeasts from the species 
Saccharomyces, Hanseniaspora, Pichia, Candida, and Brettanomyces are 
prevalently found in fermented beverages and ingested at concentra-
tions of 106–108 CFU/mL (Fleet and Balia, 2006). Food-associated 
invasive fungal infections reported in the literature were caused 
mainly by moulds and only a few yeast infections were related to dairy 
products (Benedict et al., 2016). Candidiasis infection, caused by the 
most common fungal pathogen Candida spp., affect mostly immuno-
compromised individuals and it is not considered as a food-associated 
disease. Nevertheless, considering the case of non-Saccharomyces 
yeasts for beer production, a thorough safety assessment is required 
since many concerns are strain-specific, and the consumer may not have 
been previously exposed to the yeast species in question in high 
concentrations. 

4. Safety concerns associated to the application of yeasts in 
fermented beverages 

Beside the safety concerns that are associated with a specific strain, 
there are others concerns that are strongly influenced by the formulation 
and intended use of the final yeast product (Leuschner et al., 2010). In 
the context of food culture use, the QPS approach mainly focusses on the 
safety concerning the microorganism, regardless of the specific appli-
cation of the strain with the expection of enzyme production strains. 
Whereas, the GRAS notices correspond to a food culture related to a 
defined application (EFSA-BIOHAZ Panel, 2017; Laulund et al., 2017). 
Therefore, the safety of microorganisms intentionally added to food 
should be assessed at three levels: 1) at the strain level, 2) during pro-
duction and 3) in the process it is applied to and throughout the shelf life 
of the food (Laulund et al., 2017). This section focuses on strain-specific 
safety concerns, and particularly, those related to the use of non- 
Saccharomyces yeasts in beer production. 

4.1. Yeast strain-specific concerns 

As stated in Section 3.2, a literature review can provide valuable 
insights into the specific concerns at the species level. However, the 
safety assessment at strain-level is relevant since certain safety concerns 
are strain dependent including virulence, antifungal resistance, acetal-
dehyde, and biogenic amines production. 

4.1.1. Virulence and pathogenicity 
Approximately 300 of the 120.000 formally recognized fungal spe-

cies are reported to cause infection, and even a smaller fraction of these 
are able to infect healthy people (Fund et al., 2017; Gabaldón et al., 
2016; Hawksworth and Lücking, 2017). Candida albicans and Crypto-
coccus neoformans are the most commonly reported fungal species 
capable of causing infection and these species are considered opportu-
nistic pathogens (Fleet and Balia, 2006; Leuschner et al., 2010; Polvi 
et al., 2015). Other yeast species including Malassezia, Trichosporon, 
Pichia, Rhodotorula, Saccharomyces, Sporobolomyces, Blastoschizomyce-
shave and Candida are gaining attention as emerging opportunistic 
pathogens (Bruno et al., 2020; Miceli et al., 2011; Pfaller et al., 2009; 
Trofa et al., 2008). During the COVID-19 period, Candida auris has been 
reported to cause outbreaks in intensive care units (Allaw et al., 2021; 
Almeida et al., 2021; Arastehfar et al., 2020; Bishburg et al., 2020). 
Food-related species with a QPS status, such as Debaryomyces hansenii 
and Kluyveromyces marxianus have also been reported to be involved in 
human opportunistic infections (EFSA-BIOHAZ Panel, 2008; Peréz- 
Través et al., 2021). Paradoxically, the increase in yeast infections ap-
pears to be associated with modern medical practices, such as use of 
broad-spectrum antibiotics, organ transplants, intravenous catheters 
and chemotherapies. In addition, the success in medicine has allowed a 
longer life expectancy of immunosuppressed patients increasing the 
number of patients with these conditions (Burik and Magee, 2001; 

Gabaldón et al., 2016; Köhler et al., 2015). Climate change may also 
contribute to the emergence of fungal pathogens by creating environ-
mental pressures that favour the fungal dispersion and evolution of 
novel traits including virulence and antifungal resistances (Nnadi and 
Carter, 2021). 

Wickerhamomyces anomalus (formerly Hansenula anomala and Pichia 
anomala and the anamorph being Candida pelliculosa) is a yeast with a 
QPS status for enzyme production that has been investigated for food 
applications and, reported as pathogenic on rare occasions. The bio-
flauvoring potential of W. anomalus has been assessed in several bev-
erages, including sour beer (Canonico et al., 2019; Osburn et al., 2018), 
Baijiu, a traditional Chinese beverage (Fan et al., 2019a), red wine 
(Izquierdo Cañas et al., 2014) and rice wine (Chen et al., 2021). 
W. anomalus was found to improve the quality of apple cider when co- 
fermenting with Saccharomyces species (Ye et al., 2014) and in apple 
wines as single culture (Satora et al., 2014). The production of killer 
proteins and volatile metabolites by W. anomalus, makes it a candidate 
for postharvest biocontrol of unwanted yeast activity on grapes (Dru-
vefors et al., 2002; Olstorpe et al., 2010; Perez et al., 2016) and in 
protection against Fusarium in the malting process (Laitila et al., 2011). 
However, clinical reports have referred to W. anomalus as a pathogenic 
yeast capable of causing nosocomial infections in hospital environment 
(Kalkanci et al., 2010), the infectious agent in ocular keratitis after 
corneal transplantation (Kamoshita et al., 2015), fungemia (blood in-
fections) in patients with sickle cell disease (Chan et al., 2013), lung 
cancer (DeHaan and Horowitz, 2011) and in immunocompromised 
children (Dutra et al., 2020; Paul et al., 2020; Yılmaz-Semerci et al., 
2017). However, traditional identification approaches based on 
biochemical growth tests may misidentify the opportunistic species 
Cyberlindnera/Lindnera fabianii as W. anomalus, thus, the clinical prev-
alence of W. anomalus might be overestimated (EFSA-BIOHAZ Panel, 
2020; Park et al., 2019). More research into the pathogenic aspect of this 
yeast is required before moving to industrial food applications involving 
this yeast. Particularly, considering the scenario where a non- 
pasteurised product is consumed and the exposure to living cells could 
be significant. 

Candida tropicalis causing superficial and systemic infections is 
considered the second most virulent Candida species (Fan et al., 2019b; 
Zuza-Alves et al., 2017). The pathogenic aspect of C. tropicalis, including 
the mechanisms behind its pathogenicity, was reviewed by Zuza-Alves 
et al. (2017). Despite the virulent potential, beverage fermentation with 
C. tropicalis as the starter culture is used with a variety of substrates such 
as cassava juice (Azoulay et al., 1980; Rattanachomsri et al., 2009), rice 
straw (Oberoi et al., 2010), sorghum malt (N’Guessan et al., 2010) and 
barley malt (Alloue-Boraud et al., 2015). Compared to other non- 
Saccharomyces yeasts, the virulence of some Candida species is better 
understood. Indeed, haemolysin production, a pore-forming toxin able 
to lyse red blood cells and release iron, was observed in C. tropicalis 
isolates from palm wine and sorghum beer (Egue et al., 2018). 

Kluyveromyces marxianus is a QPS yeast associated with traditional 
fermented dairy products, however several cases of fungemia caused by 
this yeast are found in the literature, with some studies referring to it as 
an emerging pathogen (Gomez-Lopez et al., 2010; Sendid et al., 2006; 
Spiliopoulou et al., 2022). Including an assumed food-related case of 
infection of pregnant mother, where transmission to premature twins 
was reported (Pineda et al., 2012). In a retrospective study, EFSA 
considered the prevalence of K. marxianus infections was very low and 
the methods used for identification not accurate, thus, the QPS status 
was not changed (EFSA-BIOHAZ Panel, 2021b). These clinical cases 
found in the literature involving C. tropicalis and C. kefyr underline the 
importance of the safety assessment of the specific strain of every non- 
Saccharomyces yeast prior to industrial application. Especially, if used in 
a viable application and if consumed by those in immunocompromised 
or vulnerable conditions. 

