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Abstract

The lager yeasts, Saccharomyces pastorianus, are hybrids of Saccharomyces cerevisiae
and Saccharomyces eubayanus and are divided into two broad groups, Group | and Il. The
two groups evolved from at least one common hybridisation event but have subsequently
diverged with Group | strains losing many S. cerevisiae chromosomes while the Group
strains retain both sub-genomes. The complex genomes, containing orthologous alleles
from the parental chromosomes, pose interesting questions regarding gene regulation and
its impact on the fermentation properties of the strains. Superimposed on the presence of
orthologous alleles are complexities of gene dosage due to the aneuploid nature of the
genomes. We examined the contribution of the S. cerevisiae and S. eubayanus alleles to
the gene expression patterns of representative Group | and Il strains during fermentation.
We show that the relative expression of S. cerevisiae and S. eubayanus orthologues is posi-
tively correlated with gene copy number. Despite the reduced S. cerevisiae content in the
Group | strain, S. cerevisiae orthologues contribute to biochemical pathways upregulated
during fermentation which may explain the retention of specific chromosomes in the strain.
Conversely, S. eubayanus genes are significantly overrepresented in the upregulated gene
pool in the Group Il strain. Comparison of the transcription profiles of the strains during fer-
mentation identified both common and unique gene expression patterns, with gene copy
number being a dominant contributory factor. Thus, the aneuploid genomes create complex
patterns of gene expression during fermentation with gene dosage playing a crucial role
both within and between strains.

Author summary

Saccharomyces pastorianus are yeasts used for making lager type beers and are natural
hybrids of two other yeasts, Saccharomyces cerevisiae and Saccharomyces eubayanus. The
hybrids formed just 500-600 years ago, and the combined parental genomes are
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responsible for the clean crisp flavours associated with lager beers. There are two types of
lager yeasts: Group I strains have lost a significant portion of S. cerevisiae chromosomes,
while the Group II strains contain the full S. cerevisiae complement. Both contain the full
set of S. eubayanus chromosomes. An unusual consequence of the hybridisation is that
the genomes of lager yeasts are aneuploid with the copy numbers of chromosomes rang-
ing from 1-6. Aneuploidy is often associated with cancer in humans and therefore an
understanding of how aneuploidy contributes to gene expression in lager yeasts may pro-
vide insights into its role in tumour cells. Here, we show that gene expression patterns are
influenced by chromosomal aneuploidy with transcript levels directly correlated with
gene dosage. We also examined the role played by the parental genomes in the gene
expression profiles under fermentation conditions and show that while both genomes
contribute to the transcript pools, S. eubayanus genes are over-represented during
fermentation.

Introduction

The yeasts used in lager beer production have long been recognised as being unique and dis-
tinct from those used for making ales [1]. In 1870, in recognition of their unique physiological
qualities, this group of yeast were given a taxonomical classification of Saccharomyces pastoria-
nus by Max Reess [2]. After more than a century of genetic studies, we now know that S. pas-
torianus strains are natural hybrids of Saccharomyces cerevisiae and Saccharomyces eubayanus
[3,4]. While S. cerevisiae has long been associated with beer production, especially for ales, S.
eubayanus was only discovered in Patagonia, South America, in 2011 [5]. While Patagonia is
considered to be the primary radiation source of S. eubayanus, natural isolates have also been
found in North America, China, Tibet and New Zealand but to date, no isolates have been
identified in Europe [6-9] with only limited metagenomic evidence for the presence of this
species in Italian Alps [10]. The hybridisation events that generated the current strains of S.
pastorianus are estimated to have occurred some 500-600 years ago following the introduction
of S. eubayanus into Central Europe from China or Tibet, most likely along trade routes such
as the Silk Road [9]. An inherited property of cryotolerance from the S. eubayanus genome
allows S. pastorianus strains to ferment at temperatures as low as 7-13°C [11]. This property
together with the robust fermentation kinetics inherited from the S. cerevisiae genome created
yeast hybrid strains capable of producing a crisp clean tasting lager that is now the most
favoured alcohol-containing beverage.

Genome analysis of S. pastorianus strains identified two distinct types, based on genome
content and chromosome composition [4,12-17]. Group I, or Saaz strains, are typically trip-
loid in DNA content, retaining all the parental S. eubayanus chromosomes but have lost many
S. cerevisiae chromosomes. This group includes several strains isolated from breweries in
Bavaria (Germany) and Bohemia (Czechia) and includes the strains CBS1538, CBS1513, and
CBS1503 that were originally isolated in The Carlsberg Laboratory in the late 19™ century
[18]. The Group II, or Frohberg strains, include isolates from Dutch, Danish and North Amer-
ican breweries and are mainly tetraploid in DNA content, containing approximately 2n S. cere-
visige and 2n S. eubayanus genome content. Both groups display chromosomal aneuploidy
with chromosome numbers ranging from one to six [19,20]. In addition to the parental chro-
mosomes, S. pastorianus strains contain several hybrid chromosomes containing both S. cere-
visiae and S. eubayanus genes that resulted from recombination, at precise locations, between
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the parental chromosomes. Some of the recombination breakpoints are located within coding
regions, creating a set of hybrid genes unique to lager yeasts [4,12,17,21].

Based on genome analysis, the current understanding of the origin and evolution of S. pas-
torianus strains is that both Group I and II strains evolved from a common hybridisation
event between S. eubayanus and S. cerevisiae strains to generate a progenitor hybrid. Subse-
quently, this progenitor strain underwent a second hybridisation event with a second S. cerevi-
siae strain to generate Group II strains [4,22]. This model is supported by shared
recombination sites on hybrid chromosomes, evidence of Single Nucleotide Polymorphisms
(SNPs) in the S. cerevisiae genome of Group II strains and differences in telomeric regions in
Group I and II strains [22]. The genome data is also consistent with a scenario in which both
groups emerged from a single hybridisation event between a diploid S. eubayanus strain and a
heterozygous S. cerevisiae diploid strain, with Group I strains experiencing a selective loss of a
significant proportion of the heterogeneous S. cerevisiae genome [16,20,23]. Both groups then
evolved independently with each undergoing further recombination events between the sub-
genomes [3,17,20,23]. Both groups have subsequently diverged to create distinct sub-groups,
each with their own unique physiological and biological properties. Fermentation analysis of
Group I and II strains reveals that each group produces distinctive aroma and flavour profiles
[24].

