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Abstract 25 

Hybridisation between species often leads to inviable or infertile offspring, yet examples of 26 

evolutionary successful interspecific hybrids have been reported in all kingdoms of life. 27 

However, many questions on the ecological circumstances and evolutionary aftermath of 28 

interspecific hybridisation remain unanswered. In this study, we sequenced and phenotyped a 29 

large set of interspecific yeast hybrids isolated from the brewing environments to uncover the 30 

influence of interspecific hybridisation in yeast adaptation and domestication. Our analyses 31 

demonstrate that several hybrids between Saccharomyces species originated and diversified 32 

in industrial environments by combining key traits of each parental species. Furthermore, 33 

post-hybridisation evolution within each hybrid lineage reflects sub-specialisation and 34 

adaptation to specific beer styles, a process that was accompanied by extensive chimerisation 35 

between subgenomes. Our results reveal how interspecific hybridisation provides an 36 

important evolutionary route that allows swift adaptation to novel environments. 37 

  38 
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Introduction 39 

A canonical view of Darwinian evolution asserts that new species arise during extended 40 

periods of gradual evolution and selection in combination with reproductive isolation. 41 

However, amendments to Darwin’s original theory have been proposed to incorporate other 42 

mechanisms for evolution and speciation, including the emergence of new species through 43 

interspecific hybridisation1–3. Hybridisation provides a way to rapidly combine distinct 44 

phenotypic features from established populations that converge in an unfamiliar ecological 45 

niche. Sometimes, a hybrid’s unique combination of phenotypes can enable it to thrive in the 46 

new environment and outcompete its parental species4–6.  47 

Examples of rapid niche specialisation via interspecific hybridisation are found across all 48 

kingdoms of life. A new hybrid lineage of Darwin’s finches with competitive beak 49 

morphology emerged in only three generations7. Hybridisation of the sunflowers Helianthus 50 

annus and Heliantus petiolaris gave rise to three novel species capable of colonizing 51 

previously untapped environments8–10. The emerging opportunistic fungal pathogen Candida 52 

metapsilosis arose from a single hybridisation event between two non-pathogenic parental 53 

species11. 54 

The Saccharomyces species complex provides numerous examples of interspecific 55 

hybridisation. Despite the high sequence divergence between the species within this genus 56 

(up to 20%12), prezygotic barriers are weak and species can successfully crossbreed13,14. The 57 

resulting hybrids are typically infertile, yet viable, and can reproduce asexually by budding14–58 
17. Wild Saccharomyces interspecific hybrids are occasionally encountered18,19, but the best-59 

known example, Saccharomyces pastorianus, was isolated from an industrial environment20–60 
23.  61 

Humans have historically utilised the capacity of Saccharomyces to convert high 62 

concentrations of sugars into ethanol and carbon dioxide to produce a wide variety of 63 

fermented products24–26. This long-term domestication process has resulted in hundreds of 64 

different industrial strains, each with characteristics suitable for specific industrial 65 

processes27–36. Strains used in the production of lager (pilsner) beer generally belong to the 66 

species S. pastorianus, a hybrid of S. cerevisiae and Saccharomyces eubayanus20–23,37,38. Two 67 

archetypical S. pastorianus sublineages exist, dubbed ‘Frohberg’ and ‘Saaz’, each with its 68 

own distinct fermentation properties39. Several other industrial interspecific hybrids have 69 

been isolated, including S. cerevisiae x Saccharomyces uvarum x S. eubayanus triple hybrids 70 
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in wine and cider, and S. cerevisiae x Saccharomyces kudriavzevii hybrids in ale beers and 71 

wine fermentation vessels40–47.  72 

A comprehensive analysis of the prevalence, molecular details, and the ecological and 73 

evolutionary context of interspecific hybridisation in yeasts is lacking. Here, we report how 74 

whole-genome sequencing of more than 200 industrial yeasts revealed that a surprisingly 75 

large fraction (~25%) proved to be interspecific hybrids derived from four parental species: S. 76 

cerevisiae, S. kudriavzevii, S. eubayanus, and S. uvarum. The ubiquity of these hybrids and 77 

the defined industrial environments they were isolated from, make them an excellent model 78 

for studying the role of hybridisation in microbial evolution and adaptation. By combining 79 

large-scale phenotyping with our knowledge of industrial niches and beer brewing history, 80 

we provide evidence that these hybrids originated in industrial environments and are highly 81 

niche-specific. Additionally, we characterised the genomic changes that occurred during their 82 

domestication and describe the genetic mechanism leading to a key domestication phenotype, 83 

namely flavour production. Our results demonstrate that interspecific hybridisation is an 84 

evolutionary strategy that allows swift adaptation to novel niches and opens new avenues for 85 

the development of superior industrial yeasts.  86 

Results 87 

Origins and diversity of Saccharomyces interspecific beer hybrids 88 

For several years we have been collecting and sequencing yeasts isolated from different 89 

industrial niches, including beer, wine, bread, sake, chocolate and liquor fermentations. As 90 

expected, the majority of isolates were S. cerevisiae, the yeast species most commonly 91 

associated with the production of fermented foods and beverages28,48,49. However, our 92 

analysis revealed that a surprisingly large fraction (~25%) of sequenced isolates were 93 

interspecific hybrids. While some were isolated from lager beer fermentations, known to be 94 

driven by hybrid yeasts, many were collected from other beer niches, such as Trappist beers, 95 

spontaneously fermented ‘Lambic’ beers, and old beer bottles or equipment (Table S1). We 96 

identified three distinct species compositions across the hybrids investigated: S. cerevisiae x 97 

S. eubayanus (S.cer x S.eub), S. cerevisiae x S. kudriavzevii (S.cer x S.kud) and S. eubayanus 98 

x S. uvarum (S.eub x S.uva). Phylogenetic trees were built to position the hybrid subgenomes 99 

in the context of their parental species (Figure 1; Figure S1).  100 
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The S.cer subgenomes of the S.cer x S.eub (S. pastorianus) lager hybrids belong to a well-101 

defined monophyletic clade in the Beer 1 lineage, which mainly contains strains isolated from 102 

ale beers28,29,34 (Figure 1; Figure S1A). Within Beer 1, the lager subclade is most closely 103 

related to Hefeweizen (German wheat beer) strains and the Belgium/Germany lineage, 104 

indicating a Western European origin of lager yeasts. The lager clade of Beer 1 is further 105 

separated into the archetypical ‘Frohberg’ and ‘Saaz’ lineages22,50,51, both hallmarked by very 106 

low nucleotide diversity (π=1.18E-03 and π=3.65E-04, respectively). The S.eub subgenomes 107 

of the S.cer x S.eub hybrids similarly form a monophyletic group within the previously 108 

identified Holarctic clade52 (Figure 1; Figure S1B), with defined ‘Frohberg’ and ‘Saaz’ 109 

subclades. The Saaz lineage further divides in two subclades, each harbouring one of the two 110 

first S. pastorianus strains isolated at Carlsberg in the 19th century: Unterhefe nr. 1 111 

(CBS1513) and nr. 2 (CBS1503) (Table S1, Supplementary Note). In accordance with 112 

previous reports, the S.eub progenitor(s) of lager yeasts appear to be most closely related to 113 

Tibetan S.eub strains, which may have reached Europe through Silk Road trading23,50,53. 114 

Interestingly, the origin of domesticated barley (another major beer ingredient) in North-115 

western Europe was also traced to Tibet54. However, considerable outcrossing and 116 

incomplete lineage sorting among Holarctic S.eub strains makes determination of the exact 117 

geographical origin of the S.eub ancestor(s) of lager yeasts difficult52.  118 

All but one of the S.cer subgenomes of the S.cer x S.kud hybrids belong to a monophyletic 119 

clade, closely related to the industrial yeast clade Beer 2 (Figure 1 and Figure S1A). Similar 120 

to lager yeasts, this ‘traditional Belgian beer’ clade further divides into two subgroups mainly 121 

containing hybrids isolated from either Lambic beers (‘spontaneous beer fermentations’; 122 