In the past decades, strains of S. cerevisiae have also been related to a 
wide range of infections from uncomplicated clinical cases such as 
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vaginitis and cutaneous infections in healthy patients to more severe 
diseases such as fungemia and infections in immunocompromised pa-
tients (Pérez-Torrado and Querol, 2016). The virulence mechanisms of 
S. cerevisiae seem to be complex and not completely established. This 
complexity was supported by the analyse of genomes of 1000 
S. cerevisiae isolates showing a wide phenotypic diversity (Peter et al., 
2018). An enhanced response to the oxidative stress (Llopis et al., 2012), 
copper resistance (Strope et al., 2015), adherence mechanisms (Murphy 
and Kavanagh, 2001), optimal growth at 42 ◦C and pseudohyphal 
growth (de Llanos et al., 2006) may contribute to the host infection. The 
pathogenicity of S. cerevisiae has been comprehensively reviewed by 
Pérez-Torrado and Querol (2016), Anoop et al. (2015), and Murphy and 
Kavanagh (1999). This highlights the need for further research in viru-
lence factors in clinical strains of S. cerevisiae and other QPS yeast spe-
cies (EFSA-BIOHAZ Panel, 2008, 2020a). However, considering the 
continuous and universal exposure to Saccharomyces spp., invasive 
infection in healthy population have not been substantially reported, 
therefore, EFSA has not considered excluding this yeast from the QPS list 
(EFSA-BIOHAZ Panel, 2007). 

Similar to what is observed in bacteria, several virulence factors have 
been associated with potential fungal pathogenicity. These include the 
ability to grow at elevated temperatures (37 ◦C- 42 ◦C), presence of 
adhesins to persist in the host, hyphal and pseudo-hyphal growth that 
facilitates the penetration in the host cells and secretion of necrotic 
factors such as extracellular degradative enzymes and other toxins 
(Burik and Magee, 2001). However, the sole presence of any of these 
traits in the microorganism does not necessarily imply virulence. For 
example, the enhanced ability of the yeast Saccharomyces cerevisiae var. 
boulardii to form pseudo-hyphae and grow at body temperature could be 
potentially linked to its probiotic activity in the gut (Edwards-Ingram 
et al., 2007). Fungal pathogenicity is a polygenic trait and it is enhanced 
by resilience attributes to survive and proliferate within the human host 
such as stress responses and metabolic adaptation (Alves et al., 2020; 
Childers et al., 2016). The pathogenicity depends to a extent on the host 
immune condition. Indeed, any yeast able to grow at 37 ◦C could 
potentially cause infection in immunocompromised patients (Banerjee, 
2009). 

In bacteria, Hill (2012) has proposed the term ‘niche factors’, to refer 
to genes often considered virulence genes in pathogenic bacteria but are 
also encoded by closely related non-pathogenic bacteria. For instance, 
these niche factors allow bacteria to survive in complex environments 
such as the human gut (Hill, 2012). It has been suggested that a ‘true’ 
virulence factor should be defined as ‘a product, structure, or strategy 
that allows a microbe to survive and inhabit normally non-colonized 
body sites or cellular compartments resulting in prejudicial effects in 
the host’ and secondly, that it is absent in non-pathogenic strains (Hill, 
2012). Candidalysin, for example, a cytolytic toxin secreted by the 
invasive form of the pathogenic C. albicans, is defined as a ‘true’ viru-
lence factor since it directly damages the host cell and is absent in non- 
pathogenic Candida spp. (Naglik et al., 2019). Enzymes seem to play a 
significant role in yeast pathogenicity, being involved in tissue 
destruction and providing access to nutrients for the yeasts and enabling 
the fungal colonization process of the host (Rajkowska and Kunicka- 
Styczyńska, 2018). It has been reported that the majority of clinically- 
isolated S. cerevisiae strains secrete higher levels of proteases and 
phospholipases compared to industrial food-related Saccharomyces 
strains (de Llanos et al., 2006) and that some of these enzymes could be 
considered ‘true’ virulence factors given their absence in non- 
pathogenic S. cerevisiae strains. 

The incidence of virulence parameters (growth at 42 ◦C, pseudohy-
phal and invasive growth) in 20–30 strains of D. hansenii, K. marxianus 
and W. anomalus from both clinical and environmental/food setting 
were recently investigated. The presence of a single virulence parameter 
was observed in all D. hansenii strains, although no pattern was differ-
entiating clinical and non-clinical isolates. In contrast, a higher phos-
pholipase activity was observed in most of the clinical K. marxianus 

compared to the non-clinical isolates. Likewise, most of the strains of 
W. anomalus, independently of their source, caused a degree of mortality 
in G. mellonella, an invertebrate used as a host model (Peréz-Través 
et al., 2021). The authors concluded that some strains of W. anomalus 
and K. marxianus could be a potential risk for human health and that 
these yeasts isolated from patients could have the origin in food products 
(Peréz-Través et al., 2021). 

From the studies conducted in major pathogenic yeasts in recent 
years only one ‘true’ virulence factor, candidalyisin, has been detected. 
This supports the general impression that only a limited number of 
yeasts species can cause infection in healthy individuals. When new 
strains of non-Saccharomyces yeasts are developed for industrial beer 
application, a thorough literature study regarding the specific yeast 
species is crucial to exclude the yeast candidates from being ‘an early- 
stage emerging pathogen'. However, it should be kept in mind that 
even QPS yeast such as S. cerevisiae can cause infections, especially in 
immunocompromised individuals. 

4.1.2. Antifungal resistance 
Antifungal resistance in yeasts and filamentous fungi is not as 

commonly observed as antibiotic resistance in bacteria. However, with 
only four antifungal drug classes (azoles, echinocandins, polyenes and 
pyrimidine analogue) and only approximately 10 antifungals approved 
for treatment of systemic infections of Candida and other yeasts, anti-
fungal resistance can become a critical issue (Arendrup and Patterson, 
2017). The main drivers for development of resistances are assumed to 
be: 1) longer survival of immunosuppressed patients such as AIDS pa-
tients with increased risk of fungal infection that need long-term treat-
ment (Arendrup and Patterson, 2017; White et al., 1998) and 2) the 
widespread use of azole fungicides in agriculture and gardening, as it 
has been shown for Aspergillus (CDC, 2020; Cuenca-Estrella, 2014; 
Schroeder, 2011). 

Like for bacteria, antifungal susceptibility for yeasts and filamentous 
fungi is assessed phenotypically by evaluating the minimal inhibitory 
concentration (MIC), that is the lowest concentration of an agent 
required to inhibit the visible growth of the microorganism, or by disk 
diffusion assays to a specific antifungal either according to the European 
Committee on Antibiotic Susceptibility Testing (EUCAST) (Arendrup 
et al., 2020) or the Clinical Laboratory Standard Institute (CLSI) stan-
dards (CLSI, 2017). In bacterial food cultures, the antimicrobial sus-
ceptibility needs to be evaluated to prevent the transfer of antibiotic 
resistant genes from bacteria intentionally added to food to pathogenic 
bacteria and therefore, the spreading of the antibiotic resistance (Lau-
lund et al., 2017). In general, horizontal gene transfer mechanisms are 
not considered relevant in yeasts and filamentous fungi in the context of 
antifungal resistances, as fungal cells do not readily take up exogenous 
DNA (Andersson, 2005; Arendrup and Patterson, 2017; EFSA-BIOHAZ 
Panel, 2009). Instead, antifungal resistance is mainly caused by intrinsic 
resistance, i.e., when the ability of strains to resist to the antimicrobial is 
innate for most strains within the species. Furthermore, resistance can 
be achieved by the exposure of a strain to an antifungal leading to point 
mutations in target genes (Alcazar-Fuoli and Mellado, 2014; Morio et al., 
2017). Due to the larger genome size and the possibility to rearrange 
their chromosomes and by gene duplication, yeasts and filamentous 
fungi can rapidly adapt to challenging environments caused by anti-
fungal agents and develop resistances (Cowen, 2001; Hokken et al., 
2019). 