The complex genome of S. pastorianus, containing orthologous alleles emanating from dif-
ferent parental chromosomes, poses interesting questions regarding gene regulation and its
impact on the fermentation properties of the strains. Superimposed on the presence of ortho-
logous alleles are complexities of gene dosage due to the aneuploid nature of the genomes.
Aneuploidy has been shown to influence gene expression patterns in eukaryotic cells [25-28].
The presence of gene orthologues from two different parental Saccharomyces species, together
with copy number differences between the orthologues has the potential to affect the cellular
proteome and specifically the stoichiometry of S. cerevisiae and S. eubayanus proteins within
protein complexes [29]. Furthermore, gene copy number differences between the Group I and
Group II strains may lead to differences in cellular physiology and thus the fermentation prop-
erties of the two types of S. pastorianus.

Previous transcriptome analyses of S. pastorianus strains under fermentation conditions
were limited by technology and mainly focussed on the analysis of S. cerevisiae genes [30-33].
Such studies predated the discovery of S. eubayanus as a contributing parent to S. pastorianus
and advances in RNA sequencing technologies [34]. More recent transcriptome studies
focussed on the analysis of sub-sets of genes with specific roles in fermentation or in specific
physiological conditions such as cold storage or responses to temperature [35-37]. Important
findings regarding the gene expression of genes involved in maltose utilisation, carbohydrate
metabolism, glycerol mobilisation, anaerobiosis, and protein biosynthesis have emerged from
these studies, providing a road map for a more detailed transcriptome analysis of these indus-
trial strains.

Here, we analysed the transcriptomes of the Group I, CBS1538 and the Group II, W34/70 S.
pastorianus strains and specifically examined the contribution of the two sub-genomes to the
gene expression patterns under fermentations conditions. Using de novo genome sequencing
of these strains, we related gene expression patterns to gene copy number. We show that the
relative expression of S. cerevisiae and S. eubayanus orthologues is directly correlated to gene
copy number in the W34/70 strain. Gene copy number plays a smaller role in gene expression
patterns in the CBS1538 strain, most likely due to the more limited genetic redundancy.
Despite the reduced S. cerevisiae content in the CBS1538 strain, S. cerevisiae orthologues con-
tribute significantly to biochemical pathways upregulated during fermentation, specifically to
amino acid metabolism. Finally, a comparison of the transcript patterns in the CBS1538 and
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W34/70 strains identified both common and unique gene expression patterns during
fermentation.

Results
Fermentation profiles of CBS1538 and W34/70 strains

Two S. pastorianus strains, CBS1538 and W34/70, representative of Group I and Group II
strains respectively, were chosen for analysis. Both strains displayed similar fermentation pro-
files in 10% wort up to Day 4 but thereafter, strain W34/70 fermented faster than strain
CBS1538 and reached a lower final attenuation (Fig 1).

Chromosome composition of strains CBS1538 and W34/70

To compare the transcriptomes of CBS1538 and W34/70 lager yeasts, RNA was extracted on
Day 2 and Day 4 of small-scale fermentations in 10% wort. These time points were chosen as
previous studies have shown that this is the period of maximum metabolism during the fer-
mentation [31]. RNA was also extracted from the same strains grown in minimal medium
without amino acids to provide a baseline for comparison. To map the transcripts, the
genomes of CBS1538 and W34/70 isolates were sequenced de novo and mapped to the anno-
tated and fully assembled reference genome S. pastorianus 1483 (Group II strain) as well as to
a combined genome assembled from the parental reference genomes S. cerevisige and S.
eubayanus. Both approaches yielded highly similar results, however since the S. pastorianus
1483 genome lacked some information for S. cerevisiae genes on chromosomes III and VII, the
data from mapping to the combined parental genomes was used for this analysis. Information
from genome sequencing and mapping of the two strains (Fig 2A and 2B) confirmed the
absence of S. cerevisiae chromosomes I1, III, IV, VI, VII, VIIL, XII, XIII, XV and XVI in
CBS1538 (Fig 2A). Furthermore, we observed alterations in the copy number of chromosomes
and differences in hybrid chromosomes to the previously reported chromosome content of
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Fig 1. Fermentation profiles of the Group I CBS1538 and Group II W34/70 strains. Fermentations were carried out
in 10% Wort at 13°C in 15 mL cylindrical tubes. Sugar consumption was measured with a Brixometer (°Brix).
CBS1538: grey line,W34/70, black line. Error bars represent the standard deviations from the mean of triplicate
fermentations. Supporting data is available in the supporting information file S1 Data.

https://doi.org/10.1371/journal.pgen.1010149.9001
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Fig 2. Chromosome copy number of CBS1538 (A) and W34/70 (B) genomes. Estimated copy number and chromosome types of S. eubayanus (blue) and S.
cerevisiae (red) from de novo sequencing mapped to the combined parental genomes. The start of each chromosome is shown by a vertical dotted line. *,
denotes translocations between S. eubayanus chromosomes II/IV, IV/II, VIII/XV, XV/VIII present in both strains. Hybrid chromosomes are evident from the
change in copy number within a chromosome. C. Estimated types and copy number of S. cerevisiae (red) and S. eubayanus (blue) and hybrid (red/blue)
chromosomes in CBS1538 and W34/70. Supporting data for A and B are available in the supporting information files S2 Data and S3 Data respectively.

https://doi.org/10.1371/journal.pgen.1010149.g002

both strains [16,17,23] (Fig 2C). The estimated chromosome copy numbers were 48 and 76 for
CBS1538 and W34/70 respectively.