ABI1606 and ABI1525) or Trappist beers (‘Trappist ales’; BE105, BE108, BE109, BE116 123 

and ABI1620) (Figure S1A). One hybrid bread strain (BR005) clusters within this clade, 124 

likely reflecting the historical relationship between brewers and bakers55 (Figure S1A). A 125 

close association between bread and ale beer strains was previously found among pure S.cer 126 

strains as well (‘Mixed’ clade Figure S1A)28. The only S.cer x S.kud strain not belonging to 127 

the monophyletic clade is the VIN7 wine strain, whose S.cer subgenome clusters within the 128 

Wine clade. This indicates that VIN7 originated independently from the ale and bread 129 

hybrids. The phylogenetic relationships of the S.kud subgenomes in the S.cer x S.kud hybrids 130 

mirror the S.cer subgenome counterparts (Figure 1, Figure S1C). 131 

The phylogenetic structure of the hybrid subgenomes offers insight into the origins of these 132 

interspecific hybrids. First, the S.cer subgenomes of the lager beer lineage stems from Beer 1 133 
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whereas the traditional Belgian beer lineage forms a sister clade to Beer 2, indicating that 134 

both major domesticated beer lineages were involved in the emergence of interspecific beer 135 

yeast hybrids. Secondly, the monophyletic clustering of each beer hybrid type suggests that 136 

the present-day strains are the result of only one hybridization event per hybrid clade, or few 137 

events involving very similar strains53,56–59. This implies that the present-day diversity is 138 

largely due to the spread and diversification of existing hybrids rather than multiple, 139 

independent emergence and selection events. Third, the S.cer progenitors seem to come from 140 

industrial niches closely associated with the ones from which the hybrids were isolated, 141 

suggesting that these successful industrial yeast hybrids formed close to the fermentation 142 

environments in which they are now found.    143 

The S.eub subgenomes of the S.eub x S.uva hybrids form a monophyletic sister clade to those 144 

of the S.cer x S.eub lager strains, indicating that the S.eub parents were closely related. In 145 

contrast to the monophyly of the S.eub subgenomes, the S.uva subgenomes are genetically 146 

clearly separated, indicating that at least three hybridisation events gave rise to the S.eub x 147 

S.uva hybrids (Figure S1D and Figure S2). The S.eub subgenomes clearly separate 148 

according to geographical isolation (Germany vs. Belgium), suggesting that a single or few 149 

closely related S.eub strains formed multiple hybrids, which then evolved and diverged 150 

independently. The genetic diversity across the S.uva subgenomes is significantly higher than 151 

across the corresponding S.eub subgenomes (average nucleotide diversity π=2.11E-03 and 152 

π=4.66E-04 respectively, one-sided Mann–Whitney U test, P < 2.2 × 10−16) and there is no 153 

clear niche substructure, suggesting that S.uva strains move more freely across environments. 154 

Indeed, in contrast to S.eub, S.uva has been isolated all over the world from a wide array of 155 

niches, natural and man-made60. Moreover, the species is a known contaminant in brewing 156 

environments37,61,62. Coupled with the fact that all of the S.eub x S.uva hybrids were isolated 157 

from spontaneous fermentations, old bottles or brewing equipment, it is likely that the 158 

hybridisations between S.eub strains and S.uva contaminants occurred within the brewing 159 

environment. All S.uva hybrid subgenomes are also closely related to European strains 160 

(Table S1), and thus the hybrids likely originated in Europe. However, as the population 161 

structure of S.eub and S.uva is not described as elaborately as that of S.cer, an Asian origin 162 

(as suggested in23) cannot be formally ruled out. 163 

 164 
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Interspecific hybrid genomes are hallmarked by significant ploidy variation and 165 

chimeric chromosomes 166 

Newly formed hybrids experience extensive genome reorganization resulting in aneuplodies 167 

and chimeric chromosomes63,64. We found significant variation within and between hybrid 168 

types in overall ploidy, copy number of large chromosomal fragments and full chromosomes, 169 

as well as in the degree of parental species contribution to the hybrid genome (Figure 2).  170 

The S.cer x S.kud hybrids are overall triploid, with diploid S.cer and haploid S.kud 171 

subgenomes (Figure 2A). Notable exceptions are two Belgian spontaneous beer fermentation 172 

strains, ABI1606 and ABI1525, with a total ploidy of roughly 4n (triploid S.cer, haploid 173 

S.kud).  174 

The S.uva x S.eub strains are divided into several subgroups with respect to subgenome 175 

content (Figure 2B). The first subgroup, containing a subset of Belgian Lambic strains, 176 

exhibits a diploid S.uva subgenome and an extremely fragmented S.eub subgenome. The 177 

second subgroup, consisting of German brewing contaminant strains, presents a more 178 

uniform 1:1 S.uva:S.eub ratio, with multiple partial or complete chromosome deletions and a 179 

few duplicated chromosomal segments. The last subgroup contains two Lambic strains 180 

ABIC1571 and ABIC1602 that exhibit an intermediate genome composition (Figure 1, 181 

Figure S2). 182 

In S.cer x S.eub strains, there is a clear distinction in genomic composition between the Saaz 183 

and Frohberg lineages (Figure 2C and 2D). Saaz strains are typically triploid (haploid S.cer, 184 

diploid S.eub)21,53. Frohberg strains are generally tetraploid to pentaploid with a basal 2n:2n 185 

ratio of the parental subgenomes. This high ploidy level is also in line with previously 186 

reported Frohberg genomes20,33,53,56,59,64,65. Both types demonstrate severe deletions and 187 

amplifications of large segments and even full chromosomes; Saaz strains mostly harbour 188 

losses in S.cer and amplifications of S.eub whereas Frohberg strains demonstrate losses in 189 

S.eub and amplifications of S.cer. 190 

Most chromosomal regions exhibit integer ploidy changes but we did find a few instances of 191 

strains within each hybrid type with intermediate ploidy changes (e.g. regions of ~0.5 ploidy 192 

increments). Given that sequencing was performed on pure culture stocks that underwent a 193 

single cell bottleneck, we would have expected relatively isogenic populations. However, 194 

intermediate ploidies suggest that the hybrids genomes are unstable and that the populations 195 



 

8 
 

used for isolating genomic DNA carried unfixed genomic rearrangements. Interestingly, 196 

when further investigating the instability using PCRs targeting regions identified as unstable 197 

in four strains (ploidy between 0 and 1), we could only confirm instability in one strain, 198 

namely BE138 (Figure S3). In this strain, part of ChrIV of the S.cer subgenome was present 199 

in some clones but absent in others, proving that the hybrid genome is indeed unstable. We 200 

did not detect instability of the targeted regions in the other three strains using PCR, which 201 

may indicate that the patterns of (partial) chromosome losses are not necessarily the same in 202 

different strain subpopulations, such as the subpopulations used for PCR and the 203 

subpopulations used for genome sequencing.  204 

Within the same hybrid type, we also observed striking differences in the copy number of full 205 

chromosomes and large chromosomal fragments. These copy number changes are often 206 

shared by some but not all strains originating from the same hybridisation event, and copy 207 

number differences occur even among closely related strains, indicating that post-208 

hybridisation genome structural rearrangements are still ongoing (Figure 2). In many cases, a 209 

copy number change in one subgenome is compensated by an opposite copy number change 210 

on the homoeologous portion of the other subgenome, suggesting the large-scale occurrence 211 

of genomic rearrangements leading to chimeric chromosomes and often to loss of 212 

heterozygosity (LOH).  213 

Mapping of these chimeric regions revealed more than 300 breakpoints amongst the hybrids 214 

(72 in S.cer x S.kud, 80 in S.cer x S.eub, and 150 in S.uva x S.eub, Figure 3-ABC, Figure S4, 215 