An example of an antifungal resistance observed in a food-relevant 
non-Saccharomyces yeast is Pichia kudriavzevii (the teleomorph form of 
Candida krusei, previously known as Issatchenkia orientalis (Isono et al., 
2012)). P. kudriavzevii has been found as a native fermentative yeast in 
wine (del Mónaco et al., 2016), rice-fermented beer (Ghosh et al., 2019), 
in cocoa (Daniel et al., 2009; Koné et al., 2016), goat cheese (Tornadijo 
et al., 1998) and in suusac, a camel milk product (Lore et al., 2005). The 
bioflavouring role of P. kudriavzevii has been studied in wort fermenta-
tion (van Rijswijck et al., 2019) and in wine, P. kudriavzevii showed a 
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reduction in the malic acid content (Kim et al., 2008). On the other hand, 
C. krusei, the anamorph form, is among the emerging non-albicans yeast 
species that cause mucosal infections, disseminate into the bloodstream, 
and infect deep-tissues (Whaley et al., 2017). Douglass et al. (2018) 
compared clinical isolates of C. krusei and environmental isolates of 
P. kudriavzevii in terms of identity and antifungal resistance and showed 
that there is no distinction neither on genomic level nor in phenotypic 
resistance among these two species, thus, it is one species. P. kudriavzevii 
has an intrinsic resistance to fluconazole (Samaranayake and Samar-
anayake, 1994) and it has been shown to rapidly develop acquired 
resistance to other antifungal drugs (Hakki et al., 2006; Jamiu et al., 
2021; Katiyar and Edlind, 2001). The mechanisms of antifungal resis-
tance of this yeast involve alteration and overexpression of the 
chromosomal-encoded ERG11 target enzyme, reduction in the intra-
cellular antifungal level by efflux pump activity, and replacement of 
ergosterol in the cell membrane by alternate pathway for biosynthesis of 
sterols (Jamiu et al., 2021). Publications concerning industrial and food 
research applications of this species usually use the species names 
P. kudriavzevii, I. orientalis or C. glycerinogenes instead of C. krusei, which 
on the other hand, is used in the clinical setting, possibly because of the 
negative association of using a potential pathogen in a biotechnological 
or food context (Douglass et al., 2018). As a preventive measure for 
spread of antifungal resistance and clinical infections, Douglass et al. 
(2018) suggested to consider non-pathogenic Pichia species as alterna-
tives for industrial applications. 

Recent studies have also reported an increasing azole resistance in 
C. tropicalis (food applications described in Section 4.1.1; Fan et al., 
2017; Fan et al., 2019a,b; Yesudhason and Mohanram, 2015; Zuza-Alves 
et al., 2017). The worldwide occurrence of fluconazole resistance in 
C. tropicalis have been reviewed by De Oliveira et al. (2020) and the 
mechanisms behind this resistance involved overexpression and muta-
tions in the target enzyme and efflux pump activity, similarly to 
C. krusei. Beside the avoidance of using C. tropicalis in food applications, 
surveillance, and an active search for resistant C. tropicalis strains can 
help to establish a better management of infections and antifungal 
resistance. 

To determine if a strain is resistant or susceptible to a given anti-
microbial, epidemiological cut-off values, i.e., measures of a MIC dis-
tribution that separates susceptible wild type populations from those 
with resistances to a specific antimicrobial, are needed (Desnos-Ollivier 
et al., 2021). To set microbiological cut-off values, MIC population 
studies are required to determine the susceptibility pattern of the genera 
or species in question. Cut-off values for clinically relevant antibiotics 
for bacterial pathogens are well developed, and the work with setting 
cut-off values for food-relevant bacterial species is still ongoing. EFSA 
first published microbiological cut-off values for bacterial food cultures 
in 2005 and have since updated the list several times (EFSA-FEEDAP 
Panel, 2005, 2008, 2012, 2018). In regards to microbiological cut-off 
values for yeast, both CLSI and EUCAST have published cut-off values 
for clinically relevant yeast species (CLSI, 2020; EUCAST, 2020) and a 
recent paper describes the azole susceptibility of >9000 clinical yeasts 
isolates (Desnos-Ollivier et al., 2021). However, there is lack of knowl-
edge on food-relevant yeast species. In line with the lack of horizontal 
transfer of antifungal resistance genes, the EFSA-BIOHAZ Panel con-
siders that acquired antimicrobial resistant genes are not significant in 
the context of yeasts used for food purposes. However, EFSA does 
require an evaluation of susceptibility to antifungals used in medicine 
for treatment of fungal infections for yeasts that remain viable in the 
final food product. This is particularly important in the context that 
many breweries do not pasteurize their products. The current qualifier 
for QPS yeast is ‘Absence of resistance to antimycotics used for medical 
treatment of yeast infections in cases where viable cells are added to the 
food or feed chain' (EFSA-BIOHAZ Panel, 2022). 

4.1.3. Biogenic amines 
Biogenic amines (BA) are compounds derived from the enzymatic 

decarboxylation of amino acids, due to microbial activity. The presence 
of BA in fermented food and beverages implies a health concern, as 
described in reviews (Beneduce et al., 2010; Pozo-Bayón et al., 2012) 
and in the EFSA report ‘Scientific Opinion on risk based control of 
biogenic amine formation in fermented foods’ (EFSA-BIOHAZ Panel, 
2011). According to the mentioned EFSA Scientific Opinion, the total 
amount of BA (considering histamine, putrescine, tyramine and cadav-
erine) measured in 188 samples of beer, summed up to >12 mg/L, being 
the highest amount within the alcoholic beverages category, but 
considerable lower than other fermented food (e.g. 177–334 mg/kg in 
cheese) (EFSA-BIOHAZ Panel, 2011). 

Putrescine and tyramine are the most abundant BA found in beer 
(Almeida et al., 2012). The risk concerning the biogenic amines in beer 
is usually given by the high volume of beer consumption in a short in-
terval of time rather than a high concentration of these compounds in 
the beer (Kalac and Krizek, 2003). Furthermore, the ethanol present in 
beer can enhance the adverse effects since its inhibits the activity of 
monoamine oxidase and diamine oxidase, enzymes present in the 
human body involved in detoxifying mechanisms of BAs (Kalac and 
Krizek, 2003; Pradenas et al., 2016). 

Histamine, the BA of highest concern and also the most studied BA, 
induces headaches, hypotension, heart palpitation, as well as cutaneous 
and gastrointestinal disorders in sensitive persons (Vincenzini et al., 
2009). It is found in higher amounts in wine than beer (Kalac and Krizek, 
2003). Indeed, a stable concentration of histamine was reported during 
wort fermentation, whereas tyramine increased over the fermentation 
progress (Izquierdo-Pulido et al., 1991). Tyramine is the BA of second 
highest concern in terms of toxicological relevance and it is usually 
associated with migraine and hypertension episodes (Ordóñez et al., 
2016). The contribution of tyramine by beer consumption could be 
critically high, as an exposure assessment carried out by EFSA Panel 
revealed that the highest exposure to tyramine (18.5–124.6 mg/day) is 
given by beer intake considering a consumption of minimum 750 g/day 
and 5040 g/day as maximum (EFSA-BIOHAZ Panel, 2011). The di-
amines putrescine, cadaverine and the polyamines spermine and sper-
midine can synergize the effect of histamine and tyramine by a 
competitive interaction with the amine oxidases (Ruiz-Capillas and 
Herrero, 2019). 

Some studies have measured the production of BA in wine by strains 
of Saccharomyces and non-Saccharomyces. Although wine and beer are 
different matrices in terms of microbial population and amino acid 
profiles, some correlation of yeast decarboxylase activity can be drawn. 
In general, from the data collected (Table 1), it evident that the pro-
duction of BA is strain-specific and the highest producers of BA are 
B. bruxellensis and S. cerevisiae. Variations in the BA production when 
fermenting with diverse commercial strains of S. cerevisiae is observed in 
both wine (Bordiga et al., 2020) and beer (Halász et al., 1999). 