Gene expression profiles of CBS1538 and W34/70 strains during
fermentation

Transcripts were either assigned as S. cerevisiae (Sc) or S. eubayanus (Se) based on sequence
identity and chromosome assignment. A total of 11335 transcripts/Open Reading Frames
(ORFs) were detected for the W34/70 strain of which 5083 were assigned as S. eubayanus and
6252 as S. cerevisiae (ratio Se:Sc = 0.81:1) (Table A in S1 File). For the CBS1538 strain, a total
of 6798 transcripts were detected, 5163 were S. eubayanus and 1635 were S. cerevisiae (ratio Se:
Sc = 3.16:1). These values agree well with the previously determined gene count for the two
strains [38]. We examined the differential gene expression (DEG) of transcripts mapped to
each strain in three different experimental conditions (minimal medium without amino acids,
wort Day 2 and wort Day 4) (Tables B-D in S1 File). In the W34/70 strain, the greatest number
of genes displaying DEG was detected in the comparison of cells grown in minimal medium
and wort on Day 2 where 42% of transcripts were differentially expressed, while 28% of genes
were differentially expressed between growth in minimal medium and in wort on Day 4. A
much lower level of DEG was detected between cells grown in wort on Days 2 and 4 where just
14% of genes were differentially expressed. The pattern of DEG in CBS1538 was similar to that
observed with the W34/70 strain with 32% of transcripts differentially expressed between
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Fig 3. Ratio of S. cerevisiae (Sc) and S. eubayanus (Se) in differentially up-regulated and down-regulated transcript pools (log,-fold

change > 1 or < -1) and mean log,-fold changes under the three conditions compared in CBS1538 and W34/70. A. Ratios of differentially
expressed Se:Sc genes with significant differences from the expected are shown with an asterisk, p<0.001**, p<0.05*. B. Venn diagrams showing
the relationship of differentially up-regulated and down-regulated transcript pools under the comparisons of the three conditions shown.

https://doi.org/10.1371/journal.pgen.1010149.9003

growth in minimal medium and wort on Day 2, 23% between growth in minimal medium and
wort on Day 4 and 16% between growth in wort on Days 2 and 4.

As S. pastorianus contains both S. cerevisiae and S. eubayanus sub-genomes, we examined
the DEG patterns for S. cerevisiae or S. eubayanus alleles under the three different experimental
conditions. In the W34/70 strain, S. eubayanus genes are significantly over-represented in the
differentially upregulated gene pool in all three comparisons but were expressed at the
expected ratio in the differentially downregulated gene pool (Fig 3A). Interestingly, on Day 2
relative to Day 4 in wort, there are twice as many Se alleles upregulated compared to Sc alleles.
In the CBS1538 strain, Se alleles are overrepresented in both the upregulated and downregu-
lated gene pools in cells in wort on Day 2 relative to Day 4 and in wort on Day 2 relative to
minimal medium and in the downregulated gene pool in wort on Day 4 relative to minimal
medium.

The mean log,-fold change for S. cerevisiae and S. eubayanus alleles in both the W34/70 and
CBS1538 strains are extremely consistent in all three comparisons indicating that both
CBS1538 and W34/70 strains, and their Se and Sc sub-genomes, respond similarly to the phys-
iological conditions. The mean log,-fold change and the range of DEG on Days 2 and 4 wort
was less than that observed for differential expression between minimum medium and wort
on Days 2 and 4 for both strains with the exception for down regulated genes on Days 2 and 4
in CBS1538 (Figs 3A and S1).

We next examined the relationship of DEG under the three conditions in the two strains.
As might be expected, a large number of genes are differentially expressed between growth in
minimal medium and in wort on Days 2 and 4 in both the CBS1538 and W34/70 strains (Fig
3B). While fewer in number, there is an overlap in the genes differentially expressed in wort
Day 2 relative to Day 4 and in wort Day 2 relative to minimal medium. On the other hand,
there are no genes differentially expressed that are specific to wort Day 2 relative to Day 4 and
to wort Day 4 relative to minimal medium in W34/70 and just 1 gene in this category in
CBS1538.

Only a small number of genes are commonly upregulated or downregulated in all three
conditions in the CBS1538 and W34/70 strains respectively (Fig 3B and Table E in S1 File).
The commonly upregulated gene pool in W34/70 (n = 210), contains 23 pairs of Sc and Se
orthologous alleles, including, ADHI, ADH5, PGK1, GPH1, HXKI, ENOI, that are central to
carbohydrate metabolism and ILV6, required for branched chain amino acid biosynthesis.
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Likewise, both Sc and Se alleles of LEU4, LYSI and SPD1 are upregulated in all three condi-
tions in CBS1538. Orthologous gene pairs are also observed in the commonly downregulated
gene in both strains (Table E in S1 File).

Gene ontologies enriched in CBS1538 and W34/70 strains under
fermentation conditions

Gene ontology analysis of the differentially expressed genes in the three conditions in
CBS1538 and W34/70 revealed an enrichment in both carbohydrate and amino acid
metabolism on Day 2 of fermentation in the upregulated gene pool (Fig 4A). Genes
required for the utilisation of all major sugars including sucrose, fructose, galactose as
well as pentose sugars, along with the genes required for glycolysis and pyruvate metabo-
lism, are all upregulated in wort Day 2 relative to minimum medium and a subset of these
genes are upregulated on Day 2 relative to Day 4 and on Day 4 relative to minimum
medium in the W34/70 strain. Except for genes involved in starch and sucrose metabo-
lism, the observed enriched gene set for carbohydrate metabolism in the W34/70 strain
were not enriched in the CBS1538 strain (Fig 4A).

Genes for the biosynthesis and metabolism of amino acids are enriched during the fermen-
tation in wort in both CBS1538 and W34/70 strains (Fig 4A). In addition to the enrichment of
genes for these major metabolic activities in the two strains, we observed differences in specific
gene ontologies between the two strains, with genes involved in glycerolipid metabolism, por-
phyrin metabolism, ABC transporters, peroxisome activity and longevity upregulated in the
W34/70 strain but not the CBS1538 strain.

Genes involved in nucleic acid metabolism, DNA repair and DNA replication are
downregulated under fermentation conditions and on Day 2 relative to Day 4 in wort in
the W34/70 strain with a subset of these genes similarly regulated in the CBS1538 strain
(Fig 4B). Likewise, genes involved in major anabolic pathways such as protein synthesis
including genes required for ribosome biogenesis and rRNA, mRNA and tRNA processing
are downregulated in wort and on Day 2 relative to Day 4 in both strains. Interestingly, a
set of genes involved in fatty acid, glycerophospholipid and steroid metabolism, required
for the production of membrane components, are uniquely downregulated in the
CBS1538 strain (Fig 4B).

