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Certain lineages of the wine, beer and bread yeast Saccharomyces cerevisiae have diastatic activity. They contain
the chimeric gene STA1 that codes for an extracellular glucoamylase which enables the strains to degrade starch
and dextrins. Beer contaminations by diastatic yeasts can be dangerous because they can cause super-attenuation
due to the consumption of otherwise non-fermentable oligosaccharides, gushing and off-flavours. Given that
diastatic yeasts can be used for beer fermentation it is important to understand the relationship between pro-
duction and contaminant strains, their natural reservoirs and entry routes into the brewery. Here, we analyze real
cases of contamination in a Portuguese craft brewery over a period of 18 months. By analyzing with whole
genome sequencing several contaminants, we show that recurrent contaminations by diastatic yeasts are caused
by environmental strains. Moreover, some beer contaminants were closely related to diastatic environmental
strains isolated in Botswana. We observed the widespread presence of domestication signatures in diastatic
strains. Moreover, the combined phylogeny of STAI and its ancestor, SGA1, suggested a single STA1 origin, as
ancient as the entire lineage of diastatic yeasts. Together, our results suggest that diastatic yeasts isolated in

natural settings could be escaping from domestication settings and becoming feral.

1. Introduction

Two species of the genus Saccharomyces are of great importance for
the production of major beer types. S. pastorianus is important for the
fermentation of lagers, while S. cerevisiae is important for the fermen-
tation of ales, stouts and wheat beers, among other types. Recent pop-
ulation, evolutionary and comparative genomics studies have revealed
that S. cerevisiae is composed of multiple populations and that some of
them are clearly associated with different types of fermentations (e.g.
Gallone et al., 2016; Duan et al., 2018; Peter et al., 2018; Bigey et al.,
2020). As such, it is now possible to recognize the Wine, Bread and Sake
populations, among many others (Pontes et al., 2020). For beer, two
main S. cerevisiae populations have been identified, the Beer 1 and Beer 2
populations (Gallone et al., 2016). A third group designated African Beer
has been recently analysed and compared with the other two pop-
ulations (Saada et al., 2022). Contrary to Beer 1 and Beer 2 strains,
African Beer strains are not implicated in the types of industrial

fermentations that yield a beverage typically recognized as “beer”.
Instead, they participate in the fermentation of different artisanal Afri-
can beverages based on cereals such as sorghum, millet, and cassava as
well as non-starchy raw materials such as wild fruits and plant exudates.
Most types of English-Irish ales and German-style alt, kolsch and wheat
beers, together with some Belgian beers, are mainly fermented by strains
of the Beer 1 population, whereas saison-type beers and also different
types of ales, are fermented by a distinct population designated Beer 2
(Gallone et al., 2016; Gongalves et al., 2016). These two populations are
distantly related, and the Beer 2 lineage is more closely related to the
Wine lineage than to the Beer 1 lineage (Gallone et al., 2016; Pontes
et al., 2020). This indicates that the genetic and phenotypic changes
associated with domestication of beer yeasts occurred independently at
least two times.

The utilization of maltotriose, one of the most abundant sugars in
beer wort, illustrates the separate origins of Beer 1 and Beer 2 yeasts. In
the Beer 1 population, an allele of the MAL11 gene (AGT1), encodes a
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high affinity maltotriose transporter, normally not found in other
S. cerevisiae lineages, but present in this lineage and in multiple copies
(Gongalves et al., 2016). The strains of the Beer 2 population are also
able to ferment maltotriose but the AGT1 allele is either absent or
non-functional. Beer 2 population strains contain the STA1 gene, which
is associated with the extracellular hydrolysis of maltotriose. The STAI
gene is absent in the Beer 1 lineage. (Krogerus et al., 2019). STAI codes
for an extracellular glucoamylase and appears to be chimeric, consisting
of rearranged gene fragments from FLO11, linked to flocculation, and
SGA1, that encodes a intracellular sporulation-specific glucoamylase
(Yamashita et al., 1987). Moreover, detailed analyses have shown that
some strains from the Beer 2 population lack the STAI gene (Krogerus
et al., 2019; Pontes et al., 2020) and that STA1-positive strains have a
variable diastatic activity. Variation in diastatic activity is also caused by
differential gene expression given that poorly diastatic strains have a
deletion in the promoter region of STA1. Therefore, the Beer 2 popula-
tion encompasses a widely diverse group of strains with respect to dia-
static activity, ranging from highly diastatic strains to some with very
low or null activity (Meier-Dornberg et al., 2018).