Contamination of lactic acid bacteria during the brewing process has 
been associated to the formation of BA, mostly in craft beers (Poveda 
et al., 2017; Yu et al., 2021). However, the knowledge about the pro-
duction of BA in fermented food and beverages by yeasts is limited 
compared to bacteria (Vincenzini et al., 2009). Additionally, while the 
presence of BA in beers from different countries is well-documented, e.g. 
Chile (Pradenas et al., 2016), Spain (Poveda, 2019), Belgium (Loret 
et al., 2005), Brazil (Glória and Izquierdo-Pulido, 1999), Czech Republic 
(Lorencová et al., 2020), literature focusing on the microorganisms that 
produce BA in beer is limited. The above mentioned EFSA Scientific 
Opinion states that there is ‘no evidence about massive formation of BA 
by yeast, although they may bear constitutive amino acid decarboxylase 
enzymes involved in a number of physiological functions’ (EFSA-BIO-
HAZ Panel, 2011). Indeed, polyamines, such as putrescine, spermidine 
and spermine are essential for fungi, including yeasts, where they have 
important physiological roles (Rocha and Wilson, 2019). 

The formation of BA is highly correlated with the concentration of 
precursors in the media (free amino acids) and the strain-specific amino 
acid decarboxylase activity of the yeast in question (Table 1). In 
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addition, a recent study has shown that the co-inoculation of non- 
Saccharomyces yeasts and S. cerevisiae can reduce the final concentration 
of BA in wine as a result of metabolic and physiologic interactions 
related to the nitrogen source (Wang et al., 2021). Interestingly, some 
strains of D. hansenii and Yarrowia lipolytica has shown to degrade BA 
during wine production, probably due to a peroxisomal amine oxidase 
activity (Bäumlisberger et al., 2015). The occurrence of BA in beer also 
depends on raw materials (malt and hops) fermentation and hygiene 

conditions during brewing and storage (Kalac and Krizek, 2003; Zotou 
and Loukou, 2008). Even though the effect of non-Saccharomyces yeast 
in BA production in beer is not as explored as in wine, the literature 
suggests that the selection of certain non-Saccharomyces strains could be 
advantageous to decrease the final concentration of BA, thus improving 
food safety. Therefore, the microbial formation and degradation of BA 
should be assessed - and possibly used as a selection criterion - when 
exploring new fermentative non-Saccharomyces yeasts for brewing. 
Furthermore, the monitoring of BA by breweries in raw materials, dur-
ing the production, in the final product and shelf life of beer as a safety 
measure is recommended, as concluded by EFSA (EFSA-BIOHAZ Panel, 
2011). 

4.1.4. Allergy 
When an allergic reaction is triggered after food exposure, it is 

referred to as a food allergy (Benedé et al., 2016) and the general 
prevalence of allergic disorders - not only food allergies - have rapidly 
increased worldwide. They are manifested in sensitive patients by 
various symptoms including rhinitis, atopic dermatitis, asthma, 
anaphylaxis, gastrointestinal disorders and headache (Galli et al., 2008; 
Sicherer and Sampson, 2009). Unlike bacteria that have not been 
considered as allergenic, some fungi and yeasts species have been re-
ported to cause allergy (Martel et al., 2010). Some fungal species can 
induce respiratory allergic reactions, mainly attributed to the exposure 
of Deuteromycetes spores (Kurup et al., 2000). Sporadic clinical cases of 
asthma and atopic dermatitis has also been associated to C. albicans 
(Faergemann, 2002) and one case of allergic alveolitis, a disorder 
affecting the lungs, to D. hansenii (Yamamoto et al., 2002). Allergic re-
actions due to consumption yeast-fermented beverages such as unfil-
tered beer, wine and bakery-derived food products have been reported 
such as consumption of S. pastorianus (Airola et al., 2006), IgE-mediated 
allergy after drinking beer (Bansal et al., 2017; García-Casado et al., 
2001; Inoue et al., 2016; Keller and Schwanitz, 1994; Quercia et al., 
2012; Quirce et al., 1999; Song et al., 2014) and atopic dermatitis in 
hyper yeast-sensitive patients (Kortekangas-Savolainen et al., 1994). IgE 
immunoblotting studies has detected the main allergen in S. cerevisiae 
and Rhodotorula mucilaginosa to be enolase (Baldo and Baker, 1988; 
Chang et al., 2003; Kortekangas-Savolainen et al., 1993; Nittner-Mars-
zalska et al., 2001), but despite IgE-binding epitopes of enolases being 
highly conserved (Simon-Nobbe et al., 2000) cases of occupational al-
lergy in breweries are rarely reported (Blyth et al., 1977; Godnic-Cvar 
et al., 1999). The format in which the yeast is delivered for industrial 
beverage fermentation, e.g., liquid, dry or frozen form, and the con-
centration of the starter culture might influence in the occupational 
exposure. With regards to introducing new non-Saccharomyces yeasts to 
the market, the concern of a potential allergy can be mitigated if the 
presence of the species in question has been previously documented in 
traditional fermented beverages, assuming if they can trigger an allergic 
reaction, it would have been previously reported. 

4.2. Potential concerns raised from the production of beer with non- 
Saccharomyces yeasts and during shelf-life 

4.2.1. Ethyl carbamate 
Ethyl carbamate (EC), also known as urethane, is a chemical com-

pound classified as “probably carcinogenic to humans” (Group 2A) by 
the Agency for Research on Cancer (IARC) (IARC monographs on the 
evaluation of carcinogenic risks to humans, 2010; JECFA, 2005). EC is 
formed as a result of a spontaneous non-enzymatic reaction between 
ethanol and a compound containing a carbamoyl group, such as urea in 
beer (Vincenzini et al., 2009). In beer, both precursors are produced 
during alcoholic fermentation (Zhao et al., 2013). 

According to the Joint FAO/WHO Expert Committee on Food Ad-
ditive (JEFCA) the mean daily intake of EC from food and beverage is 1 
to 4 μg/person per day (JECFA, 2005). Within the alcoholic beverages 
category, the EFSA Scientific Opinion reported the lowest levels of EC in 

Table 1 
Production of BA by Saccharomyces cerevisiae and non- Saccharomyces yeasts in 
wine.  

Yeast species Biogenic 
amines 
mg/La 

Biogenic 
amines 
measuredb 

Beverage 
matrix 

Reference 

>10 mg/L 
Brettanomyces 

bruxellensis  
15.01 His, Putr, 

Cad, Met, Et, 
Ag, Try, Phe 

Wine (Caruso 
et al., 
2002) 

Brettanomyces 
bruxellensis  

≈15 His, Putr, 
Cad, Met, Et, 
Ag, Try, Phe 

Wine (Romano 
et al., 
2007) 

Saccharomyces cerevisiae  12.14 His, Putr, 
Cad, Met, Et, 
Ag, Try, Phe 

Wine (Caruso 
et al., 
2002) 

Saccharomyces cerevisiae  10.07 His, Tyr, Putr Red wine (Ivit et al., 
2017) 

Saccharomyces cerevisiae  ≈12 His, Putr, 
Cad, Met, Et, 
Ag, Try, Phe 

Wine (Romano 
et al., 
2007)  

<10 mg/L 
Kloeckera apiculata  6.21 His, Putr, 

Cad, Met, Et, 
Ag, Try, Phe 

Wine (Caruso 
et al., 
2002) 

Candida stellata  6.73 His, Putr, 
Cad, Met, Et, 
Ag, Try, Phe 

Wine (Caruso 
et al., 
2002) 

Candida stellata  ≈ 7 His, Putr, 
Cad, Met, Et, 
Ag, Try, Phe 

Wine (Romano 
et al., 
2007) 

Metschnikowia 
pulcherrima  

9.6 His, Putr, 
Cad, Met, Et, 
Ag, Try, Phe 

Wine (Caruso 
et al., 
2002) 

Metschnikowia 
pulcherrima  

≈ 9 His, Putr, 
Cad, Met, Et, 
Ag, Try, Phe 

Wine (Romano 
et al., 
2007) 

Saccharomycodes 
ludwigii  

3.43 His, Tyr, Putr White 
wine 

(Ivit et al., 
2017) 

Saccharomycodes 
ludwigii  

9.87 His, Tyr, Putr Red wine (Ivit et al., 
2017) 

Schizosaccharomyces 
pombe  

3.57 His, Tyr, Putr White 
wine 

(Ivit et al., 
2017) 