We examined the contribution of the Sc and Se sub-genomes to these enriched pathways.
Se and Sc alleles were observed to contribute at the expected Se:Sc ratio or in a higher propor-
tion than expected to the differentially regulated gene pool (Fig 4A and 4B). Se alleles contrib-
ute in a higher proportion than expected on Days 2 and 4 of fermentation to some gene
ontologies in the W34/70 strain (Fig 4A, purple-blue gradient shaded boxes). Conversely, we
observed that Sc alleles contribute in a greater proportion than expected to amino acid metab-
olism in the CBS1538 strain under all three conditions (Fig 4A, red gradient shaded boxes).
For some specific pathways, we observed that Se alleles accounted for all the differentially regu-
lated genes, for example Se alleles are used exclusively in histidine metabolism on Day 2 rela-
tive to Day 4 in the W34/70 strain and to phagosome associated genes in wort on Day 2
relative to Day 4 and to sphingolipid, butanoate and thiamine metabolism on Day 4 relative to
minimum medium in CBS1538 (Fig 4A, dark blue boxes).

For the downregulated genes, we observe that Sc alleles contribute to gene ontologies at the
expected ratio, and in some pathways, in a higher proportion than expected to the ratio of Sc:
Se for the whole genome in both strains while Se alleles exclusively contribute to three catego-
ries, namely one carbon pool by folate, fatty acid and steroid biosynthesis in the CBS1538
strain (Fig 4B, dark blue boxes).
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Fig 4. Gene ontology analysis of differentially expressed genes in W34/70 and CBS1538 strains. Genes displaying a log,-fold change >1 (A) or < -1 (B)
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https://doi.org/10.1371/journal.pgen.1010149.9004

The effect of gene dosage on gene expression profiles

As S. pastorianus strains are aneuploid in nature and have different copy numbers of S. cerevisiae
and S. eubayanus chromosomes, we were interested to determine if gene expression profiles were
influenced by the copy number of Sc and Se alleles. The copy number for each Sc and Se gene was
calculated from the sequence coverage from the de novo genome sequencing. The DEG of Sc and
Se orthologues within each strain was determined for the three experimental conditions and was
correlated to the Sc:Se gene copy number ratio. The data for Sc and Se orthologues expressed on
Day 2 is shown in Fig 5. The data for Day 4 and minimal medium is shown in S2 Fig. Sc and Se
orthologues are present in varying ratios in the W34/70 strain (Fig 5A). The analysis of some
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Fig 5. Effect of gene copy number on gene expression patterns. The DEG of Sc to Se orthologues were grouped according to the Sc to Se ratio of gene copy
number in W34/70 (A) and CBS1538 (D). Data for Day 2 in wort is shown. Data for Day 4 and minimal medium are shown in the S2 Fig. The number of
paired orthologues at each copy number ratio for genes showing log, <-1 and log,>1 is shown above the graphs. B. Correlation of differential expression of Sc
to Se gene orthologues in W34/70 with gene orthologue copy number ratio. The mean of log, fold changes in expression between Sc and Se orthologues is
plotted against Sc:Se gene orthologue copy number ratio. Error bars represent the standard error of the mean. C. Log,-fold gene expression difference between
Sc and Se orthologues on chromosome X in W34/70. The dotted line marks the recombination site (THD2) on the hybrid chromosome. Sc:Se ratio to left of
vertical dotted line is 3:1 and after 1:1.

https://doi.org/10.1371/journal.pgen.1010149.9005

1555 Sc and Se orthologues indicates that the DEG of Sc to Se alleles was positively correlated to
the ratio of the copy number of Sc:Se alleles (Fig 5B, p<<0.0001, R* = 0.90). As the Sc gene copy
number increases, so too does the levels of Sc transcripts and vice versa for Se alleles. At an Sc:Se
ratio of 1:2 and 3:4, Se transcripts predominate while at ratios, 3:1, 4:1 and 5:1 Sc alleles predomi-
nate (Fig 5A). Interestingly, at a 1:1 ratio, Se alleles predominate in the W34/70 strain while at 3:2,
2:1 there is almost equal levels of both transcripts. The relationship between the DEG of Sc to Se
orthologues and the ratio of gene copy number is observed for genes on both parental and hybrid
chromosomes as exemplified in Fig 5C for chromosome X. The W34/70 strain has four copies of
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chromosome X, two Sc, one Se and one hybrid chromosome (Sc/Se) with the recombination
point occurring at the gene THD2 (YJR009C) (Fig 2C). The ratio of Sc:Se to the left of TDH2 is
3:1 and to the right 1:1 (Fig 2C). For genes to the left of TDH2, expression of Sc alleles predomi-
nates due to the higher Sc copy number while to the right, Se alleles predominate despite the
equal copy number (Fig 5C). The correlation of DEG patterns to orthologue gene copy number
ratio was observed in all three experimental conditions (S2 Fig).

The analysis of the gene expression of Sc and Se orthologues in the CBS1538 strain pre-
sented a different scenario. Firstly, due to the reduction of the Sc genome content in the
CBS1538 strain, the number of total orthologues is much smaller (n = 237). Secondly, the vari-
ations in copy numbers are much smaller, with most orthologues with a log, fold change > 1
or < 1 present in a ratio of Sc:Se, 1:2 (Fig 5D). There are just two alleles present in a 2:3 ratio
and one at a 2:1 ratio (Fig 5D). Surprisingly, we see a different expression pattern to what was
observed in W34/70; at the Sc:Se 1:2 ratio, a majority of Sc alleles display higher transcript lev-
els than the orthologous Se alleles, although the reverse expression pattern is evident for some
orthologues.

Comparison of the transcriptomes of CBS1538 and W34/70 strains

To directly compare the steady state mRNA landscapes in the CBS1538 and W34/70 strains,
we generated a consolidated transcriptome for each strain by obtaining the sum of Sc and Se
allele transcripts encoded for each gene (Table F in S1 File). We compared the expression of
this gene set in the two strains under the three different experimental conditions (Fig 6 and
Table G in S1 File). There is a high degree of overlap between the differentially expressed gene
pool in both strains suggesting that both strains respond similarly to the environmental condi-
tions (Fig 6A). Growth in minimal medium invoked the greatest condition-specific DEG
between the two strains but a substantial number of genes were also specifically expressed in
wort on Day 2 and Day 4 respectively. We identified 319 CBS1538-specific genes that are upre-
gulated in all three conditions and likewise 299 W34/70-specific genes. The list of condition
specific and strain-specific genes is shown in Table H in S1 File. An analysis of gene ontologies
associated with the differentially expressed gene set reveals differences between the CBS1538
and W34/70 strains (Fig 6B). Firstly, we observed that genes associated with ribosome biosyn-
thesis are upregulated on Day 2 and 4 in wort in the W34/70 strain while genes associated with
metabolism of certain amino acid, pentose phosphate pathway and oxidative phosphorylation
are also upregulated on Day 2 in this strain. Genes associated with DNA repair and protein
processing and transport are upregulated in minimal medium in W34/70. Conversely, genes
associated with membrane biosynthesis, sugar metabolism and amino acid metabolism are
upregulated in minimal medium in CBS1538, and a subset of these genes are also upregulated
on Day 4 in wort. Surprisingly, there are no gene ontologies enriched on Day 2 in the CBS1538
strain (Fig 6B).