Figure S5-ABCD). The higher occurrence of breakpoints in S.uva x S.eub hybrids could be 216 

due to the lower nucleotide divergence between the two subgenomes (average whole-genome 217 

nucleotide identity 91.7%) compared to S.cer x S.kud (84.9%) and S.cer x S.eub (84.5%), 218 

which leads to a higher frequency of homologous recombination14,58,59. In fact, DNA 219 

sequence homology between subgenomes is significantly higher in breakpoint regions 220 

compared to non-breakpoint regions within stretches ranging from 50bp (microhomology) up 221 

to 1kb (Figure S5-EFG).  222 

Breakpoint similarities and differences across the hybrid strains also offer an opportunity to 223 

further trace back their origin and evolutionary trajectory during diversification (Figure 3-224 

ABC). Given the larger number of strains and higher coverage of the S.cer x S.eub hybrids, 225 

we focused our analysis on this group (Figure 3C). Out of the 80 identified breakpoints, 2 are 226 

found in all strains. An additional 4 breakpoints are found across all three subclades 227 
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(Frohberg, Saaz 1 and Saaz 2), 4 are found in both Saaz 1 and Saaz 2, 2 in Saaz 1 and 228 

Frohberg and 2 in Saaz 2 and Frohberg, but the majority (82.5%) are subclade-specific (33 229 

Frohberg, 12 Saaz 1, 21 Saaz 2). The sharing of some breakpoints across the Frohberg and 230 

Saaz subclades supports a common origin of all lager yeasts. However, the exact trajectory 231 

and relationship of the subclades is difficult to disentangle, given that several breakpoints 232 

may have been present at one time but may have been obscured by chromosomal losses (e.g. 233 

the complete loss of S.cer chromosome XII in all Saaz strains). On the other hand, we cannot 234 

exclude the possibility that some of the breakpoint sites are more susceptible to 235 

rearrangements (fragile sites) and that shared breakpoints might have arisen independently in 236 

different hybrid lineages53,56,59,65. 237 

Hybrid beer yeasts exhibit unique phenotypic features that reflect niche adaptation 238 

Large-scale changes in genome content and structure are intrinsically linked to phenotypic 239 

changes, which may confer fitness advantages66–68. To assess the extent of phenotypic 240 

changes in our hybrids, we extensively phenotyped the sequenced isolates and multiple pure 241 

species. Assays covered several industrially relevant traits including stress tolerances and 242 

metabolite production.  243 

Based on overall phenotypic behaviour, strains cluster into three major groups, each 244 

correlated with a distinct genetic origin and industrial niche (Figure 4A). Group A contains 245 

all pure S.cer strains and S.cer x S.kud hybrids plus one S.cer x S.eub hybrid, which form 246 

several subgroups with distinct phenotypic profiles. One of the most distinguishing features 247 

between these subgroups is the division between beer-like traits and wine-like traits. 248 

Specifically, subgroups A3 and A4 (Trappist S.cer x S.kud hybrids and S.cer ale strains) 249 

exhibit weaker environmental stress resistance and sporulation efficiency than subgroups A1, 250 

A2, and A5 (strains used in wine, sake, spirits, cider, bioethanol, and Lambic brewing). This 251 

is indicative of a strong domestication signature (genome decay) in A3 and A4 which is 252 

common in ale strains28,29. Group B includes the non-cerevisiae pure species as well as all but 253 

two S.uva x S.eub hybrids. Except for the pure S.kud strains in subgroup B1, these strains 254 

demonstrate high cold, osmo-, and desiccation tolerance. Group C contains all but two lager 255 

hybrids and further subdivides in Frohberg (C1) and Saaz (C3). They can tolerate lower 256 

temperatures than strains from Group A. Tolerance to extreme cold (4°C) is limited compared 257 

to strains from Group B. Group C exhibits overall lower environmental stress tolerance than 258 
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yeasts from non-beer or spontaneous fermentation environments (primarily in Groups A and 259 

B).  260 

Cold tolerance (a common trait in non-cerevisiae pure species) and the ability to efficiently 261 

use maltotriose (a beer-specific carbon source fermentable by many S.cer strains but typically 262 

not by non-cerevisiae species) are commonly combined in interspecific hybrids (Figure 4B). 263 

This combination has been proposed as the reason why these hybrids persisted and flourished 264 

in cold brewing environments39,69,70 and could either be the result of post-hybridisation 265 

adaptation or a direct consequence of the hybridisation process itself. To directly evaluate 266 

these possibilities, we phenotyped several newly developed artificial S.cer x S.eub hybrids 267 

and compared them to their parental strains (Figure 4C). The artificial hybrids demonstrated 268 

improved cold tolerance compared to the S.cer parent (ANOVA F=8.88, p < 0.001) and 269 

improved maltotriose utilisation compared to the S.eub parent (ANOVA F= 75.53, p < 270 

0.001), showing that hybridisation can generate immediate fitness advantages in niches such 271 

as cold beer fermentation. 272 

Although hybridisation can impart immediate fitness advantages, the instability of 273 

interspecific hybrids likely facilitates further adaptation to specific beer niches, best 274 

exemplified by the ‘traditional Belgian beer’ lineage. This lineage likely originated from a 275 

single hybridisation event (see Figure 1) and subsequently split into two distinct subgroups, 276 

‘Lambic’ and ‘Trappist’ strains, which function in two profoundly different beer production 277 

processes. During Lambic beer production, the presence of acid-producing bacteria leads to 278 

considerable concentrations of acetic and lactic acid71,72, whereas in Trappist beer production, 279 

these bacteria are much less prominent. Despite their shared origin, tolerance to organic acids 280 

is observed in the ‘Lambic’, but not in the ‘Trappist’ subgroup, suggesting adaptation after 281 

the hybridisation event (Figure 4D). 282 

Structural rearrangements underlie phenotypic convergence to low off-flavour 283 
production in lager yeast  284 

Beer flavour and aroma diversity can often be attributed to the yeast (and, in some cases, 285 

bacteria) used during the fermentation process73. The style of beer dictates which specific 286 

aroma compounds are desirable and has thus influenced selection over time. The presence of 287 

4-vinyl guaiacol (4-VG) is tolerated in some specialty beers such as wheat and saison beers, 288 

but undesirable in most other beer styles, including lagers. This compound produces a spicy, 289 

clove-like aroma referred to as ‘phenolic off-flavour’ (POF). Production of 4-VG depends on 290 
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functional copies of two subtelomeric genes, phenylacrylic acid decarboxylase (PAD1) and 291 

ferulic acid decarboxylase (FDC1)74.  292 

Our phenotype analysis demonstrated that all non-cerevisiae pure strains (S.eub, S.kud, and 293 

S.uva) produce 4-VG (=POF+) (Figure 5A). As a dominant trait, newly formed hybrids with 294 

a non-cerevisiae parent should be POF+ regardless of the phenotype of the S.cer parental 295 

strain. However, in contrast to all S.uva x S.eub and S.cer x S.kud hybrids, all S.cer x S.eub 296 

hybrids were found to be POF- (Figure 5A), suggesting that 4-VG production was lost after 297 

hybridisation in lager strains. To understand the genetic foundation of this loss, we further 298 

evaluated the subgenomes of the lager hybrids. 299 

The S.cer subgenomes of these strains localise within the Beer 1 clade; the majority of strains 300 

from this clade acquired disruptive mutations in PAD1 and/or FDC128,29,75, suggesting that 301 

the hybrids inherited an inactive POF pathway from their S.cer ancestor. Our analysis shows 302 

that Frohberg strains do indeed harbour the same disruptive mutation(s) as other Beer 1 S.cer 303 

strains (Figure 5B). Saaz strains, however, harbour complete deletions of the S.cer PAD1-304 