Schizosaccharomyces 
pombe  

9.57 His, Tyr, Putr Red wine (Ivit et al., 
2017) 

Saccharomyces cerevisiae  3.43 His, Tyr, Putr White 
wine 

(Ivit et al., 
2017) 

Saccharomyces cerevisiae  6.8 His, Tyr, Putr White 
wine 

(Medina 
et al., 
2013) 

Saccharomyces cerevisiae  1.39 His, Tyr, 
Putr, Cad, 
Phe 

Wine (Benito 
et al., 
2016) 

Saccharomyces 
cerevisiae + Lachancea 
thermotolerans  

1.43 His, Tyr, 
Putr, Cad, 
Phe 

Wine (Benito 
et al., 
2016) 

Saccharomyces 
cerevisiae +
Hanseniaspora uvarum  

4.3 His, Tyr, Putr White 
wine 

(Medina 
et al., 
2013) 

Hanseniaspora uvarum  ≈ 6 His, Putr, 
Cad, Met, Et, 
Ag,Try, Phe 

Wine (Romano 
et al., 
2007)  

a The concentration is the sum of the BA measured. 
b His: Histamine, Putr: Putrescine, Cad: Cadaverine, Met: Methylamine, Et: 

Ethanolamine, Ag: Agmatine, Try: Tryptamine, Phe: 2-Phenylethylamine. 
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beer and wine (up to 5 μg/L), followed by sprits (21 μg/L) and fruit 
brandy distillates (260 μg/L) (EFSA Panel of Contaminants, 2007). The 
risk assessment of EC, which was based on dose-response data and the 
margin of exposure (MOE), concluded that the intake of EC is not a 
hazard in relation to fermented food but does represent a potential 
concern for consumption of alcoholic beverages (EFSA Panel of Con-
taminants, 2007). Specially, when the consumption of alcoholic bever-
ages containing high concentrations of EC is high. Thus, mitigation 
measures to reduce EC in alcoholic beverages are advised by both 
Committees (EFSA Panel of Contaminants, 2007; JECFA, 2005). As a 
preventive measure to reduce EC, EC development might be assessed for 
each beer prototype containing alcohol. Moreover, as the majority of the 
beer found in the market is produced with Saccharomyces spp., there is 
no representative data about the occurrence of EC in beer fermented 
with non-Saccharomyces yeasts. 

The production of EC is dependent on excretion of urea by the yeast, 
which is affected by environmental factors as well as being strain- 
specific (Schehl et al., 2007). In S. cerevisiae, the urea generation de-
rives from the amino acid L-arginine that is hydrolysed to L-ornithine 
and urea by an CAR1 arginase (Gowd et al., 2018). Since the utilization 
of L-arginine is regulated by the nitrogen catabolite repression (NCR), 
the urea formation indirectly responds to the nitrogen availability (Jiao 
et al., 2014), but the accumulation of urea is strain, species and genus 
dependent. For example, W. anomalus, used for bioflavoring, is a strong 
producer of urea in a sorghum-based liquor fermentation compared to 
S. cerevisiae (Wu et al., 2017). Benito et al. (2016) found lower amounts 
of urea in wine fermentation with S. pombe due to the species is urease 
positive, i.e., the species encode a urease degrading urea in a 1-step 
reaction. In S. cerevisiae, genetic strategies such as the disruption of 
the CAR1 gene (Schehl et al., 2007) or the upregulation of genes 
involved in the uptake and degradation of urea (Coulon et al., 2006) 
have been used as mitigating strategies for EC production. Besides ure-
ase, urea amidolyase enzyme, which has been detected in Saccharomyces 
and non-Saccharomyces yeasts such as Pichia, Schizosaccharomyces and 
Zygosaccharomyces, can degrade urea into ammonia and carbon dioxide 
in a 2-step reaction (Strope et al., 2011). Thus, knowledge about the 
accumulation and degradation of urea by non-Saccharomyces yeasts 
could provide preliminary information about the potential EC formation 
in beer and other alcoholic beverage. The FDA emphasises in the use of 
enzymatic urease treatment as a measure to mitigate EC in wines 
(Butzke and Bisson, 1997). Thereby, the application of non-Saccharo-
myces strains for brewing that are positive for urea degradation, either 
by the presence of urease or urea amidolyase, is an attractive approach 
to decrease the content EC in beer and thus, deliver safer beers to 
consumers. 

4.2.2. Acetaldehyde 
Acetaldehyde is a volatile compound that in beer contributes with a 

pleasant apple-like flavour. Nevertheless, high amounts of acetaldehyde 
creates an off-flavour and negatively affects the shelf life of the beer due 
to the aldol condensation reaction (Wang et al., 2013). In beer, acetal-
dehyde mainly derives from the yeast fermentative glycolytic pathway 
(Lachenmeier and Sohnius, 2008) and in humans, acetaldehyde is also 
formed from the oxidation of ethanol in the liver or by the microbial 
habitants in the oral cavity (Paiano et al., 2014). The electrophilic na-
ture of acetaldehyde makes it highly reactive with biological nucleo-
philic targets such as proteins, RNA and DNA, which can cause point 
mutations (Hernandes et al., 2020). Therefore, acetaldehyde associated 
with alcohol consumption has been classified as carcinogenic to humans 
(Group 1) (WHO-IARC Working Group, 2009). The main human expo-
sure to acetaldehyde is by consumption of alcoholic beverages, either 
from direct exposure to acetaldehyde or indirectly from further endog-
enous ethanol metabolism (Secretan et al., 2009). An Italian risk 
assessment has revealed that the highest exposure to acetaldehyde was 
through consumption of wine with 0.15 mg/kg body weight per day, 
followed by beer with 0.02 mg/kg body weight per day (Paiano et al., 

2014). A German study found that the acetaldehyde concentration was 
9 mg/L in commercial beers, comprising the lowest concentration 
among spirits and wine (Lachenmeier and Sohnius, 2008). According to 
the published data, the production of acetaldehyde appears to be strain- 
dependent, as variable values were found for different strains for both 
Saccharomyces and non-Saccharomyces yeasts (Table 2). Currently, there 

Table 2 
Production of acetaldehyde in beer by S. cerevisiae and non-Saccharomyces 
yeasts.  

Organoleptic 
threshold 

Yeast species Acetaldehyde 
concentration 
(mg/L) 

Reference 

>25 mg/L Saccharomyces 
cerevisiae 

26–52 (Capece et al., 
2021) 

Saccharomyces 
cerevisiae 

84 (Canonico 
et al., 2019) 

Saccharomyces pombe > 25 (Methner et al., 
2019) 

Torulaspora delbruekii 47 (Michel et al., 
2016) 

Torulaspora delbruekii 44 (Canonico 
et al., 2021) 

Torulaspora delbruekii 
+ S.Ca 

58 (Capece et al., 
2021) 

Saccharomycopsis 
fibuligera 

> 25 (Methner et al., 
2019) 

Zygosaccharomyces 
rouxii 

> 25 (Methner et al., 
2019) 

Zygosaccharomyces 
bailii + S.Ca 

57 (Capece et al., 
2021) 

Candida zemplinina +
S.Ca 

38–46 (Capece et al., 
2021) 

Wickerhamomyces 
anomalus 

40–45 (Holt et al., 
2018) 

Lachancea 
thermotolerans 

82 (Canonico 
et al., 2019) 

<25 mg/L Saccharomyces 
cerevisiae 

5–10 (Holt et al., 
2018) 

Saccharomyces 
cerevisiae 

11–22 (Canonico 
et al., 2021) 

Saccharomyces pombe 12 (Callejo et al., 
2019) 

Torulaspora delbruekii 7.5 (Michel et al., 
2016) 

Torulaspora delbruekii 4 (Toh et al., 
2020) 

Torulaspora delbruekii 2 (Callejo et al., 
2019) 

Torulaspora delbruekii < 10 (Holt et al., 
2018) 

Lachancea 
thermotolerans 

8 (Toh et al., 
2020) 

Lachancea 
thermotolerans 

7 (Canonico 
et al., 2021) 

Lachancea 
thermotolerans 

4 (Callejo et al., 
2019) 

Pichia kluyveri 5–10 (Holt et al., 
2018) 

Brettanomyces 
anomalus 

1 (Michel et al., 
2016) 

Saccharomycodes 
ludwigii 

1 to 4 (De Francesco 
et al., 2015) 

Saccharomycodes 
ludwigii 

4 (Callejo et al., 
2019) 

Zygosaccharomyces 
rouxii 

5 to 8 (De Francesco 
et al., 2015) 

Kazachstania unispora 5 (Canonico 
et al., 2021) 

Williopsis saturnus not detected (Liu and Quek, 
2016) 

Brettanomyces 
bruxellensis 

5 (Holt et al., 
2018) 

Zygotorulaspora 
florentina 

14 (Canonico 
et al., 2019)  

a S.C: Saccharomyces cerevisiae. 
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are not maximum limits established by regulatory entities regarding 
permitted levels of acetaldehydes in alcoholic beverages. However in 
Table 2, the organoleptic threshold in beer was used as reference (Otter 
and Taylor, 1971) to differentiate between higher and lower yeast 
producers of acetaldehyde. 