As the gene copy number for the sum of gene orthologue transcripts still varied between
the two strains and was shown to influence gene expression profiles within a strain, we looked
to see if gene copy number influences the DEG observed between CBS1538 and W34/70. To
do this, we compared the log, fold changes in gene expression between the two strains to the
ratio of the total gene copy number (sum of all Se and Sc alleles) for each gene. The data for
gene expression on Day 2 in wort is shown in Fig 6C. There is a significant positive correlation
between log, fold change and ratio of total gene copy number between the two strains
(p,<0.001, R* = 0.8). This correlation was observed across all three experimental conditions
(S3 Fig). Thus, as observed for gene expression within a strain, gene dosage plays a significant
role in the DEG between the CBS1538 and W34/70 strains.
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Discussion

The origin and evolution of lager yeasts are widely debated, and several hypotheses have been
proposed to account for the divergence in chromosome composition and copy number
between strains [20,22,23]. The major distinction between Group I and II strains is the loss a
significant portion of the S. cerevisiae sub-genome through the loss of whole chromosomes in
the Group I strains. In addition, differences in chromosome composition, copy number and
the number and type of hybrid chromosomes exist between strains within each group. Despite
these differences, strains from both groups ferment sugars and produce aromatic beers, with
individual strains displaying variations in the final aromatic volatile profile [24]. A major dif-
ference between Group I and II strains lies in the ability to ferment maltotriose. While all
Group II strains can uptake and ferment maltotriose, only a subset of Group I strains have the
necessary transporters to import this trisaccharide [39-41]. Here we have examined the gene
expression profiles during fermentation in wort and in growth in minimal medium of repre-
sentative Group I and II strains. The Group I strain used in this study, CBS1538, does not fer-
ment maltotriose. We confirm here the superior fermentation rate of the Group II strain W34/
70:the two strains consume sugars at the same rate up to Day 4 and thereafter the W34/70
strain fermented at a faster rate.

We were interested in understanding how the two sub-genomes, present in the two lager
yeast strains, contribute to the overall transcriptome during fermentation and furthermore
what are the consequences for the reduction in the S. cerevisiae sub-genome to the gene
expression patterns between CBS1538 and W34/70. The complex genomes of lager yeasts pose
several challenges to the analysis of the transcriptomes of these strains. At present, just one S.
pastorianus Group II genome, that of strain CBS1483, has been fully annotated and assembled
into chromosomes and this serves as the reference genome for S. pastorianus at NCBI [20],
although up to 16 annotated genomes are also available https://www.ncbi.nlm.nih.gov/
genome/browse/#!/eukaryotes/342/. Due to differences in chromosome copy numbers, and
chromosomal rearrangements, the reference genome may not be the ideal genome for tran-
script mapping, for example, it differs from the two strains used in this study, as it lacks hybrid
chromosomes III and VII. There are also chromosome copy number differences between the
strains used here and the reference strain.

To avoid such issues, we re-sequenced the W34/70 and CBS1538 strains which were
mapped to a de novo generated genome consisting of the combined reference genomes of the
parental strains S. cerevisiae and S. eubayanus. The copy numbers for each chromosome and
genes therein were determined from the sequence coverage depth from de novo sequencing.
The RNA transcripts were also mapped to this combined genome.

We noted some differences in the chromosome composition of both W34/70 and
CBS1538 to the published data [16,23,42]. Specifically, we noted one extra copy of chro-
mosomes Sc III, VIL, XIV, and X VI in relation to the most recently published W34/70
genome sequence [23]. Additionally, we reconfirm the presence of a hybrid chromosome,
ScVIII/SeVIIL, recombining at YHRI65C, that was previously identified in the W34/70
strain and in another Group II strain, 7012, by our group [12,21] but which is not docu-
mented in other published sequences [16,23]. For the CBS1538, we noted just two copy
number differences, an extra copy of both Se VI and SeVIII. Chromosome copy number
differences are also noted between published genomes for W34/70 [16,23,42]. The differ-
ences in copy numbers between studies may arise from differences in methods used to
determine sequence coverage depth or may reflect genuine differences between strain iso-
lates. The lager yeast strains emerged just some 500-600 years ago and thus may still be
experiencing genomic flux in this early stage of evolution. We previously showed that the
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genomes of lager yeasts are dynamic and can undergo chromosome rearrangements to
produce new hybrid chromosomes as well as chromosome copy number changes follow-
ing exposure to stress such as high temperatures [43]. Furthermore, fermentations carried
out in high specific gravity wort (22°P) at an ambient temperature of 20°C, which is higher
than that used for routine fermentations (13°C), led to chromosome copy number changes
in a single round of fermentation [43]. Thus, differences in propagation and culturing of
S. pastorianus strains may contribute to the differences observed between strain isolates.

The analysis of the gene expression patterns reveals that the CBS1538 and W34/70 strains
respond similarly to the physiological conditions imposed with both strains showing similar
mean log, fold changes under all compared conditions. Interestingly, we observed that the Sc
and Se sub-genomes are differentially utilised under the different physiological conditions
with Se alleles contributing significantly to gene expression on Day 2 of fermentation in both
strains and on Day 4 in the W34/70 strain.

Gene ontology analysis revealed the upregulation of pathways associated with carbohydrate
and amino acid metabolism on Day 2 of fermentation although there was less enrichment of
genes associated with sugar metabolism in the CBS1538 strain. The upregulation of carbohy-
drate and amino acid metabolism in the early stages of fermentation is consistent with what is
known about the overall metabolic activity of yeast during fermentation. Cells undergo 1-2
doublings during the first three days of fermentation and thereafter, cell numbers remain
unchanged or slightly decrease. The lack of representation of genes associated with carbohy-
drate metabolism in the CBS1538 strain, except for those associated with starch and sucrose
metabolism, distinguishes the two strains and appears to reflect differences in metabolic activ-
ity. As overall sugar consumption is similar in the two strains on Day 2, it is possible genes
associated with carbohydrate metabolism in the CBS1538 strains are induced but did not
reach the cut off threshold for analysis. It does not appear that sugar metabolism is slowed
down in this strain as otherwise we may have expected to see such genes upregulated on Day 4.
The observed differences in carbohydrate metabolism may reflect the previously noted differ-
ences in the types and copy numbers of genes encoding for maltose and maltotriose transport-
ers between the two strains [39-41].