The role of STAI in the extracellular degradation of starch and oli-
gosaccharides in the brewery is known for more than five decades
(Andrews and Gilliland, 1952) and is associated with the currently
obsolete names S. diastaticus or S. cerevisiae var. diastaticus (Pontes et al.,
2020). When such a S. cerevisiae strain gains access to beer, it causes
super-attenuation by consuming otherwise non-fermentable oligosac-
charides, thus yielding increased CO2 and ethanol levels, a drier
mouthfeel and even off-flavours (Andrews and Gilliland 1952; Hutzler
etal., 2012; Meier-Dornberg et al., 2018). If the diastatic strain develops
in packaged beer, “gushing” is a common outcome. As such diastatic
S. cerevisiae strains are seen by brewers as dangerous contaminants
(Hutzler et al., 2012; Suiker and Wosten, 2022).

The link between diastatic strains and Beer 2 producing strains was
established only recently following genomic analyses (Krogerus et al.,
2019). Therefore, to provide a uniform designation for the
ever-increasing number of S. cerevisiae populations, we proposed the
“Beer 2 — Diastaticus” designation for this group (Pontes et al., 2020),
that here we shorten to “Beer 2D”. It is now evident that this distinct
population of S. cerevisiae encompasses at least two types of strains —
those that can be used for brewing and those that can cause beer dete-
rioration (Meier-Dornberg et al., 2018). This better understanding of
diastatic yeasts still faces important open questions. First, given that
contamination by diastatic yeasts is a problem that affects commercial
breweries (Meier-Dornberg et al., 2017), especially the smaller ones that
normally have less stringent sanitation procedures, it is relevant to un-
derstand the sources and routes of contamination. Given that diastatic
yeasts can be used for beer fermentation, it can be hypothesized that
contaminations in the brewery are caused by commercial strains.
However, it can also be hypothesized that the contaminants are envi-
ronmental S. cerevisiae strains with diastatic capacity. Indeed, the recent
finding of STAI, the gene associated with diastatic activity, in a
S. cerevisiae population found in French Guiana (Krogerus et al., 2019)
could be an indication of the occurrence of diastatic yeasts in natural
environments. These yeasts belong to a population that is distinct from
the Beer 2D population and were isolated from cachiri, a starch-rich
fermented beverage consumed by Wayampi Amerindians as well as
from their stool samples after the consumption of the beverage (Ange-
bault et al., 2013).

Here, we take advantage of the new understanding of diastatic yeasts
at the genome level to study real cases of contamination in a Portuguese
craft brewery. Recurrent contaminations with suspected diastatic yeasts
were detected, representative cultures were isolated and used for whole-
genome sequencing. We found that the contaminants did not derive
from the diastatic commercial culture used previously in the brewery
and that three genetically distinct contaminants colonized and persisted
in the brewery. By analyzing diastatic yeasts from different provenances
and by studying the phylogeny of STA1 together with the phylogeny of
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its ancestor, the gene SGA1, we evaluate the possibility that diastatic
yeasts are escaping from the domestication settings where they arose
and becoming feral, thus explaining why the genomes of some con-
taminants are similar to the genomes of diastatic yeasts isolated from
natural settings.

2. Methods
2.1. Isolation of diastatic S. cerevisiae

Isolations carried out from fermented beverages and wild fruits in
Botswana were conducted at 25 °C by direct inoculations of samples
from fermentations on YMA (1% glucose, 0.5% peptone, 0.3% yeast
extract, 0.3% malt extract and 2% agar) or by enrichment in YM sup-
plemented with 500 ppm chloramphenicol followed by isolation on
YMA for fruit samples.

Beer analyses were carried between the first and third week after
bottling or kegging (beer batches that yielded negative results for dia-
static yeasts were re-examined after 6-10 weeks). The analyses included
measurements of °Brix and pH, recording of gushing, and a microscopic
examination. Beer samples were directly inoculated (or diluted when
necessary) on YMA (1% glucose, 0.5% peptone, 0.3% yeast extract, 0.3%
malt extract and 2% agar). When low levels of cells were observed in the
microscope, an enrichment step was performed. In those cases, 5 mL of
beer were inoculated in 50 mL of YPD (1% yeast extract, 2% peptone,
2% glucose) and incubated overnight at 25 °C with shaking (150 r.p.m.)
prior to inoculation on YMA. Cell counts in beer samples were deter-
mined by counting the colonies that grew on YMA. For the search of the
diastatic genotype by PCR, 5% of the colonies of each positive sample
(approximately 5-30) were transferred to new YMA plates for
purification.