As an initial measure to overcome this health concern, EFSA suggests 
to reduce the acetaldehyde content in alcoholic beverages to “as low as 
technologically possible” (Scientific Committee on Consumer Safety 
(SCCS), 2012), and in Codex Alimentarius it is advised to reduce con-
taminants and toxins ‘as low as reasonably possibly’ (Codex, 1997). 
Therefore, the measurement of acetaldehyde when exploring for alter-
native brewerś yeasts or developing new beer prototypes could be part 
of not only the organoleptic criteria, but also the safety criteria. 
Selecting non-Saccharomyces strains that meet both criteria can help to 
develop safer and good quality beer in terms of acetaldehyde 
occurrence. 

4.2.3. Yeast-concerns according to different brewing processes 
The post-fermentation treatments are critical to define the biological 

stability of the beer (Fillaudeau and Carrère, 2002). However, it may 
also impact safety since when viable yeast cells enter the food value 
chain, safety concerns, e.g. presence of antifungal resistances, should be 
considered (EFSA-BIOHAZ Panel, 2020). Furthermore, formation of 
compounds of concern such as BA and EC can occur over maturation and 
storage, which might impact consumer health. Hence, the removal of 
yeasts after beer fermentation is for several reasons often 
recommendable. 

In a conventional brewing process, yeasts and particles responsible 
for haze are removed after fermentation, a process known as clarifica-
tion. The removal of yeast can be done by sedimentation, centrifugation, 
filtration or by a combination of the three approaches (Briggs et al., 
2004a). The yeast ability to flocculate is a desirable property of brewing 
yeasts since it allows a low cost and simple process to remove the yeast 
by sedimentation without using any adjuvant (Soares, 2008). Besides 
the brewerś yeasts, many other genera are able to flocculate such as, 
Candida utilis, H. anomala, K. marxianus, P. pastoris, S. ludwigii, S. pombe 
and Zygosaccharomyces spp. (Soares, 2011). When fermenting with non- 
flocculating yeasts, adjuvants such as finings, (e.g. isinglass derived 
from the swim bladder of fish) or enzymes can be added to precipitate 
the yeast and clear the beer (Wunderlich and Back, 2008). As heat 
should only be used moderately to avoid flavour alteration during pas-
teurisation, the clarification is a demanding unit operation if no living 
yeasts are desired in the final product (Freeman, 2006). 

In beer production, as in many other food products, the 
manufacturing process usually diverges according to the intended use of 
the product. For instance, when non-Saccharomyces yeasts are used to 
bioflavour alcoholic beer, the pasteurisation is not essential as the 
ethanol decreases the likelihood of pathogenic bacteria. Indeed, craft 
beers are generally unfiltered and unpasteurized (Callejo et al., 2019; 
Rodríguez-Saavedra et al., 2020). On the contrary, for NABLAB pro-
duction the pasteurisation of the final product is crucial since the 
absence of ethanol and the higher concentration of residual fermentable 
sugars make the final beer prone to microbial contamination (Bellut and 
Arendt, 2019; Sohrabvandi et al., 2010). The pasteurisation condition is 
determined as per the alcohol content, e.g. 80–120 Pasteurisation Units 
(PU), (being 1 PU equivalent to 1 min at 60 ◦C) is recommended for 
NABLAB, whereas 15–20 PU is used for alcoholic beers (Rachon et al., 
2018). However, thermal inactivation studies of beers has mainly been 
focused on Saccharomyces spp. and beer spoilage bacteria (Milani et al., 
2015; Rachon et al., 2018; Reveron et al., 2003) and, to our knowledge, 
there is no published studies about the thermal inactivation of non- 
Saccharomyces yeasts for beer production. Specifically, the D-value for 
the yeast, i.e. the time to kill 1 log CFU of the yeast in question, needs to 
be assessed in practice. The use of isothermal inactivation models can 
help to set optimal pasteurisation parameters to target non-Saccharo-
myces yeasts, avoiding under- and over-processing (Buzrul, 2007). 

The research on fungal communities inhabiting the healthy human 
gut has considerable increased in the last years. The fungal gut micro-
biota comprises approximately 65–75 fungal species and it seems less 
stable than bacterial microbiota (David et al., 2014; Fiers et al., 2020; 
Hallen-Adams et al., 2015; Kim et al., 2017). Auto-brewery syndrome is 
a rare diagnosed condition caused by ethanol production by the intes-
tinal yeast microbiota (Malik et al., 2019) causing symptoms similar to 
alcohol intoxication (Simic et al., 2012). Overgrowth of Saccharomyces 
and non-Saccharomyces yeasts have been associated to this disorder 
(Akhavan et al., 2019; Jansson-Nettelbladt et al., 2006; Painter et al., 
2020). It is unknown whether the regular ingestion of beverages con-
taining living non-Saccharomyces yeasts, combined with other factors 
(antimicrobial therapy, reduced host immunity, diet or existing dis-
eases) could trigger either positive or negative reactions. While the 
knowledge within this field is rapidly expanding, the pasteurisation of 
the beer is an effective measure in case of uncertainties regarding the 
consumption of the fermentative yeast used. 

5. Quality management and food safety regarding the brewing 
yeast 

Suppliers of non-Saccharomyces yeasts as well as the breweries, are 
responsible of ensuring product quality and safety. The implementation 
of a food management system, such as the standard ISO 22000 and ISO 
9001 for food safety and quality, respectively, provides a comprehensive 
and consistent approach to meet both customer and regulatory re-
quirements along the entire supply chain (European Committee for 
Standardization, 2018; Natarajan, 2017). Good Manufactures Practices 
(GMPs) and the implementation of a Hazard Analysis and Critical 
Control Point (HACCP) are parts of the system (Laulund et al., 2017; 
Pariza et al., 2015). 

As the intended properties of a microbial starter culture are strain- 
specific, yeast suppliers should ensure strain identification and genetic 
stability as a part of their quality control program. Pulsed-field gel 
electrophoresis (PFGE) is the golden standard for bacteria to verify that 
the genomic profile from the stock strain is preserved (Laulund et al., 
2017; Yao et al., 2021). This method can be also applied in yeasts but 
other methods, e.g., PCR-based methods, sequence-based methods, re-
striction fragment length polymorphism (RFLP) and randomly amplified 
polymorphic DNA (RAPD) analysis, are also available for yeast (Franco- 
Duarte et al., 2019). In order to ensure genetic stability, measures, 
including a centralised in-house strain bank, the proper storage below 
− 80 ◦C of the stock culture, a traceability system which comprises the 
documentation regarding the inoculation material from the stock cul-
ture and minimal generation number from stock material and identifi-
cation of the yeast at strain level should be implemented in the 
manufacturer site (The United States Pharmacopeial Convention, 2014). 