FDC1 gene cluster (Figure 5B). Nevertheless, the hybrids must also have inherited an 305 

inactive POF pathway from the S.eub parent to render them POF-. Three distinct genomic 306 

changes resulted in the loss of the PAD1-FDC1 gene cluster in the S.eub subgenomes of the 307 

Saaz 1, Saaz 2 and Frohberg lineages (Figure 5C), each involving a different chimeric 308 

breakpoint between the terminal regions of S.cer ChrXIII and S.eub Chr13. Thus, each 309 

lineage experienced an independent LOH event, further supporting a post-hybridisation loss 310 

of 4-VG production, most likely after the divergence of Frohberg and Saaz. Interestingly, this 311 

was the only region in the S.eub subgenome that was lost three times independently in lager 312 

strains, signifying the strong selection against the POF phenotype.  313 

Historical context of the origin and evolution of lager yeasts 314 

Our data offer a unique opportunity to map evolutionary events in a historical perspective and 315 

gain insight into the potential driving forces behind yeast hybrid domestication. Absolute 316 

dating of evolutionary events in yeasts is complicated due to a lack of solid calibration points 317 

(for example, fossils) and the difficulty of tracing historical movements of industrial yeasts. 318 

Here, we used the split between UK and US S.cer strains in the Beer 1 clade, which is 319 

thought to have occurred between 1607 AD and 1637 AD when British settlers imported to 320 

US beer yeasts28, as a calibration point to date divergences within and between the ale and 321 

lager subclades of Beer 1 (see Methods).   322 
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This calibration yields a timeline for beer yeast evolution that correlates with known 323 

historical events (Box Figure 6 and Supplementary Note 1). We estimate that the most 324 

recent common ancestor of present-day ale and lager beer strains dates to the mid-16th 325 

century (Figure 6). The lager yeast lineage splits from the Belgium/Germany clade within the 326 

same time frame, shortly after the enactment of the Bavarian Beer Purity Law (‘Bayerisches 327 

Reinheitsgebot’) in 1516 AD. This law historically had a large, reductive impact on the 328 

variety of German beer styles as many local beers and brewing traditions disappeared in order 329 

to conform. The primary objective was to reduce bacterial contaminations by establishing 330 

rules regarding ingredients and restricting brewing to the colder winter months. Cold 331 

temperature brewing likely inadvertently selected for cold-tolerant strains – a trait 332 

characteristic of S.eub. This German origin of lager yeasts ties up with historical brewing 333 

records, which allowed us to trace back the origins of Saaz and Frohberg yeast to Bavaria, a 334 

region in the Southeast of Germany. A more elaborate note on lager beer yeast history can be 335 

found in Supplementary Note 1. 336 

A notable difference between the lager and ale clades is the sudden, dramatic reduction of 337 

evolutionary rates of the lager lineages approximately 150 years after the split between the 338 

Saaz and the Frohberg lineage. The rate decrease correlates to the onset of diversification of 339 

both lineages, suggesting that the limited genetic diversity observed amongst today’s 340 

commercial lager strains is a consequence of a genetic bottleneck and subsequent slow local 341 

divergence at the turn of the 20th century. This period coincides with three important events 342 

that revolutionised (lager) beer production. Firstly, Louis Pasteur described the importance of 343 

yeast in alcoholic fermentations in 1857 AD76. Once brewers became aware of the true 344 

significance of their sediment and the possible economic implications, greater care was taken 345 

to maintain their brewing cultures. Secondly, mechanical refrigeration was introduced into 346 

breweries from 1873 AD onwards55,77. This technological advance allowed for year-round 347 

lager fermentations as well as cooled storage of successful yeast cultures. Many brewers 348 

adopted the practice of keeping a separate, refrigerated population of their yeast, from which 349 

they regularly re-grew a larger population to inoculate a new brew. Additionally, mechanical 350 

cooling also allowed for brewing at colder temperatures, fostering selection for cold-tolerant 351 

strains. Colder fermentation temperatures and cold storage of yeast cultures partly explains 352 

the observed reduced evolutionary rate. Third, the isolation of the first pure yeast culture in 353 

1883 AD (which was later shown to be a S.cer x S.eub hybrid) by E. C. Hansen at the 354 

Carlsberg brewery (Denmark) gave rise to a wave of brewers isolating and sharing their 355 
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strains77. The first isolated culture (‘Unterhefe nr. 1’) was disseminated across many 356 

breweries in central Europe, and rapidly implemented in their production process78. Together, 357 

these three events led to standardisation of industrial lager production and likely only a few 358 

closely related lager hybrid yeasts were disseminated across different breweries, where they 359 

were mostly preserved and used in cooled environments, slowing down their evolutionary 360 

divergence and further enhancing the selection for cold-tolerance. 361 

Discussion 362 

Industrial, man-made environments challenge microbes with unique environmental 363 

conditions and therefore offer insight into the processes that allow colonization of novel 364 

ecological niches. Our results show that interspecific hybridisation is an important and 365 

common route towards diversification and adaptation to novel niches. Moreover, our genome 366 

analyses and phenotyping suggest that adaptation is likely fuelled both by the direct selective 367 

advantages of the new hybrids, as well as their genomic plasticity, allowing for swift 368 

adaptation to specific niches. Beer yeasts provide a perfect example of this phenomenon, as 369 

interspecific hybridisation yielded new variants that combine the fermentation capacity of 370 

S.cer with the cold tolerance of other species. The instability and plasticity of the hybrid 371 

genomes likely allowed further adaptation and yielded variants that lost undesirable 372 

properties, such as the production of 4-vinyl guaiacol. 373 

Our discovery of a large proportion of interspecific hybrids in Belgian specialty beers 374 

suggests that interspecific hybridisation played an important role in the history of industrial 375 

fermentations. Over the last century, the adoption of new brewing technologies and highly 376 

controlled single-strain fermentation processes likely contributed to the decline of the natural 377 

beer yeast diversity, including interspecific hybrids that may have been present as low-378 

number contaminants of most ale fermentations. The low diversity of present-day lager yeasts 379 

exemplifies this trend. Although the first S.cer x S.eub hybrids originated around the 16th 380 

century AD, today’s lager yeasts can be traced back to only a few lineages that were pure-381 

cultured, cold-stored, and dispersed across multiple breweries in the late 19th century. 382 

Belgium represents a notable exception to this biodiversity decline. Traditional Belgian beer 383 

styles harbour a remarkably diverse array of yeasts, likely as a result of the continued use of 384 

old beer brewing practices. For example, the production of Belgian Lambic beers has 385 

remained unchanged for centuries. The use of medieval brewing technologies such as open-386 

air inoculation and long-term fermentation and storage in barrels stored in the brewery’s 387 
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cellar promoted the survival of unique yeast hybrids presented in this study, and could 388 

therefore provide a source of new biodiversity for industrial applications. 389 

The study of the genetic and phenotypic makeup of naturally occurring yeast hybrids may 390 

further aid in the development of innovative new hybrids for industry. Recent studies have 391 

shown that recreation of interspecific hybridisation events that occurred in nature or 392 

development of new combinations of species results in hybrids with a phenotypic landscape 393 

beyond that of the strains usually employed in industrial fermentations63,79,80. Some of these 394 

hybrids produce new aromas that cater to changing consumer demands and demonstrate 395 

superior performance in challenging production environments. Detailed insight into how 396 

these hybrids evolved in different niches and which phenotypic features are retained from the 397 

parental species can aid in selecting suitable strains for development of industrially relevant 398 

hybrids. 399 
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Figure legends 446 

Figure 1. Tanglegram depicting the relationships between Saccharomyces pure species 447 

and interspecific hybrids. Each line of the tanglegram represents one hybrid sequenced in 448 

this study, coloured by hybrid-type. Species subgenomes within the same hybrid strain are 449 

connected between the phylogenetic trees of (a) Saccharomyces cerevisiae, (b) 450 

Saccharomyces eubayanus, (c) Saccharomyces uvarum, and (d) Saccharomyces kudriavzevii. 451 