The upregulation of genes associated with amino acid metabolism is significant as the sec-
ondary metabolites associated with flavour such as higher alcohols and esters are produced
from the catabolism of amino acids. The gene ontology also revealed differences in metabolism
between the two strains. For example, genes associated with methane and sulphur metabolism,
which can also contribute to flavour profiles, are upregulated in W34/70 but not in CBS1538.

Gene ontology analysis confirm the over representation of Se alleles in the upregulated
genes in the W34/70 strain and additionally identified specific pathways where either Sc or Se
alleles are exclusively enriched. Considering the reduced Sc content in the CBS1538 strain, it is
surprising that Sc alleles appear to be over-represented in genes enriched in several pathways.
Specifically, we see Sc alleles contributing to Arginine and Lysine biosynthesis and Tyrosine
metabolism at a higher level than expected from the Sc:Se ratio for the whole genome. We also
observed that Sc alleles are more likely to be downregulated than Se alleles in both CBS1538
and W34/70 strains however specific pathways here also contain exclusively Se alleles.

Previous studies in the haploid S. cerevisiae showed that the steady state levels of mRNA
transcripts are tightly controlled to maintain homeostasis. Disruption of mRNA turnover, for
example by deletion of the major 5’ to 3’ exonuclease XRN1, is compensated by changes to
RNA polymerase II transcription to restore homeostasis [44,45]. Conversely, increased tran-
scription rates resulting from increased gene copy number lead to compensatory changes in
mRNA turnover to preserve the expected steady state levels of mRNAs [46]. However, a recent
analysis of laboratory and wild S. cerevisiae strains revealed no evidence of dosage
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compensation and instead described a direct correlation between gene copy number and gene
expression levels [47].

Here we show that the aneuploid nature of the S. pastorianus genomes directly contributes
to the gene expression patterns during fermentation. We observed a positive correlation
between orthologue copy number and the steady state levels of orthologue transcripts in the
W34/70 strain: as the copy number of Sc or Se genes increases so too does the associated levels
of transcripts. Interestingly, when the orthologue gene copy number ratio is 1:1, we observed
that the Se alleles showed higher levels of transcripts than the Sc alleles in all conditions tested.
Surprisingly, the pattern of usage of orthologues is different in the CBS1538 strain. While there
is less variation in the ratios of Sc:Se genes with most orthologues present in a 1:2 ratio, here
we observed that Sc orthologues produce relatively higher levels of transcripts than the Se
counterpart although there is a greater variation in the distribution of gene expression patterns
amongst orthologues at this ratio in the CBS1538 strain. At the same ratio in the W34/70
strain, Se alleles predominate. The over-representation of S. cerevisiae alleles in some biochem-
ical processes such as amino acid metabolism may explain the selective retention of S. cerevi-
siae chromosomes in the CBS1538 strain as there may have been a selective evolutionary
pressure to retain specific genes required during fermentation.

The S. eubayanus parent of the lager yeasts is a cryotolerant strain and thus it might be
hypothesised that Se alleles will be favoured during the fermentations which are carried out at
13°C. We did observe a greater contribution of Se alleles to the transcriptome in the W34/70
strain during fermentation conditions, however, it is not universal, and this contribution is
tempered by gene copy number effects. A transcriptome analysis for the Group I strain,
CBS1513, had also observed an overrepresentation of S. eubayanus when cultures were grown
at low temperatures [37].

To compare the overall steady state levels of protein encoding transcripts in the CBS1538
and W34/70 strains, we created combined transcriptomes for each strain by summing the Sc
and Se transcripts that encode for the same protein. Using this approach, we observed that that
overall transcription patterns were similar between the two strains indicating that despite the
significant differences at a genome level and pathways of evolution, the two lager yeast groups
display similar transcription patterns in fermentation conditions. Nevertheless, gene ontology
analysis identified some unique transcription patterns. Consistent with what was observed for
the differential expression of Sc and Se alleles within a strain, the gene expression patterns in
both strains were significantly influenced by gene copy number. Thus, it might be anticipated
that gene expression profiles may differ in other S. pastorianus strains due to the variations in
chromosome copy number between strains.

Our analysis of the expression of gene orthologues within a strain and between strains indi-
cates that the aneuploid genomes of the lager yeasts create complex patterns of gene expression
during fermentation and that gene copy number plays a crucial role in the gene expression pat-
terns both within a strain and between strains.

Materials and methods

Yeast strains and growth conditions

The Group I strain, CBS 1538, was obtained from the Collection de Levures d’Interet Biotech-
nologique, Paris, France and the Group II strain Weihenstephan 34/70 (W34/70) was kindly
supplied by Dr. Jurgen Wendland, Geisenheim Hoch Universitat, Germany. For propagation,
strains were grown in YPDM medium (1% (w/v) yeast extract, 2% (w/v) peptone and 1-2%
(w/v) of both dextrose and maltose at 20-25°C; 2% YPDM contains 1% dextrose and 1%
maltose.
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Small-scale fermentations (10mL) were carried out in 10% wort containing ImM ZnSO,
(Spraymalt, Brewferm, Amber 18EBC, Brouland, Belgium) in 15 mL glass test tubes.

Cells were first propagated in 200 mL of 4% YPDM at 25°C for two days and were pitched
into wort at a cell density of 1.5x10”/mL. For the small scale fermentations, 10mL aliquots of
the starting fermentation culture were added to 15mL glass tubes, each fitted with a water trap
airlock attached to a bung. Individual tubes were used for sampling at time intervals. All fer-
mentations were carried out at 13°C without shaking. After sampling, the specific gravity of
the wort was measured using a refractometer (HANNA, Romania). The residual cultures from
the small scale fermentations were centrifuged and the cells saved for RNA extraction.