Yeasts contaminants, both Saccharomyces and non-Saccharomyces, 
can result in a serious problem at breweries since many spoilage yeast 
share the same ecological niche as the pitching yeast (Briggs et al., 
2004b). Differential media can be used to differentiate between 
Saccharomyces and non-Saccharomyces yeasts in beer samples. Crystal 
violet agar, for instance, can detect Saccharomyces-type contaminants, 
since Brettanomyces spp., Rhodotorula spp., Hansenula spp., Pichia spp., 
Schizosaccharomyces spp. and Torulaspora spp. are not able to grow in 
this medium (Stretz et al., 2011). Due to non-Saccharomyces yeasts being 
metabolically diverse in regard to nutrients, selective media could be 
tailored according the specific growth requirement of the non-Saccha-
romyces yeast. Thus, with expectation of more non-Saccharomyces yeasts 
in the market, commercial solutions might be developed. 

6. The role of genomic tools in understanding the safety of 
yeasts 

For yeast or other eukaryotic microorganism, no curated databases of 
virulence factors and antifungal resistance genes exist - as there are for 
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bacterial pathogens - which leaves the genomic toolbox for yeast safety 
assessment behind the bacterial counterparts. Identification of ‘true’ 
virulence factors in pathogenic yeasts is usually more ambiguous 
compared to bacteria (Moran et al., 2011). Besides the limited under-
standing about pathogenicity in yeasts, this might also be caused by the 
lower number of pathogenic yeasts compared to bacterial pathogens. 

High throughput ‘omics’ data generation technologies is becoming 
advantageous for understanding safety as metagenomics, tran-
scriptomics, proteomics and metabolomics data can provide insights 
into the physiology, ecology and interactions of microorganisms in a 
specific food or clinical setting (Cocolin et al., 2018). Consequently, 
multi-omics technologies have started to be implemented on the food 
safety research (Begley and Hill, 2010; Bergholz et al., 2014; Cocolin 
et al., 2018; Davies, 2010; FAO, 2016; Kovac et al., 2017). 

6.1. De novo assembly and comparative genomics of non-Saccharomyces 
yeasts 

High-quality genome assemblies contribute substantially to the un-
derstanding of genetic variation among yeasts and the genetic basis of 
many complex phenotypic traits, providing insights into the safety po-
tential of some yeasts. The combination of short sequencing reads with 
long-reads can be used to improve the accuracy and generate a high 
quality hybrid assembly (Giordano et al., 2017; Istace et al., 2017). As a 
result of reduced cost of long-reads sequencing technologies, such as 
Oxford Nanopore Technologies and PacBio, an increasing number of 
non-Saccharomyces yeast whole-genome sequences has been published 
in the last years, including wild strains and others of clinical relevance. 
Bioinformatics pipelines and tools to process yeast genomic data have 
been developed alongside the advances of WGS technologies, as 
reviewed by Libkind et al. (2020b). However due to the limited number 
of yeast strains with high quality functional gene annotations, functional 
gene annotations of non-Saccharomyces yeast are often of lower quality. 

Comparative genomics can provide a deeper understanding of strain- 
specific concerns among closely related species and detect changes that 
have been accumulated during the evolution such as virulence traits or 
horizontal gene transfer events (Marsit et al., 2017; Strope et al., 2015; 
Wolfe, 2006). For example, in the context of the emergence of 
S. cerevisiae as an opportunistic pathogen, the project “100 genomes” 
compared 57 strains associated to the environment and food with 43 
clinical strains. A higher gene copy number of cupper resistance genes 
were found in clinical strains and interestingly, copper resistance is 
essential for virulence of several pathogenic bacteria and for survival of 
C. neoformans in the human host (Strope et al., 2015). Many valuable 
findings have been done for C. glabrata via WGS and comparative 
genomic regarding its pathogenic aspect, including mutations in genes 
involved in antifungal resistances (Biswas et al., 2017) and the mecha-
nisms and the evolutionary pattern of its virulent traits (Gabaldón and 
Carreté, 2016). In addition, transcriptomics analysis and comparative 
genomics have revealed, for example, the genetic basis behind the azole 
resistance and adaptation to the human host of C. glabrata (Carreté et al., 
2019; Salazar et al., 2018). 

Comparative genomic studies have also pointed out that hybridiza-
tion events in yeasts can occasionally lead to virulent phenotypes (Mixão 
and Gabaldón, 2017) and in fact, it was suggested that C. albicans is an 
evolved hybrid, based on the genomic pattern found (Mixão and 
Gabaldón, 2020). Hybrids may represent a substantial portion of the 
more rare yeast pathogens, probably due to the higher virulence po-
tential and the adaptation to the human host (Gabaldón, 2020) and the 
opportunist pathogen Candida metapsilosis is a highly heterozygous 
hybrid species evolved from non-pathogenic parental species (Pryszcz 
et al., 2015). On the other hand, in the context of modern approaches to 
design of brewing yeasts, hybridization provides the possibility of 
creating new non-genetically modified brewing yeasts with unique 
properties (Krogerus et al., 2017). De novo hybrids tend to be genetically 
instable post-hybridisation and while this can be a problem when yeasts 

are reused multiple times, it could be used as an advantage to develop 
specific phenotypes for brewing by subjecting hybrids to different con-
ditions (Gibson et al., 2017). However, at this early exploration stage 
and due the clinical consequences of yeast hybridization, more research 
is needed to elucidate if hybrids originating from non-pathogenic could 
give rise to pathogen phenotypes. 

6.2. Future directions 

Some initiatives have been taken by the scientific community within 
the genomic field to strengthen the research and the general knowledge 
on non-Saccharomyces yeasts. Projects such as the Y1000+ project (htt 
ps://y1000plus.wei.wisc.edu/), 1000 Fungal Genomes (http://1000. 
fungalgenomes.org), Genome Resources for Yeast Chromosomes 
(http://gryc.inra.fr/) aim to sequence and explore phylogeny and di-
versity of fungal genomes including yeast. Research that might support 
the understanding of yeast pathogenicity and - in long term - to develop 
in silico tools to support and facilitate the safety assessment of yeast 
intended for food application. In similar ways as the databases Res-
Finder (Bortolaia et al., 2020; Zankari et al., 2012, 2017) is used for 
characterization of bacterial antibiotic resistance genes, the Mycology 
Antifungal Resistance Database (MARDy) can be used for yeast and 
moulds (Nash et al., 2018). This web-based service allows the search for 
single genes related to antifungal resistance mechanisms, including 
amino acid substitutions, tandem repeat sequences and genome ploidy. 
At present, however, only a limited number of fungal species and anti-
fungal resistance genes are included. 

Over the last decade, the revolutionary discovery of clustered regu-
larly interspaced short palindromic repeats (CRISPR)-Cas9 for genome 
editing has impacted on many research fields, including fungal patho-
genesis (Malavia et al., 2020; Morio et al., 2020). CRISPR-based 
methods might also be applied in non-Saccharomyces yeasts to study 
pathogenicity (Morio et al., 2020). As CRISPR-Cas9 has also been 
applied in Saccharomyces wine yeasts to develop wines with a lower 
content of EC (Vigentini et al., 2017; Vilela, 2021), these strategies could 
be used for optimization of CRISPR–Cas9 systems in non-model yeasts 
(Cai et al., 2019). The use of CRISPR-Cas9 for gene editing is outside the 
scope of definitions for Genetic Engineering or GMO labelling in the US 
and Japan (Hanlon and Sewalt, 2021). However, in EU any organism 
made with in vitro mutagenesis including CRISPR-Cas9 is defined as 
GMO (Callaway, 2018) and therefore these are subject to the regulatory 
framework of GMOs. Overall, the advanced understanding of evolution 
and biology of yeasts enabled by the up-to-date genomic tools, will bring 
insights into the safety aspects of yeast and more importantly, support a 
greater diversity of yeasts that can be safely applied in brewing. 

7. Regulation related to non-Saccharomyces yeasts for beer 
production in EU and US 

Despite the ancient usage of microorganisms in food, food cultures 
are not defined specifically but regarded as a food ingredient in the EU 
and US legislation (Laulund et al., 2017). In Europe, the QPS approach 
was implemented in 2007, however, QPS evaluation of new species are 
only performed upon submission of microorganisms and/or applications 
requiring premarket authorisation (EFSA-BIOHAZ Panel, 2007; Laulund 
et al., 2017; Leuschner et al., 2010). To date, 17 yeast species are 
included in the QPS list, which accounts for <20 % of the total number 
of QPS species (EFSA BIOHAZ Panel, 2022). It should be noted that the 
QPS list is non exhaustive and not to be regarded as a positive list of food 
cultures (Bourdichon et al., 2019). Indeed, non-QPS microorganisms are 
not necessarily considered to be unsafe, but remain subject for full safety 
assessment (EFSA-BIOHAZ Panel, 2007). 