2.2. Multiplex PCR for the detection of STAI and the deletion of STA1
promoter and Sanger sequencing of STA1

The presence of STA1 gene and of the intact STA1 promoter were
tested with a colony picking multiplex PCR protocol. We used primers
STA_RT 2 FW and STA_RT _2_RV, designed by us to amplify the STA1
gene, and primers STA1_UAS Fw and STA1_UASRv from (Krogerus
et al., 2019) to amplify the intact STA1 promoter region (Table S1). PCR
reactions were carried out with DreamTaq Polymerase (Thermo Scien-
tific) and primer concentrations were 0.2 pM. The following PCR pro-
gram was used: 95 °C for 5min, (95 °C for 20 s, 55 °C for 30 s, 72 °C for
20 s) x 30 cycles, 72 °C for 2 min. PCR products were separated by
electrophoresis in a 2% agarose gels. To control the experiment, we
amplified the actin gene ACT1 with primers, ACT1_Fw and ACT1_Rv
(Table S1) with the following PCR program: 95 °C 5min, (95 °C 15 s,
55°C30s, 72 °C 45 s) x 35 cycles, 72 °C 4 min. PCR products were also
separated as above.

For Sanger sequencing of STAI, the gene was initially amplified by
PCR using primers STAl Complete Fw and STA1l_Complet Rv
(Table S1), producing a 2468 bp amplicon (DreamTaq Polymerase and
primer concentrations of 0.2 pM). The following PCR program was
employed: 95 °C 5min, (95 °C 45, 52 °C 45 s, 72 °C 2min) x 30 cycles,
72 °C 5 min. PCR products were purified using Illustra GFX PCR DNA
and Gel Band Purification kit. Sanger sequencing was performed at STAB
VIDA (Caparica, Portugal), with primers STA1l_Complete Fw and
STA1_Complet Rv. Due to the PCR product size and in order to fully
sequence this gene, 2 pL of the previously obtained amplicon (10 pg/pL)
were used to amplify the central region of STAI. PCR reactions were
carried out with primers STAl Center Fw and STAl_Center Rv
(Table S1) (DreamTaq Polymerase and primer concentrations of 0.2
uM), producing an 662 bp amplicon with the following program: 95 °C
5min, (95°C 305,59 °C30s, 72 °C 30 s) x 30 cycles, 72 °C 4 min. PCR
products were purified and sequenced as above using primers STA1 -
Center_Fw and STA1_Center_Rv. All sequences were aligned with muscle
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in MEGA7 (Kumar et al., 2016).
2.3. Genome sequencing, read alignment and genotype calling

For genome sequencing, DNA was extracted from overnight grown
cultures and paired-end Illumina NextSeq (300 cycles) reads were ob-
tained. Chromosomal nucleotide polymorphisms (SNPs) from the whole
genome were extracted following an adapted GATK germline short
variant discovery pipeline (Poplin et al., 2017). Sequenced reads for
each isolate were mapped to a combined reference genome of
S. cerevisiae S288C (version R64-1-1) and S. paradoxus CBS 432
(ASM207905v1) using BWA v.0.7.17 (Li and Durbin, 2009) and dupli-
cated reads were marked with Picard v.2.22.8 (http://broadinstitute.git
hub.io/picard/). SNP, INDEL and genotyping determination was per-
formed on all samples simultaneously using a local re-assembly of
haplotypes (GATK HaplotypeCaller, Genomics DBImport, and Genotype
GVCFs) and standard hard filtering parameters of variant quality scores
recalibration were adjusted according to GATK best practices recom-
mendations (GATK Variant Filtration with parameter values QD < 2.0,
QUAL <30.0, SOR >3.0, FS > 60.0, MQ < 40.0, MQRankSum < —12.5,
ReadPosRankSum < —8.0) (Depristo et al., 2011). The final SNPs matrix
included 270577 high-quality homozygous SNPs across 100 strains
included in this study.

2.4. Phylogenetic analyses, survey of specific genes and divergence
analyses

The main phylogeny was constructed using the maximum-likelihood
method as implemented in IQ-TREE v. 16.11 (Nguyen et al., 2015),
using the best estimated model of sequence evolution, TVM + F + ASC
+ G4, and the ultrafast bootstrap approximation with 1000 replicates
(Minh et al., 2013). The software iTOL v5 (Letunic and Bork, 2021) was
used for visualization. Single gene phylogenies were inferred in MEGA7
(Kumar et al., 2016) using the maximum-likelihood method and Kimura
2 parameter model.