Lineages that do not contain hybrid strains are collapsed (diamonds). Expanded trees 452 

including strain origins are reported in Figure S1.  453 

Figure 2. Genome structure of Saccharomyces interspecific hybrids. Ploidy profiles of (a) 454 

S.cer x S.kud, (b) S.uva x S.eub, (c) S.cer x S.eub (Saaz), and (d) S.cer x S.eub (Frohberg) 455 

hybrids. Top panels: strains are sorted based on the phylogeny of the S. cerevisiae or S. 456 

uvarum parental species (see Figure S1). Chromosomes are coloured based on calculated 457 

ploidy. Density plots to the left of each tree represent the per-species ploidy distribution 458 

aggregated across all the strains of each hybrid type. Bottom panels: detailed representation 459 

of the genomic contribution of the two parental species in one selected hybrid.  460 

Figure 3. Distribution of chimeric breakpoints across interspecific hybrids. Presence 461 

(red) and absence (white) of specific chimeric breakpoints are shown for (a) S.cer x S.kud, (b) 462 

S.uva x S.eub, and (c) S.cer x S.eub hybrids. Strains (rows) are sorted phylogenetically 463 

according to the S. cerevisiae, S. uvarum, and S. cerevisiae subgenomes, respectively. 464 

Breakpoints (columns) are hierarchically clustered based on their presence or absence across 465 

strains. Strains for which low sequencing coverage level negatively affected the detection of 466 

breakpoints are indicated with an asterisk. Strain origins are colour coded per panel. 467 

Figure 4. Trait variation and niche adaptation of interspecific hybrids. (a) Hierarchically 468 

clustered heat map of phenotypic diversity within interspecific hybrids and pure species. 469 

Phenotypic values are calculated as normalised z-scores. Missing values are shown in grey. 470 

Phenotypes (rows) are sorted based on five major categories (labelled at the left). 471 

(Sub)genome compositions are indicated at the branch tips and coloured by species. (b) 472 

Correlation of cold tolerance vs. maltotriose utilization of hybrids (circles) and pure species 473 

(triangles). (c) Performance of artificial interspecific hybrids and parental species in beer 474 

wort fermentations at cold temperatures. Three independent crosses of the same parents were 475 

performed (H1, H2, H3). Bars indicate mean ± sd of four biological replicates. Statistical 476 

significance determined by ANOVA between hybrids and the inferior pure species: *(P-value 477 
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≤ 0.05), **(P-value ≤ 0.01), ***(P-value ≤ 0.001). (d) Acid tolerance of S.cer x S.kud hybrids 478 

(circles) and pure species (triangles). Hybrids are coloured according to isolation origin. 479 

Figure 5. The genetic basis of loss of 4-VG production in S.cer x S.eub hybrids. (a) 480 

Percentage of strains from each species or hybrid type that demonstrate production of 4-vinyl 481 

guaiacol (4-VG+). (b) The genetic basis for loss of 4-VG production is depicted for the S. 482 

cerevisiae subgenomes (left) and S. eubayanus subgenomes (right) arranged by hybrid 483 

subgroup (shown sorted phylogenetically on the left). The subtelomeric position of the 484 

PAD1-FDC1 gene cluster (red triangle) is shown on S. cerevisiae chromosome IV and S. 485 

eubayanus chromosome 13. Black arrows indicate the location of chimeric breakpoints 486 

between the homoeologous chromosomes. Chromosomes are coloured according to the 487 

ploidy of one representative strain (Saaz group 1: BE137, Saaz group 2: CBS1538, Frohberg: 488 

BE104). The loss-of-function mutation in the Frohberg S.cer subgenome is highlighted in the 489 

tan triangle. 490 

Figure 6. Time-calibrated phylogeny of S. cerevisiae Beer 1 clade. The five subclades of 491 

Beer 1 are indicated to the right of the tree. Shaded vertical boxes highlight major splits 492 

within the S.cer Beer1 clade: split of present day ale and lager yeasts (yellow), split of 493 

European and US ale yeasts (green); split of Saaz and Frohberg lager yeasts (light blue). 494 

Branches are coloured according to their branch-specific average number of 495 

substitutions/site/year. Node bars represent 95% Highest Posterior Density (HPD) intervals. 496 

Dates on the top indicate relevant events in lager beer history listed in the Historical Data box 497 

on the right (see Supplementary Note 1). 498 

 499 
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 501 

 502 
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 504 
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Methods 505 

gDNA Extraction 506 

For strains BE114, BE116-BE130, BE132-BE136 and SP012 genomic DNA was extracted 507 

with the MasterPureTM Yeast DNA Purification Kit (Epicenter, USA). For the other strains, 508 

genomic DNA was prepared using the GENTRA PUREGENE Yeast KIT (Qiagen, Germany) 509 

with some modifications to the recommended protocol. The main modification involves a 2-510 

hour treatment of the overnight cell culture with zymolyase to efficiently digest yeast cell 511 

wall. Final DNA concentrations were measured using Qubit (Thermo Fisher Scientific, 512 

USA), 260/230 and 260/280 ratios with Nanodrop (Thermo Fisher Scientific, USA).  513 

Library preparation and Whole-genome sequencing 514 

For strains BE114, BE116-BE130, BE132-BE136 and SP012 paired-end sequencing libraries 515 

were prepared using the Nextera XT DNA Library Preparation Kit. Sequencing was 516 

performed on a HiSeq 2500 system at Illumina (San Diego, USA). For the other strains 517 

paired-end sequencing libraries (MiSeq reagent kit v3, 600 cycles) with a mean insert size of 518 

~300bp were prepared and run according to the manufacturer's instructions on an Illumina 519 

MiSeq at the Nucleomics Core facility in Leuven (http://www.nucleomics.be/).  520 

Reference-based alignments and variant calling 521 

Reads were pre-processed by filtering low quality and ambiguous reads, adapters and PhiX 522 

contaminations, using Trimmomatic (v0.30). Clean reads were mapped to 7 Saccharomyces 523 

species (Saccharomyces species complex): Saccharomyces cerevisiae reference genome 524 

S288c (R64-1-1, EF4-Ensemble Release 74), Saccharomyces paradoxus (strain YP138)32, 525 

Saccharomyces mikatae (strain IFO 1815)81, Saccharomyces kudriavzevii (IFO 1802)81, 526 

Saccharomyces arboricola (strain H-6, NCBI:txid1160507)82, Saccharomyces eubayanus 527 

(strain FM1318)56, Saccharomyces uvarum (CBS 7001)81 with the Burrows-Wheeler Aligner 528 

(BWA v0.7.17 aln)83 using default parameters except for –q 10. Non-primary alignments 529 

were filtered out and duplicate reads were marked using Picard Tools (v1.56) 530 

(http://picard.sourceforge.net). Coverage was estimated based on read depth in non-531 

overlapping 1kb windows (reported mean coverage per window) using BEDtools (v2.27.0)84. 532 

 533 
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De novo assembly 534 

For each library, low quality and ambiguous reads were trimmed using Trimmomatic (v0.30). 535 

Reads were error-corrected and subsequently used for the de novo assembly with SPAdes 536 

(v3.10.1)85. Next, the redundans pipeline (v1.2)86 was used to detect and remove redundant 537 

contigs and perform scaffolding and gap closing based on paired reads information. In order 538 

to determine the coordinates of contigs from each newly assembled strain relative to the 539 

reference strain and to obtain pseudo-chromosomes, whole genome alignments were 540 

performed against the species identified in 1.3 using Ragout (v1.2)87.  541 

Phylogenomic analyses  542 

In order to infer the origin of the hybrid Saccharomyces genomes and their genetic 543 

relationship across species and strains within the Saccharomyces species complex, genes that 544 

are orthologs and present in exactly one copy among strains and across species have been 545 

identified (single-copy orthologs). The starting set of genes included 4,722 1:1:1:1 orthologs 546 

among S.cerevisiae s288c, S.paradoxus, S.kudriavzevii IFO1802 and S.uvarum CBS7001 547 

identified by Scannell and co-authors81. The starting set of genes was reduced to 4,125 genes 548 

after including S.eubayanus FM131856 and the outgroup species Saccharomyces castellii88. 549 