In contrast to the QPS approach that is exclusive for microorganisms 
but without reflecting the application, in US, specific strains in a defined 
application can be suitable for GRAS status by the Food and Drug 
Administration (FDA). 

G.A. Miguel et al.                                                                                                                                                                                                                               

https://y1000plus.wei.wisc.edu/
https://y1000plus.wei.wisc.edu/
http://1000.fungalgenomes.org
http://1000.fungalgenomes.org
http://gryc.inra.fr/


International Journal of Food Microbiology 383 (2022) 109951

11

In US, microorganisms can have a GRAS status based on common use 
in food prior 1958. However, if the microorganism is involved in a new 
application or a new blend of microorganisms, they may be subject to a 
GRAS evaluation based on scientific procedures (FDA, 2018). A GRAS 
status for a microorganism in a specific application can be obtained by 
notification to FDA and followed by the receipt of a FDA no-objection 
letter (Bourdichon et al., 2012a). In addition, there is a third GRAS 
status for a microorganism, ‘GRAS self-determination', conducted by the 
individual supplier, which is not public available (Laulund et al., 2017). 
For beer production, until recently only Saccharomyces spp. had a GRAS 
status, based on the safe history of use in the US before 1958 (Interna-
tional Food Biotechnology Council (IFBC), 1990) or the GMO Saccha-
romyces cerevisiae strain yBBS002 (GRN No. 798) based on scientific 
procedures. Recently Chr. Hansen A/S (Denmark) notified the first non- 
Saccharomyces yeast, Pichia kluyveri, for production of NABLAB beer and 
received a ‘no objection letter’ from FDA supporting the strain is GRAS 
in the intended use (Pichia kluyveri DSM 33235 (GRN No. 938)). 

Since 2002, the International Dairy Federation (IDF) and the Euro-
pean Food and Feed Cultures Association (EFFCA) have compiled an 
inventory of microorganisms with a technological role and history of use 
in fermented food products. Updates shows that the inventory is not 
exhaustive (Bourdichon et al., 2012a, 2012b, 2012c, 2018, 2022; 
Mogensen et al., 2002a, 2002b). At present, the inventory includes >50 
yeasts of which approximately 30 are non-Saccharomyces yeasts applied 
in non-dairy beverages (including beer, wine and tea). 

In view of the innovative brewing tendencies, the regulatory support 
for non-Saccharomyces is limited. The implementation of guidelines 
providing scientific procedures to assess the safety of non-Saccharomyces 
yeasts will be highly valuable for yeast manufacturers and brewers, who 
are responsible of ensuring safe products. 

8. Conclusion 

In the last decade, several studies have focused on the use of non- 
Saccharomyces yeasts for innovation of new beer prototypes. However, 
the literature on potential safety concerns associated with the use of 
these non-Saccharomyces yeasts in the food chain is very limited. In fact, 
this is the first review providing insights into the safety aspect of 
applying non-Saccharomyces yeasts for beer production. Prior to mar-
keting new brewing non-Saccharomyces yeasts, a strain-specific safety 
assessment should be conducted, as it should be done with every 
microorganism intentionally added to food. While general research on 
yeast physiology and pathogenicity is increasing, research in the safety 
aspect lags considerably behind compared to bacteria. Further research 
within the yeast safety is needed to set cut-off values for antifungal re-
sistances of food related yeasts, identify potential virulence genes and 
overall, develop rapid and validated screening tools to assess the safety 
concerning non-Saccharomyces strains. Selection of superior yeast 
strains for beer production can provide additional benefits within the 
food safety setting, such as a reduction in ethyl carbamate, acetaldehyde 
or biogenic amines. Thus, the application of non-Saccharomyces for in-
dustrial beer production is promising, either as natural means for 
product diversification and/or to develop safer beers harmonizing with 
the ancient role of yeasts in improving food safety. 
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Benito, Á., Calderón, F., Palomero, F., Benito, S., 2016. Quality and composition of airén 
wines fermented by sequential inoculation of lachancea thermotolerans and 
Saccharomyces cerevisiae. Food Technol. Biotechnol. 54, 135–144. https://doi. 
org/10.17113/ftb.54.02.16.4220. 

Bergholz, T.M., Moreno Switt, A.I., Wiedmann, M., 2014. Omics approaches in food 
safety: fulfilling the promise? Trends Microbiol. 22, 275–281. https://doi.org/ 
10.1016/j.tim.2014.01.006. 

Bishburg, E., Okoh, A., Nagarakanti, S.R., Lindner, M., Migliore, C., Patel, P., 2020. 
Fungemia in COVID -19 ICU patients, a single medical center experience. J. Med. 
Virol. 1–5 https://doi.org/10.1002/jmv.26633. 

Biswas, C., Chen, S.C.A., Halliday, C., Martinez, E., Rockett, R.J., Wang, Q., Timms, V.J., 
Dhakal, R., Sadsad, R., Kennedy, K.J., Playford, G., Marriott, D.J., Slavin, M.A., 
Sorrell, T.C., Sintchenko, V., 2017. Whole genome sequencing of Candida glabrata 
for detection of markers of antifungal drug resistance. J. Vis. Exp. 2017, 1–13. 
https://doi.org/10.3791/56714. 

Blyth, W., Grant, I.W.B., Blackadder, E.S., Greenberg, M., 1977. Fungal antigens as a 
source of sensitization and respiratory disease in scottish maltworkers. Clin. Exp. 
Allergy 7, 549–562. https://doi.org/10.1111/j.1365-2222.1977.tb01485.x. 

Bokulich, N.A., Bamforth, C.W., 2013. The microbiology of malting and brewing. 
Microbiol. Mol. Biol. Rev. 77, 157–172. https://doi.org/10.1128/mmbr.00060-12. 

Bordiga, M., Guzzon, R., Larcher, R., Travaglia, F., Arlorio, M., Coïsson, J.D., 2020. 
Variation in content of tyramine, histamine, 2-phenylethylamine, tryptamine and 
their precursor amino acids in a chardonnay wine by using different commercial 
active dry yeasts and nitrogen sources. Int. J. Food Sci. Technol. 55, 559–568. 
https://doi.org/10.1111/ijfs.14307. 

Bortolaia, V., Kaas, R.S., Ruppe, E., Roberts, M.C., Schwarz, S., Cattoir, V., Philippon, A., 
Allesoe, R.L., Rebelo, A.R., Florensa, A.F., Fagelhauer, L., Chakraborty, T., 
Neumann, B., Werner, G., Bender, J.K., Stingl, K., Nguyen, M., Coppens, J., Xavier, B. 
B., Malhotra-Kumar, S., Westh, H., Pinholt, M., Anjum, M.F., Duggett, N.A., 
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N’Guessan, F.K., N’Dri, D.Y., Camara, F., Djè, M.K., 2010. Saccharomyces cerevisiae and 
Candida tropicalis as starter cultures for the alcoholic fermentation of tchapalo, a 
traditional sorghum beer. World J. Microbiol. Biotechnol. 26, 693–699. https://doi. 
org/10.1007/s11274-009-0224-y. 

Naglik, J.R., Gaffen, S.L., Hube, B., 2019. Candidalysin: discovery and function in 
Candida albicans infections. Curr. Opin. Microbiol. 52, 100–109. https://doi.org/ 
10.1016/j.mib.2019.06.002. 

Nash, A., Sewell, T., Farrer, R.A., Abdolrasouli, A., Shelton, J.M.G., Fisher, M.C., 
Rhodes, J., 2018. MARDy: mycology antifungal resistance database. Bioinformatics 
34, 3233–3234. https://doi.org/10.1093/bioinformatics/bty321. 

Natarajan, D., 2017. ISO 9001 Quality Management Systems. © Springer International 
Publishing. https://doi.org/10.1007/978-3-319-54383-3. 
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