For the investigation of genes of interest, short reads were processed
with trimmomatic v. 0.36 (Bolger et al., 2014) to remove adapter se-
quences and for whole genome assemblies SPAdes v. 3.13.1 (Bankevich
et al., 2012) was used. For each genome a local database was prepared
and genes of interest were retrieved by searching ORFS with BLASTn.
The presence of STAI and its promoter region was investigated using
queries from Krogerus et al. (2019). In addition, long read sequences
taken from public databases were assembled using Canu v2.2 (Koren
etal., 2017) and used to retrieve the sequence of STAI by employing the
GenBank sequence X02649.1 as query. SGA1, PRK1, FYV10, FCM1 and
MRS1 were investigated using sequences from S288C as queries
(retrieved from SGD database). Furthermore, AQY1 and AQY2 were
investigated using sequence from YPS163 (Will et al., 2010). Finally, for
the investigation of regions A, B and C, queries with all genes of each
region from EC1118 (Novo et al., 2009) were produced, and the pre-
sence/absence of each individual gene was assessed. The percentage of
heterozygosity was assessed based on Peter et al. (2018) and Duan et al.
(2018). Gene sequence divergence was estimated using Variscan v2.0
(Hutter et al., 2006), with parameters CompleteDeletion = 0, FixNum =
1 and NumNuc = 4. To analyze the similarity degree of closely related
genomes we used MUMmer utility dnadiff with default settings (https
://github.com/marbl/MUMmer3/blob/master/docs/dnadiff.
README), that uses pairs of assembled genomes as input to calculate
SNPs and INDELS.

3. Results

3.1. Evidence for multiple and independent occurrences of contaminant
diastatic yeasts

Between May 2020 and October 2021, we analysed 41 batches of
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bottled beers produced in a Portuguese craft brewery in order to
investigate the occurrence of diastatic contaminants (Table S3). Prior to
the beginning of the analysis, in February of 2020, a beer fermentation
had been prepared with a commercial culture of a diastatic yeast. An
additional utilization of this type of commercial yeast occurred during
the period of our study, in July of 2020. In June 2021 the brewery plant
was moved to another location. From 41 samples that were analysed we
isolated Saccharomyces-like cultures in 37 of them. However, when
surveyed for the presence of the STAI gene, the diagnostic feature of a
S. cerevisiae diastatic strain, 24 isolates were positive and 13 were
negative (Table S3). The negative results could be attributed to the
detection, in the finished beer, of the original commercial culture, or of a
non-diastatic S. cerevisiae contaminant. The remaining STA1 positive
cultures were regarded as contaminant diastatic S. cerevisiae.

Next, we selected five diastatic cultures, representing the temporal
span of the survey, for whole-genome sequencing. We also sequenced
the production diastatic culture. The phylogenomic placement of the
five contaminants is shown in Fig. 1. In the phylogeny, we used a
representative number of reference genome sequences from the Beer 2D
population that were obtained from production brewing strains,
including the diastatic production strain used in the brewery, brewing
contaminants and putative wild strains (Table S2). Moreover, we
included representatives of additional S. cerevisiae populations known to
be related to the Beer 2D population (Peter et al., 2018; Pontes et al.,
2020). Unsurprisingly, the five contaminants were placed in the Beer 2D
population. They formed two separate clusters that did not include the
production diastatic strain used in the brewery. This clearly showed that
the production strain was not implicated in the contaminations detected
in the brewery.

Since the designations of the contaminants follow a chronological
order, it is possible to conclude that contaminant 1.3 (May 2020) and
contaminant 4.1 (August 2020) represent clearly distinct and therefore
independent contamination events because they are placed apart in the
phylogenetic tree. On the contrary, contaminants 4.1 (August 2020) and
10.1 (early November 2020) appear to be undistinguishable in the
phylogeny. However, the single nucleotide polymorphisms (SNPs) ma-
trix upon which the phylogeny of Fig. 1 was generated contained 12
SNPs that separated these two contaminants (Supplementary Table S4).
Moreover, the comparison of the genome guided assemblies of each of
these two strains against the reference S. cerevisiae genome yielded more
than 10.000 SNPs separating them, whereas equivalent assemblies of a
control production strain sequenced twice by us had 1664 SNPs (Sup-
plementary Table S4). This suggests that the two strains, albeit being
genetically very similar, are not identical. Nevertheless, for 4.1. and 10.1
we believe it is more prudent to refrain from a definitive assessment on a
single or double contamination, noting instead their genetic closeness.
The same situation was observed for the contaminants detected in May
2020 (1.3) and in late November 2020 (11.3) that differed by 8 SNPs in
the matrix used to construct the phylogeny of Fig. 1. The last contami-
nant studied (20.1, October 2021) clustered with contaminants 1.3 and
11.3 but is more distantly related (Fig. 1). Since this last contaminant
was found after the brewing plant was moved to a new location and new
pipes and hoses were installed, we think it should be regarded as a
distinct contaminant. It thus appears that the contaminants that we
detected in the brewery originate from two clearly distinct genetic
stocks, one corresponding to 4.1 and 10.1 and the other to 1.3, 11.3 and
20.1.