Cells were also grown in 2% YPDM overnight, washed with sterile water and inoculated at
a cell density of 1x10° cells/mL into 60 mL of minimal medium (0.17% Yeast Nitrogen Base w/
0 amino acids and ammonium salts supplemented with 1% of dextrose and 1% of maltose, and
0.5% (NH,),SO, as a nitrogen source. The cultures were grown at 20°C, in triplicate, and cells
were harvested in the exponential phase.

DNA extraction, de novo genome sequencing and copy number variation
analysis

DNA extraction was carried out following the protocol described by [48]. Briefly, yeast cells
were grown in an overnight culture of 5 ml of 2% YPDM. Cells were pelleted and washed with
distilled water and centrifuged. The pellet was resuspended in 500 pL of 0.9 M sorbitol and 0.1
M EDTA, pH 7.5 and 30 pL of a solution of lyticase (1.5 mg/mL) was added and incubated for
20-40 min. After this, spheroplasts were recovered centrifuged and resuspended in 500 pL of
50 mM Tris HCl and 20 mM EDTA, pH 7.4 and 13 pL of 10% SDS. Samples were incubated
for 65°C for 5-10 min. 200 pL of 5M potassium acetate were added and tubes were incubated
on ice for 10 min. After centrifugation, 700 uL of 100% isopropanol was added to the superna-
tant, the samples incubated at room temperature for 10 min and then recentrifuged. The pel-
leted DNA was washed twice with 70% ethanol, air-dried at room temperature, and
resuspended in 50 pL of water.

Total DNA was treated with RNAse A (10 pg/mL) for 30 min at 37°C. DNA was precipi-
tated and resuspended in 50 pL of water. The quality of the DNA was determined by agarose
gel electrophoresis and by determining the OD40:0D g ratio using a Nanodrop spectropho-
tometer (Epoch 2, Agilent BioTek). De novo genome sequencing was carried out by Novogene
(www.novogene.com) with Illumina technology on paired-end reads (150bp). The genome
sequences were deposited into the SRA database at the National Centre for Biotechnology
Information https://www.ncbi.nlm.nih.gov/bioproject/PRJNA810967.

After trimming paired-end reads with trim_galore (version 0.6.6, calling cutadapt version
2.10), the reads were mapped with bowtie2 (version 2.4.2) [49,50] to the parental genomes of
S. pastorianus CBS1483, (assembly ASM1102231v1) https://www.ncbi.nlm.nih.gov/genome/?
term=Saccharomyces+pastorianus, or to a combined genome of S. cerevisiae and S. eubayanus
derived from S. cerevisiae S288C, assembly R64 https://www.ncbi.nlm.nih.gov/genome/?term=
Saccharomyces+cerevisiae and S. eubayanus (SEU3.0) https://www.ncbinlm.nih.gov/genome/
term=Saccharomyces+eubayanus.

In addition to the ‘—fast-local’ presets, parameters were set to limit the insert size to lengths
between 200 and 1000 basepairs. Mapped reads were filtered through samtools (version 1.11)
to exclude reads that were not mapped in pairs and were not the primary alignment (-F 268)
and to include only reads with high mapping quality (-q 44).

For hybrid chromosomes, genes were assigned as S. cerevisiae or S. eubayanus based on
their location relevant to known recombination sites and their % identity to the parental
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genomes. Reads from de novo DNA sequencing, mapped against the combined genomes of the
reference strains of S. cerevisiae and S. eubayanus were transformed into sorted BAM files
using samtools and the data was extracted as reads/500 bp and then normalized by the size of
the library (total number of reads) to give an estimated chromosome copy number [51].

RNA extraction and sequencing

RNA extraction was carried out following the protocol previously described [52] but with
some modifications. Cells were resuspended in 400 pL of buffer containing 50 mM of NaOAc,
pH 5.2, 10 mM EDTA pH 8.0 and 40 pL of 10% SDS, 400 pL of Phenol-Chloroform-Isoamyl
alcohol (PCA; 25:24:10), pH 4.2, and 100 pL of acid washed glass beads were added. The tubes
were placed in a heat block at 65°C for 10 min and vortexed intermittently. The samples were
placed on ice for 5 min. After centrifugation, the supernatant was re-extracted with PCA, pH
4.2 and then once with chloroform. Nucleic acids in the supernatant were precipitated, washed
twice with 70% ethanol and then resuspended in 100 uL RNase-free H,O. The RNA concentra-
tion was measured using a Nanodrop spectrophotometer and RNA integrity was checked by
Agilent 2100 Bioanalyzer as per manufacturer’s instructions.

RNA sequencing was conducted on cDNA libraries using the HiSeq4000 Illumina Platform
at the Genomic Technologies Core Facility at the University of Manchester. The libraries were
generated using the TruSeq Stranded mRNA assay (Illumina, Inc.) according to the manufac-
turer’s protocol. The RN Aseq dataset was deposited to the GEO database at NCBI https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE197654.

As a reference genome for the mapping, the combined S. cerevisiae and S. eubayanus
genomes were used but with variations as present in the re-sequenced CBS1538 and W34/70
strains. For that, consensus Fasta sequences were generated from the WGS data mapped to S. cere-
visiae and S. eubayanus through an in-house Perl script. To transfer gene annotation from those
genomes, insertions and deletions were ignored and only nucleotide replacements were taken
into account. The paired RNA-Seq data were mapped against these strain-specific reference
genomes using STAR [53]. Multimapping reads are dealt with through the outSAMmultNmax
parameter set to 1 and outMultimapperOrder set to ‘random’. Additionally, only the highest qual-
ity alignments were kept by filtering with samtools (-q 255). To aggregate reads counts, the tool
“featureCounts” was used on the mapped data together with the gene annotation from the S. cere-
visiae and S. eubayanus genome [54]. With the -B and the -P options set, only read counts that
have both ends aligned within a distance of 50-600 basepairs were considered.

Read counts from the RNA mapping were uploaded into iDEP9.1 [55]. Data were trans-
formed for clustering and PCA by EdgeR using a minimum CPM of 0.5 in 1 library and adding
a pseudocount of 4. PCA analysis was used to check the reproducibility of replicates. Outlier
replicates were removed and data reprocessed. Differentially Expressed Genes (DEG) were cal-
culated using DESeq2 with a False Discovery Rate (FDR) cutoff of 0.05 and a minimum log,
fold change of >1 or <-1. Venn diagrams were made using the online tool (http://
bioinformatics.psb.ugent.be/). The copy number for each gene was extracted from the reads
coverage of the de novo genome sequencing of the S. pastorianus strains.