Next, the presence of these genes and their single-copy status was tested within a collection 550 

of 420 Saccharomyces isolates. The collection of strains investigated included 283 S. 551 

cerevisiae isolates, 3 S. kudriavzevii isolates, 43 S. uvarum isolates, 21 S. eubayanus isolates, 552 

10 S. cerevisiae x S. kudriavzevii hybrids, 46 S. pastorianus hybrids and 13 S. uvarum x S. 553 

eubayanus hybrids (Table S1). From this step onward, the subgenomes of the hybrid isolates 554 

were considered as distinct species: for instance, for a S. uvarum x S. eubayanus hybrid, two 555 

sets of orthologs were identified, one for each species respectively. A local BLAST database 556 

was set up for all the genomes based on their de novo assembly (collapsed representation of 557 

each species subgenome) and BLASTN searches were performed (1E-04 E-value cut-off, 558 

>98% similarity and >85% coverage – blast v2.5.0+)89,90 using for each species the set of 559 

genes identified in the previous step. For hybrid genomes an additional BLASTN step was 560 

implemented to compare the set of genes identified for the distinct parental species and to 561 

exclude genes with high similarity between species that cannot be unequivocally assigned to 562 

one or the other species. Five sets of genes were obtained: 1) 1,389 genes across the S. 563 

cerevisiae genomes and subgenomes, dubbed the “S.cer” set; 2) 1,571 genes across the S. 564 

eubayanus genomes and subgenomes (“S.eub” set); 3) 1,364 genes across S. uvarum genomes 565 
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and subgenomes (“S.uva” set); 4) 1,750 genes across the S. kudriavzevii genomes and 566 

subgenomes (“S.kud” set). Considering the high level of species-specific subgenome loss and 567 

fragmentation observed in some Saccharomyces hybrids and in order to maximize the 568 

number of isolates included, 3% of missing data per gene was allowed. Extreme cases, with 569 

>50% missing genes per strain were excluded from the analysis (only ~200 S. eubayanus 570 

genes could be annotated for ABI1605 and it was therefore excluded from the S. eubayanus 571 

phylogeny). Multiple nucleotide sequence alignments (MSAs) for each gene in each set 572 

identified above were generated using MAFFT (v7.187)91, with default settings and 1,000 573 

refinement iterations. The MSAs were concatenated into supermatrices for each species using 574 

FASconCAT (v1.0)92. Quality checks and format conversions were performed using trimAl 575 

(v1.2)93. The final S.cer supermatrix included 337 taxa and 1,556,065 positions, 97.345 % 576 

nucleotides, 2.655% gaps and 0% ambiguities. The final S.eub supermatrix included 81 taxa 577 

and 2,323,546 positions, 88.141% nucleotides, 11.859% gaps and 0% ambiguities. The final 578 

S.uva supermatrix included 55 taxa and 1,453,393 positions, 91.772% nucleotides, 8.228% 579 

gaps and 0% ambiguities. The final S.kud supermatrix included 14 taxa and 2,635,158 580 

positions, 90.741% nucleotides, 9.259% gaps and 0% ambiguities. Within each supermatrix, 581 

each gene was considered as a separate data partition. Twenty-five completely random 582 

starting trees for the S.cer supermatrix and 20 random starting trees for the S.eub, S.uva and 583 

S.kud supermatrices were obtained using RAxML (v8.2.8)94. Maximum-likelihood (ML) tree 584 

searches were performed on each fully random starting tree under the GTRGAMMA model 585 

(4 discrete rate categories) using ExaML (v3.0.17)95 and the rapid hill climbing algorithm (-f 586 

d). During the ML search, the alpha parameter of the model of rate heterogeneity and the 587 

rates of the GTR model of nucleotide substitutions were optimized independently for each 588 

partition. The branch lengths were optimized jointly across all partitions. For each starting 589 

tree, the best tree was selected based on the highest log-likelihood score. Parameters and 590 

branch lengths were re-optimized on the best topologies with ExaML (-f E) using the median 591 

of the four rate categories for the discrete approximation of the GAMMA model of rate 592 

heterogeneity (-a). The tree with the best overall log-likelihood score of all tree inferences 593 

was considered the final ML tree. Non-parametric bootstrap analysis was performed on the 594 

concatenated matrices using RaxML. The a posteriori boot-stopping criterion96 (MR 595 

bootstrapping convergence criterion) was applied to define the number of replicates. After 596 

every 50 replicates, the set of bootstrapped trees generated so far was repeatedly (1,000 597 

permutations) split in two equal subsets, and the Weighted Robinson-Foulds (WRF) distance 598 

was calculated between the majority-rule consensus trees of both subsets (for each 599 
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permutation). Low WRF distances (< 3%) for >= 99% of permutations were used to indicate 600 

bootstrapping convergence. Convergence was reached after 200 replicates for the “S.cer” 601 

phylogeny: average WRF = 2.04%, percentage of permutations in which the WRF was 602 

<=3.00 = 99.8%; 200 replicates for the “S.eub” phylogeny: average WRF = 1.40%, 603 

percentage of permutations in which the WRF was <=3.00 = 99.7%; 600 replicates for the 604 

“S.uva” phylogeny: average WRF = 1.36%, percentage of permutations in which the WRF 605 

was <=3.00 = 99.2%; 50 replicates for the “S.kud” phylogeny: average WRF = 0.26%, 606 

percentage of permutations in which the WRF was <=3.00 = 100%. The final trees were 607 

visualized and rooted in R (v3.4.1)97 with the ggtree package (v1.8.2)98 using S. paradoxus as 608 

outgroup for the “S.cer” tree and S. castellii for the other trees. 609 

Divergence time estimation 610 

We used BEAST (v1.10)99 to estimate divergence times in the “Beer 1” clade of the S.cer 611 

phylogenetic tree, using the topology of best scoring ML S.cer tree obtained for a supermatrix 612 

of 1,389 protein coding genes, as described in the previous section. Mosaic strains, 613 

harbouring mixed genetic backgrounds (e.g. Hefeweizen isolates), were excluded from the 614 

analysis (population structure analysed with fastStructure100 v.1.0). To date the phylogeny we 615 

used a calibration prior on the split between US and Britain beer yeasts, using a normal prior 616 

with a 99% confidence interval falling between 1607 AD and 1637 AD, as based on historical 617 

events28. We assessed the performance of several molecular clock models using BEAST 618 

(v1.10)99 in combination with BEAGLE 2.1.2101. Specifically, we analysed the data using a 619 

strict clock, an uncorrelated relaxed clock with an underlying lognormal distribution102, a 620 

random local clock103 and a fixed local clock with predefined clades (Lager-Frohberg, Lager-621 

Saaz, Ale-Britain, Ale-Belgium/Germany, Ale-US)104. A pure-birth Yule speciation prior and 622 

a random starting tree were used for the Bayesian inference analyses through Markov chain 623 

Monte Carlo. Each analysis was run until ESS values of at least 100 could be obtained for all 624 

relevant parameters, as computed by Tracer 1.7105. Of these models, the random local clock 625 

provided a significantly better fit to the data than the three competing models, as estimated 626 

using generalized stepping-stone sampling106. The uncorrelated relaxed clock model yielded 627 

the lowest model fit to the data of the clock models tested, indicative of evolutionary rate 628 

shifts having occurred in the S.cer tree which the single rate distribution in the uncorrelated 629 

relaxed clock model is not able to account for. Additionally, the relaxed clock assigns a 630 

unique rate to every branch of a tree, but changes in the rate of evolution do not necessarily 631 

occur smoothly nor on every branch of a tree. Assuming strict clock rates within predefined 632 
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clades allows capturing (major) shifts in evolutionary rates between those clades, but does not 633 

allow for any rate variation within each clade. The random local clock on the other hand 634 

allows sampling the state space of all possible (strict) local clock models on all possible 635 

rooted trees and concluded that an estimated 50 rate changes occurred throughout the tree. 636 