Contaminants 4.1. and 10.1 were also very similar to two other
strains isolated by us in Botswana. One of these strains (N14) was iso-
lated from wild fruits of the marula tree (Sclerocarya birrea subsp caffra).
This tree is locally known as elephant tree because elephants are
attracted to its fruits, supposedly becoming inebriated after eating the
ripened and fermenting fruits (Morris et al., 2006). The other strain
(Ma01) was isolated from khadi, a traditional beverage resulting from
the spontaneous fermentation of wild fruits of Grewia flava, a common
shrub in Southern Africa (Motlhanka et al., 2020). The finding of
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Fig. 1. Diastatic (STAI positive) contaminants of
craft beer belong to Beer 2D population and are
distinct from production strains. Phylogeny con-
structed from 100 genome sequences and 270577
high-quality homozygous single nucleotide poly-
morphisms, by applying the Maximum Likelihood
method and the TVM + F + ASC + G4 model of
sequence evolution as inferred in IQ-TREE. The
brewery contaminants are indicated in red, the
diastatic production strain used in the craft brewery
is indicated in green, and the strains isolated in
Botswana from Marula fruit and khadi that are
similar to the brewing contaminants are indicated in
blue. The designations of the various populations
are indicated (MO, Mediterranean Oaks; NA/JP/
FER/CHN VI-VII, North America — Japan - Far East
Russia - China VI-VI). The phylogeny was rooted
with members of the NA/JP/FER/CHN VI-VII pop-
ulation. Black dots in tree nodes depict bootstrap
support values above 95% (1000 replicates) and
branch lengths correspond to the predicted number
of substitutions per site. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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brewery contaminants in Portugal with genomes very similar to putative
wild strains in Botswana was unexpected. Among these four genomes no
identical pair was found. The lowest number of SNPs was two (SNPs
matrix) and was observed in the comparison of 10.1 with Ma0Ol
(Table S4). These two strains differed by 10182 SNPs when their guided
assemblies were compared.

3.2. Contaminant diastatic yeasts are transitioning from the domesticated
state to the feral state

The remarkable similarity between some of the brewing contami-
nants and strains isolated in Boswana contrasted with the finding that
diastatic contaminant yeasts were unrelated to the diastatic production
strain used in the brewery. These observations prompted us to explore
two alternative hypotheses in order to investigate in more detail the
possible causes of the association between contaminants that colonize
the brewery environment and strains found in more natural settings. The
“wild origin” hypothesis posits that these contaminants are wild yeasts,
in the sense that they colonize the brewery from outside natural sources;
these environments thus represent the natural reservoir and therefore
the niche of wild diastatic yeasts. The “feral” hypothesis, on the con-
trary, proposes that the contaminants derive from domesticated pro-
duction strains that escaped fermentation, similarly to feral animals or
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plants that are found in the wild but descend from domesticated an-
cestors. Although both hypotheses predict that diastatic yeasts have a
global distribution not circumscribed to the brewing environment, the
“wild origin” hypothesis predicts that isolates obtained in natural en-
vironments do not have domestication signatures whereas the “feral”
hypothesis predicts the opposite.

Finding genomes similar to the brewing contaminants in wild fruits
from pristine and protected game reserves and spontaneous fermenta-
tions in Botswana appeared to support the “wild origin” hypothesis.
However, to ascertain that these contaminants are truly wild it is
necessary to confirm that signatures of domestication are absent in these
strains. In previous publications we have documented (or expanded on
documented cases identified by others) several domestication signa-
tures. One case concerns the presence of regions A, B, and C, three
genomic regions acquired from non-Saccharomyces yeasts and relatively
frequent in wine strains (Novo et al., 2009). Another case relates to the
inactivation of AQY1 and AQY2, two paralogous genes that code for
aquaporins, water channels that, when functional, tend to be detri-
mental in domesticated wine or beer strains given the high osmolarity of
wine and beer must (Goncalves et al., 2016; Will et al., 2010). A third
case concerns the accumulation of heterozygous sites along the genome,
which is typically increased in domesticated strains (Peter et al., 2018).