Enrichment of DEG was carried out using ClueGO [56]. Parameters used on ClueGo were
set as follows: Saccharomyces cerevisiae S228C was used as a Load Maker List. KEGG Ontology
was used for the analysis with the following filters, p-value less than 0.05, minimum number of
four genes per pathway, pathways containing more than 25% of the genes regulated, Kappa
score was set at 0.4. A two-sided hypergeometric test and a Benjamini-Hochberg pV correc-
tion was applied. S. eubayanus-like allele names were translated into S. cerevisiae gene names
for ClueGo analysis.
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A combined transcriptome of S. pastorianus genes was generated by summing the reads for
S. cerevisiae and S. eubayanus orthologues using the consolidate function in Excel. Unmatched
genes were retained in the combined transcriptome with reads mapped respectively to the S.
cerevisiae or S. eubayanus reference genomes. The combined genome contained 7568 unique
gene ids. The copy number for each gene was extracted from the reads coverage of the de novo
genome sequencing of the S. pastorianus strains and were summed for the matched ortholo-
gues to give a total gene copy number for each gene id.

Statistics

False discoveries rates for DEG and gene ontologies were determined using the Benjamini-
Hochberg correction. Chi-squared tests were used to determine the enrichment of genes from
sub-genomes under the different physiological conditions used.

Supporting information

S1 Fig. Box and whiskers plot of the differential expression of Se and Sc genes in compari-
sons between Day 2 vs min, Day 4 vs min and Day 2 vs Day 4. The box extends from the
25th to 75th percentiles, the mean is shown by a bar within the box. The whiskers show the
minimum and maximum values in the data set.

(TIF)

S2 Fig. Effect of gene copy number on gene expression patterns on Day 4 and in minimal
medium. The DEG of Sc to Se orthologues were grouped according to the Sc to Se ratio of
gene copy number in W34/70 (A) and CBS1538 (D). Data for minimal medium and for Day 4
(D4) are shown. The number of paired orthologues at each copy number ratio is shown above
the graphs. B. Correlation of differential expression of Sc:Se gene orthologues in W34/70 with
gene orthologue copy number ratio. The mean of log, fold changes in expression between Sc
and Se orthologues is plotted against Sc:Se gene orthologue copy number ratio. Error bars rep-
resent the standard error of the mean. C. Log,-fold gene expression difference between Sc and
Se orthologues on chromosome X in W34/70. The dotted line marks the recombination site
(THD2) on the hybrid chromosome. Sc:Se ratio to left of vertical dotted line is 3:1 and after
1:1.

(TIF)

S3 Fig. Relationship of gene copy number and gene expression in W34/70 and CBS1538.
The ratio of the gene copy number for the sum of all alleles (Sc+Se) was compared to Log,-fold
differences in gene expression in W34/70 and CBS1538. The number of genes in each ratio cat-
egory is shown above the bars. Data for Day 4 in wort and for growth in minimal medium is
shown. The error bars represent the standard error of the mean Log,-fold change in gene
expression between WS34/70 and CBS1538 strains.

(TIF)

S1 File. Supplemental Tables. Table A in S1 File. Table of raw reads for triplicate samples of
growth in minimal medium (min) in wort on Day 2 (Day 2) and in wort on Day 4 (Day 4).
The Geneid correspond to the S. eubayanus or S. cerevisiae geneids from the reference
genomes. Where gene names are known these have been added to column 2. Columns 3 and 4
show the copy number for each gene in CBS1538 and W34/70 respectively. Table B in S1 File.
Differential gene expression for comparison of transcript reads in wort on Day 2 vs growth in
minimal medium. The log2-fold change and p-adjusted values for each gene is shown.

Table C in S1 File. Differential gene expression for comparison of transcript reads in wort on
Day 4 vs growth in minimal medium. The log,-fold change and p-adjusted values for each
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gene is shown. Table D in S1 File. Differential gene expression for comparison of transcript
reads in wort on Day 2 vs Day 4. The log,-fold change and p-adjusted values for each gene is
shown. Table E in S1 File. List of genes up-regulated and down-regulated in the comparisons
of all three conditions, Day 2 vs min, Day 4 vs min and Day 2 vs Day 4. Table F in S1 File.
Consolidated transcriptome of CBS1538 and W34/70. A combined transcriptome of S. pastor-
ianus genes was generated by summing the reads for S. cerevisiae and S. eubayanus orthologues
using the consolidate function in Excel. Unmatched genes were retained in the combined tran-
scriptome with reads mapped respectively to the S. cerevisiae or S. eubayanus reference
genomes. The raw reads for triplicate samples of growth in minimal medium (min) in wort on
Day 2 (Day 2) and in wort on Day 4 (Day 4) are shown. The copy number for each gene was
extracted from the reads coverage of the de novo genome sequencing of the S. pastorianus
strains CBS1538 and W34/70 respectively and mapped to a combined genome of S. cerevisiae
and S. eubayanus derived from S. cerevisiae S288C, assembly R64 and S. eubayanus (SEU3.0)
and were summed for the matched orthologues to give a total gene copy number for each gene
id (Columns D and E). Genes with zero reads were removed from the dataset. Table G in S1
File. Differential gene expression data from the consolidated transcriptome analysis. Differen-
tial gene expression for comparison of transcript reads in CBS1538 vs W34/70 in minimal
medium and in wort on Day 2 and Day 4. The log,-fold change and p-adjusted values for each
gene is shown. Table H in S1 File. List of genes up-regulated and down-regulated in CBS1538
and W34/70 from the consolidated transcriptome dataset under the three physiological condi-
tions examined in this study and their intersects.

(XLSX)

S$1 Data. Brix readings for Fig 1.
(TXT)

S$2 Data. Reads from de novo DNA sequencing of CBS1538, mapped against the combined
genomes of the reference strains of S. cerevisiae and S. eubayanus were transformed into sorted
BAM files using samtools and the data was extracted as reads/500 bp and then normalized by
the size of the library (total number of reads) to give an estimated chromosome copy number.
(TXT)

S3 Data. Reads from de novo DNA sequencing of W34/70, mapped against the combined
genomes of the reference strains of S. cerevisiae and S. eubayanus were transformed into sorted
BAM files using samtools and the data was extracted as reads/500 bp and then normalized by
the size of the library (total number of reads) to give an estimated chromosome copy number.
(TXT)
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