Given that 50% of the prior probability within the random local clock model assumes no rate 637 

changes (and over 95% prior probability of less than three rate changes occurring), this shows 638 

that there is a strong signal in the data in favour of a large number of rate changes (more than 639 

those at the predefined clades in the fixed local clock model), which provides an additional 640 

argument for the random local clock significantly outperforming all other models. Given 641 

these findings, we present results for the random local clock model only, by summarizing its 642 

divergence time estimates in a maximum clade credibility tree using TreeAnnotator, which is 643 

part of the BEAST software package99. 644 

Estimation of ploidy and identification of chimeric regions across species 645 

From the alignment of paired end reads on the multi-species reference genome, a new 646 

alignment file was generated for each strain by retaining paired reads with high mapping 647 

quality (q > 20), for which the two mates are mapping on chromosomes of the different 648 

subgenomes. E.g. for read pair A, one read is mapped on S. cerevisiae chr I and its mate on S. 649 

eubayanus chr 1. We dubbed these reads “discordant reads”. The absolute number of 650 

discordant reads over the total number of reads was calculated in non-overlapping 1kb 651 

windows over the full multi-species reference genome excluding unplaced contigs and 652 

mitochondrial contigs. In order to identify windows in the genome supporting the presence of 653 

a chimeric event, we selected windows with at least 15 reads and a minimum of 3 discordant 654 

reads. This very conservative threshold allows the identification of potential chimeric events 655 

across areas of the genome with varying coverage levels within the same hybrid-type and 656 

across hybrids with different genome size and hence varying coverage levels. Windows with 657 

a minimum of 3 discordant reads were defined as “breakpoint” windows; breakpoint 658 

windows preceded and/or followed by another breakpoint window were defined “major 659 

breakpoint” windows, because of the presence of consecutive windows supporting the 660 

chimeric event. Since breakpoint windows often coincided with changes in ploidy, we 661 

simultaneously calculated the ploidy level and the occurrence of discordant reads in each 1kb 662 

window along the genome. First, the mean raw coverage per 1kb non-overlapping window as 663 

calculated with BEDtools (v2.27.0)84 was smoothed using a running median function on 664 

windows of 11 consecutive 1kb windows using the CaTools package (v1.6, https://CRAN.R-665 
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project.org/package=caTools) in R. Second, the density of the smoothed coverage was plotted 666 

per subgenome and for the full hybrid genome. In order to identify the mean value of 667 

smoothed coverage corresponding to the haploid ploidy level, a Gaussian mixture model was 668 

fitted to the density distribution and mean and standard deviation were calculated for each 669 

peak (peaks are a proxy for ploidy levels detected in the hybrid genome). Third, the smoothed 670 

raw coverage values were divided by the mean value of the haploid peak to obtain estimated 671 

ploidy values for each pre-computed window in the genome. Due to the presence of coverage 672 

depth noise and potential copy number heterogeneity in the population of sequenced cells, 673 

“in-between” (non-integer) ploidy levels were detected. In order to define integer ploidies 674 

and detect ploidy shifts, a second Gaussian mixture model was fitted on the distribution of 675 

estimated ploidy values for each strain. This allowed the identification of mean and standard 676 

deviation of each ploidy peak and the definition of “ploidy shift boundaries” based on the 677 

intersection points between the ploidy modes in the mixture model. The identification of 678 

breakpoint windows and their ploidy context was then followed by the identification of the 679 

exact mapping location of the reads within the breakpoint window across the two 680 

subgenomes for each hybrid strain based on the following steps: i) extract the reads from the 681 

selected breakpoint windows; ii) retain reads that are still paired after the identification and 682 

selection of breakpoint windows; iii) calculate for each pair their summed edit distance from 683 

the corresponding reference sequence, normalise it by the summed length of the two reads; 684 

iv) select reads with a percentage identity >=95% against the corresponding reference 685 

location; iv) intersect the position of the reads with annotated features from the corresponding 686 

reference sequence (Table S2). In order to calculate nucleotide percentage identity (%) 687 

between subgenomes for breakpoint windows and non-breakpoint windows, pairwise whole-688 

genome alignments were obtained between Saccharomyces species corresponding to the 689 

species combination identified in our set of hybrids using Mugsy (v1.2.3)107. Next, the 1kb 690 

interval coordinates from the alignments against the reference sequences were mapped on the 691 

whole-genome alignments and nucleotide percentage identity was calculated as number of 692 

matches on the total amount of bases in the window excluding gaps. We repeated the 693 

calculations for 500,100 and 50bp windows in order to identify microhomology regions 694 

within the starting 1kb windows. Then, we compared the identity distribution across 695 

breakpoint windows and non-breakpoint windows. The nucleotide percentage identity 696 

distribution across breakpoint windows and non-breakpoint windows was compared using the 697 

Wilcoxon Signed Rank Test implemented in the MASS package (v7.3-47)108 in R. Twenty-698 

one strains were excluded from the ploidy estimation analysis due to a bias in the read depth 699 
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profile already observed and described in Gallone et al., 2016 and referred as “smiley 700 

pattern”: for these samples coverage follows a convex trend with high depth at the terminal 701 

regions of the chromosomes that gradually decreases toward the centre (see Table S1 and 28).  702 

Investigation of population heterogeneity using PCR 703 

To investigate whether the population heterogeneity observed in the ploidy profiles of some 704 

of the hybrids is caused by unfixed genomic rearrangements and losses in the populations 705 

concerned, we monitored the presence/absence of unstable regions, i.e. regions that exhibit a 706 

calculated ploidy level between 0 and 1, in populations of four strains (BE137, BE138, 707 

ABI160, BR005; 1 region per strain). For each unstable region, we also tested a stable region 708 

in its proximity for which no heterogeneity was observed. For each strain, we assessed 45 709 

individual, randomly picked colonies. First, strains were streaked from the -80°C stock to 710 

standard agar plates (YPGlu 2% agar; Yeast Extract 1% w v-1, Peptone 2% w v-1, Glucose 2% 711 

w v-1, agar 2% w v-1) to single colonies. After a 2-day incubation at RT, the 45 random 712 

colonies were selected, and gDNA was extracted using a 10 min boil in NaOH. PCRs to 713 

assess the absence/presence of the target regions were performed (all primers are provided in 714 

Supplementary Dataset 1). The absence of a PCR product is indicative of loss of the region.      715 

Flavour Production and Flocculation in Fermentation Conditions 716 

To assess the metabolite production of the yeasts, lab-scale fermentation experiments were 717 

performed. These fermentations were performed in rich growth medium (YPGlu 10%; 718 

peptone 2% w v-1, yeast extract 1% w v-1, glucose 10% w v-1) and beer wort (13°P, 8 EBC 719 

Brewferm, Belgium). Precultures were inoculated in test tubes containing 5mL of yeast 720 

extract (1% w v-1), peptone (2% w v-1) and glucose (4% w v-1) medium (YPGlu 4%) and 721 

incubated overnight at 30°C (shaking). After 16 hours, the preculture was diluted 10-fold in 722 

50 mL of YPGlu 4% medium and transferred to a 250 mL Erlenmeyer flasks. This second 723 

preculture was incubated for 16 hours at 30°C (shaking). Next, the preculture was used to 724 

incoulate the growth medium at an initial optical density at 600 nm (OD600) of 0.5 (roughly 725 

equivalent to 107 cells mL-1). The fermentations were performed in 250 mL Schott bottles 726 

with a water lock placed on each bottle. They were incubated for 7 days at 20°C (YPGlu 727 