Using the tree topology of Beer 2D yeasts of Fig. 1, we added
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Fig. 2. The Beer 2D population does not contain truly wild strains. Relevant genetic and ecological characteristics are shown for the strains of this population using
the topology of the tree of Fig. 1.
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information on the presence or absence of STA1 for each strain and
ascertained whether its promoter region was complete or not. We also
determined the presence of regions A, B and C; the inactivation of AQY1
and AQY2; and the degree of heterozygosity (Fig. 2 and Table S6).
Finally, we classified each strain with respect to its isolation source, i.e.
distinguished strains that were isolated from a natural environment
from those obtained from the brewing environment, differentiating in
this case production and contaminant strains (Fig. 2.). First, we noted
that Beer 2D yeasts are divided into two subclades that in general match
what was found in an earlier study involving less genomes (Pontes et al.,
2020). Given the widespread distribution of regions A, B and C, (most of
the times the complete region was retrieved but, in some cases, a lower
number of genes from each of these regions was found, as shown in
Table S6), inactivation of AQY1 and AQY2, and cases of increased
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heterozygosity, it is reasonable to assume that the entire clade repre-
sents a domesticated lineage. Moreover, beer contaminant strains are
equally distributed in both subclades, some having the STA1 gene and its
promoter region complete, while others lack one or both elements. In
subclade A, absence of STA1, or of its promoter region in cases where
STA1 is present, was observed in 12 of the 14 strains in this clade (86%).
The opposite situation occurred in subclade B where that condition oc-
curs in only three of the 17 strains (18%). The three strains associated
with natural environments were only found in subclade A, whereas beer
production strains were predominantly found in subclade B (six out of
seven). It thus appears that subclade B is enriched in strains with the
complete genetic makeup necessary for the typical diastatic phenotype
whereas in subclade A the potential for diastatic activity is more limited.
As already mentioned, the five contaminant strains isolated by us
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formed two separate groups, one belonging to subclade A and another
one belonging to subclade B. The strains in subclade A shared a close
resemblance with Botswanan strains which included the absence of the
promoter region of STAI, absence of regions A, B and C and inactivation
of aquaporin genes AQY1 and AQY2 by the same mutations (Fig. 2 and
Table S6). The other contaminant strains (subclade B) had the STA1I
promoter region, contained region B, and had a functional AQY2 gene.

The presence of multiple domestication signatures in all stains is the
expected outcome of the “feral” hypothesis, but not of the “wild origin”
hypothesis. It is important to stress that wild populations like those
found in Asia (Lee et al., 2022; Wang et al., 2012) or Southern Europe
(Almeida et al., 2015) do not possess the domestication signatures
investigated here (Pontes et al., 2020). Therefore, we suggest that the
contaminants are formerly domesticated brewing strains that, given
their widespread occurrence, even in substrates not related to beer
brewing, are becoming feral.

3.3. Origin and divergence of STA1

Given that STA1, the gene coding for diastatic activity, is the product
of a gene fusion event between FLO11 and SGA1 (reviewed in Krogerus
and Gibson 2020), we sought to compare, in a phylogeny, not only STA1
sequences from different strains harbouring this gene but also SGA1
sequences from representatives of different populations of S. cerevisiae.
We reasoned that such a comparison could provide clues on the origin
and diversity of STA1. Having a more precise understanding of these
questions could in turn contribute to a better understanding of the
emergence of ferality. Our sequence analyses focused solely on the 3’
end of STA1, which is homologous to SGA1 (Fig. 3A). This region con-
tains the catalytic domain of STAI, and codes for a glucoamylase.
Whereas SGA1 codes for an intracellular enzyme, the fusion that gave
rise to STA1 leads to the production of an extracellular enzyme. This
happens because the 5’ end of STAI is homologous to FLO11, a gene
implicated in flocculation. The FLO11-derived peptide allows for
extracellular secretion of the glucoamylase derived from SGAI (Adam
et al., 2004).

For this analysis we used 19 SGA1 sequences directly retrieved from
short-read genome data (Table S2). The same approach could not be
used for STA1 given its chimeric nature and difficulty in distinguishing
between STA1, SGA1 and FLO11 based on assemblies generated from
short reads. Therefore we used three STA1 sequences retrieved from
long read genome data (Saada et al., 2022) and Sanger sequenced 19
STA1 genes (Table S2), as explained in the methods section. A phylogeny
of SGA1 and the catalytic domain of STAI is shown in Fig. 3B. One
branch of the phylogeny contains only SGAI sequences that were found
in representatives of different populations of S. cerevisiae such as Asian
wild and domesticated populations (China and Sake, respectively), the
Wine population and their closest wild relatives (Mediterranean Oaks),
and SGA1 sequences from members of the Beer2D population. The other
branch of the phylogeny contains STA1 sequences, which are subdivided
in two subclades, 1 and 2, that for the most part correspond to subclades
A and B of Fig. 2, respectively. The similarity between the evolutionary
relationships within the Beer2D population (Fig. 2) and of STAI
(Fig. 3B) suggests that STA1 was already present when this lineage was
formed. Although the resolution in the phylogeny is poor, the SGAI
sequences that appear to be closer to STA1 are those of the Wine and
Beer 2D population. The STA1 sequences representing the French Gui-
ana population are unique since they constitute the only case known to
date of occurrence of STA1 outside the Beer2D population. Despite being
found in a distinct population so far only found in Central America, these
sequences belong clearly to subclade 2 of STAI in the SGA1 - STA1
phylogeny, albeit in a slightly isolated position (Fig. 3B). The STA1 se-
quences have a nucleotide diversity (n) of 0.00309 which is comparable
with the diversity of the Beer2D population (0.00295, according to
Gallone et al., 2016). These similar values support the scenario of the
origin of STA1 being associated with the emergence of the population.
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For SGA1 we measured a global, species level, diversity of 0.00693
which is comparable to the diversity measured for the species
S. cerevisiae (0.00663, according to Duan et al., 2018) (Table S7). We
also surveyed the 9-bp stretch of similar SGA1- FLO11 sequences that is
implicated in the fusion of the two genes and found no variation among
the studied STA1 sequences (Fig. S1), which is also an indication of a
possible single origin. We analysed in detail all sequences used in the
phylogeny of Fig. 3B regarding signature substitutions and found seven
substitutions along the sequence that are specific to subclades 1 or 2.
Together, they separate STA1 from the ancestral SGA1-like sequence
(Table S8). We also investigated four flanking genes (FMCI, FYVI10,
MRS1 and PRK1) of SGA1, FLO11 and STA1 in deeply sequenced ge-
nomes that contain both SGA1 and STA1 (Saada et al., 2022). The in-
dividual phylogenies of those genes clearly separated the SGAI and
FLO11 neighbors from the STAI neighbors (Fig. S2), thus supporting a
non-recent origin of STAI that allowed for the observed divergence.

Taken together these results indicate that: (i) the event that led to the
emergence of STAI via duplication, non-reciprocal translocation and
subsequent gene fusion is sufficiently old to allow for the observed
divergence of STAI and its flanking genes from their ancestor genes; (ii)
the STA1 allele found in the French Guiana population was likely ac-
quired from the Beer 2D population; (iii) although definitive evidence is
lacking, it is possible that STA1 was formed in a single event linked to
the origin of the Beer2D lineage. Therefore, subclades 1 and 2 seen in the
STA1 phylogeny could be an indication of an early divergence after a
single gene fusion event or of two independent events that gave rise to
the existing versions of STA1.

4. Discussion

Diastatic Saccharomyces strains are important beer spoilage agents,
being able to metabolize dextrins and starch, thus producing super-
attenuation, weakened body, increased alcohol content, over carbon-
ation and even off-flavours (Andrews and Gilliland 1952; Hutzler et al.,
2012; Meier-Dornberg et al., 2018). Moreover, although recent studies
have suggested a considerable incidence of spoilage with diastatic yeasts
(Meier-Dornberg et al., 2017; Latorre et al., 2020), little is known on the
natural reservoirs and entrance routes of diastatic yeasts into the
brewery. Here we show that beer contaminations by diastatic yeasts are
caused by environmental strains of S. cerevisiae and not by the produc-
tion strain used for brewing. We also show that recurrent contamina-
tions by diastatic yeasts over a period of 18 months in the same brewery
were caused by two clearly distinct genetic stocks which could represent
up to five strains.

We suggest that the relatively frequent contamination events
observed in our study might normally remain unnoticed by craft brewers
for two reasons. First, we employed an isolation and diagnosis protocol
specific for the detection of diastatic yeasts that involved a multiplex
PCR for the detection of STAI and the deletion of its promoter region.
This allowed a very accurate identification of diastatic yeasts that is not
common practice among craft brewers. We were therefore able to detect
and isolate diastatic yeasts from bottled beer batches for which off fla-
vours or gushing had not been reported. Secondly, since our study was
undertaken during one of the most severe periods of the covid-19
pandemic in Europe, beer consumption was reduced, and batches of
bottled beers remained in the brewery warehouse for abnormally long
periods. This naturally favoured the development of diastatic contami-
nants that are well adapted to the conditions of finished bottled beer.

By integrating the evidence on the occurrence of diastatic contami-
nants with whole-genome data from multiple lineages of S. cerevisiae we
were able to identify the closest relatives of the brewery contaminants.
Surprisingly, they belonged to a group of S. cerevisiae strains isolated in
Botswana from fruits of the marula tree and from khadi, a wild fruit-
based spontaneously fermented beverage. Thus, we show that rather
than being restricted to the brewing environment, diastatic yeasts are
widespread both geographically and ecologically. Moreover, because
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diastatic yeasts contain in their genomes, domestication markers, not
seen in wild populations of S. cerevisiae but present in domesticated ones
(Almeida et al., 2015; Barbosa et al., 2018; Pontes et al., 2020), we posit
that they derive from domesticated lineages. Our interpretation is that
brewing strains have evaded the domestication niche and were able to
colonize natural environments. By finding such lineages associated with
fruits and traditionally fermented beverages in Botswana our best
explanation is that they represent feral yeasts, i.e. formerly domesticated
strains that no longer thrive in the original domestication setting where
the lineage was formed. Rather than forming a subclade within the Beer
2D lineage the candidate feral strains occur intermixed with production
strains. This is what would be expected if ferality is occurring repeatedly
from the domesticate Beer 2D stock. However, it is important to notice
that the current number of candidate feral diastatic strains is low.
Further research, especially the isolation of additional diastatic strains
in natural settings, is required to further assess this possibility.

Our analysis of the STA1 gene together with its ancestor SGA1 sug-
gested that a limited number of gene fusion events gave rise to the extant
diversity of STAI alleles, which likely were originated in the Wine
population or in the early stages of formation of the Beer 2D population.
Since our phylogeny of STAI representatives yielded the two main
subgroups seen at the population level with whole-genome data, we
conclude that STAI was already present when the lineage arose and
therefore its divergence mimics, for most part, that of the Beer2D
population.

Ferality in Saccharomyces has been argued previously in studies
involving mostly wine yeasts (Almeida et al., 2015; Barbosa et al., 2018;
De Chiara et al., 2022). However, clear evidence supporting the
persistence of domesticates in natural environments substantially
separated from the artificial ones that promoted domestication is scarce.
For example, wine yeasts can be isolated from vineyards, which are seen
by some as a natural environment. Therefore, those isolates can be
considered as feral since they escaped the wine fermentation, the envi-
ronment that provided the selective pressures that shaped their geno-
types and phenotypes. However, given that new wine fermentations
occur every year near the vineyard, these are “open” fermentations that
can be colonized by the vineyard microbiota, contrary to beer brewing.
Thus, it is not clear if vineyard wine yeasts are true feral yeasts that
permanently abandoned the domestication environment. In this respect,
the ferality of the Beer2D population documented here is substantially
different, as the “closed” nature of beer fermentations, involving the use
of starter cultures, does not allow for colonization from the environment
during the normal fermentation process.

The lack of documented cases of ferality in the Beer 1 population,
contrary to what was observed here for the Beer 2D population high-
lights the distinctiveness of these two groups. It appears that several
attributes of the Beer 1 population, like incapacity to tolerate high
temperatures or to produce ascospores renders them unfit to thrive in
environments other than beer wort. On the contrary, the Beer2D yeasts,
that are closer to the wine yeasts, appear to have a higher phenotypic
plasticity. They can use more recalcitrant carbon sources like starch and
dextrins, they are more tolerant to increased temperatures and ethanol
concentrations, and they are able to form ascospores and biofilms, which
can increase their resistance to environmental stresses (Meier-Dornberg
et al., 2018; Suiker et al., 2021; Suiker and Wosten 2022). The combi-
nation of all these traits supports the ferality hypothesis in this
population.
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