10%) or 16°C (beer wort), statically. In addition, H2S production during the fermentation was 728 

tracked using a lead acetate strip, which were scored from 0 (no colour reaction, white strip) 729 

to 3 (intense colour reaction, black strip) after the fermentation to quantify H2S formation. To 730 

estimate fermentation progress, weight loss was measured daily. After 7 days, the 731 
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fermentations were stopped, filtered (using 0.15 mm paper filter) and samples for 732 

chromatographic, density, spectrophotometric and ethanol measurements were taken. 733 

Maltotriose utilization (%) in beer wort was calculated by comparing the total weight loss of 734 

the fermentation to the theoretical maximum (calculated based on total fermentable sugar 735 

concentrations). Additionally, after fermentation, the flocculation character of each strain was 736 

scored visually, using a score ranging from 1 (not flocculent) to 6 (extremely flocculent, big 737 

flocs). 738 

Headspace gas chromatography coupled with flame ionization detection (HS-GC-FID) 739 

(Agilent Technologies, USA) was performed as described previously28.  740 

Acetic acid, sulfite, pH and glycerol production were analysed via the Gallery™ Plus 741 

Beermaster Discrete Analyzer (Thermo Fisher Scientific, USA), according to the 742 

manufacturer’s recommendations. 743 

Ethanol Accumulation Capacity 744 

The maximal ethanol accumulation capacity of all strains was assessed as described 745 

previously28.  746 

Screening for Environmental and Nutrient Stress Tolerance 747 

All strains were tested in several conditions using robot-assisted spotting assays. All strains 748 

were evaluated on YPGlu 2% agar for (i) temperature tolerance (4°C – 12°C - 16°C - 30°C - 749 

37°C – 39°C), (ii) sugar- and/or osmotolerance using increasing concentrations of glucose 750 

(final osmolyte concentration of 44 - 46 - 48 w v-1), (iii) acid tolerance using increasing 751 

concentrations of acetic acid (12,5 - 25 - 50 - 75 mM), (iv) ethanol tolerance using increasing 752 

concentrations of ethanol (5 - 7 - 9 - 10 - 11 % v v-1), and (v) copper tolerance using 0.050-753 

0,075-0,100 mM of copper. For each of these experiments, growth on YPGlu 2% agar on 754 

20°C was used as a reference condition. 755 

Spotting assays and image analyses were performed as described previously28. Heat maps 756 

were obtained using the R function heatmap.2 from gplots package (v3.0.1)109. Strains were 757 

hierarchically clustered based on phenotypic behaviour using ward.D2 method110 on 758 

Euclidean distances.  759 

Investigation of the Yeast’s Sexual Life Cycle 760 
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Sporulation was induced on minimal sporulation medium [1% (w v-1) KAc, 0.05% (w v-1) 761 

amino acids, 2% (w v-1) agar]. After pre-growth in 5mL YPGlu 2% (overnight at 20°C, 762 

shaking), strain were incubated at 23°C for 10 days. Dissection of 4 tetrads of each strain was 763 

carried out using a micromanipulator (Singer Instruments, UK), and mating-type 764 

determination of all segregants was performed by mating-type PCR. 765 

Yeast survival in beer 766 

To assess survival of all strains, the viability of cultures aging in Duvel Green [blond ale, 7% 767 

(v v-1) ethanol] was tracked over a one month period. Yeast precultures were shaken for 48 768 

hours at 30°C in test tubes containing 5 mL YPGlu 2%. This sample was then transferred to 769 

15 mL falcons and centrifuged for 3 minutes at 3000 rpm. After discarding the supernatant, 770 

the samples were resuspended in sterile water to reach an initial cell count of 4*107 cells mL-771 
1. 0,5 mL of this sample was used to inoculate a sterile GC vial containing 10 mL of filter-772 

sterilized Duvel Green supplemented with 0.2% (w w-1) glucose to reach a final concentration 773 

of 2*106 cells mL-1. The headspace of the samples was flushed with CO2 before capping the 774 

vials. The vials were incubated statically at 30°C. After 30 days, samples were taken, and 775 

viability was assessed using a methylene blue [0.1% (w v-1), Sigma-Aldrich] staining. 776 

Automated cell counting was performed with the TC20 automated cell counter (Biorad, 777 

USA). 778 

Desiccation tolerance 779 

Desiccation tolerance was measured by a modified version of the assay described in Calahan 780 

et al. 2011111. All strains were streaked on YPGlu 2% agar. Strains were pregrown in YPGlu 781 

2%, supplemented with 0.5% v v-1 Tween80 and 20 µg mL-1 ergosterol in deep-well plates at 782 

16°C for 3 days. Cells were harvested by centrifugation (3000 rpm, 3 minutes) and 783 

supernatant was removed. 108 cells were resuspended in 1 mL assay buffer (x8 dilution of 784 

phosphate buffered saline: 17.1 mM NaCl, 0.338 mM KCl,, 1.25 mM Na2HPO4, 0.220 mM 785 

KH2PO4, pH 7.4), after which viability was checked using plating. 100 µL of this cell culture 786 

was transferred to a 96-well microtiter plate. The lid of the 96-well microtiter plate was lifted 787 

1.7 cm (using 4 small pieces of cardboard) during the experiment to allow sufficient air flow. 788 

Plates were incubated for 7 days at 8°C. Afterwards, cells were resuspended in 200 µL assay 789 

buffer and viability was assayed using plating. Next, the ratio between the viability after 790 

desiccation and the viability before desiccation was calculated. These data was subsequently 791 
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binned to score desiccation tolerance (viability <1% = ‘1’, viability 1-20% = ‘2’, viability 20-792 

50% = ‘3’, viability >50% = ‘4’). All strains were tested in biological duplicates. 793 

Biomass production in cold wort 794 

To assess biomass production in beer wort at very low temperatures strains were pregrown in 795 

100 µL of YPGlu+Mal 2% (Yeast Extract 1% w v-1, Peptone 2% w v-1, Glucose 1% w v-1, 796 

maltose 1% w v-1) at 16°C for 2 days. Next, 5 µL of these cultures were transferred to 95 µL 797 

wort (8°P, 8 EBC Brewferm, Belgium) in a 96-well microtiter plate and incubated at 8°C for 798 

7 days on a microtiter plate shaking platform (Heidolph Instruments, Germany) at 600 rpm. 799 

Optical density of the strains was assessed after 0, 3 and 7 days. Experiments were performed 800 

in duplicate. 801 

Development and phenotypic evaluation of artificial hybrids 802 

Hybridisation was induced by placing single spores from both parental strains together with a 803 

micromanipulator (Singer instruments MSM, UK) on YPGlu 2% agar, followed by visual 804 

inspection of zygote formation after 6-8 hours of incubation at room temperature. Candidate 805 

interspecific hybrids were purified by streaking on wort agar medium [12% w v-1 malt extract 806 

(8 EBC Brewferm, Belgium) and 1.5% w v-1 agar]. Hybrids were confirmed through a 807 

species PCR79,112,113. PCR-confirmed interspecific hybrids were streaked another three 808 

consecutive times on 12°P wort agar prior to long term storage at -80°C to ensure strain 809 

purity. Three independent hybrids were developed from the same two parents (BE014 and 810 

WL024). Ploidy investigation of the hybrids showed that all hybrids were triploid, which is 811 

expected given the ploidy of the parental strains, which were diploid (WL024) and tetraploid 812 

(BE014). This results in segregants that are haploid and diploid, respectively.  813 

These hybrids were tested for biomass during wort fermentation at cold temperature as 814 

described in the previous section. The maltotriose that was still present after 7 days of 815 

fermentation was measured using the Dionex system (ICS 5000+, Thermo Fisher Scientific, 816 

USA). Fermentation samples were diluted in dH2O, filtered (0.2 µm), and 10 µL were 817 

injected into the system. A Carbopac PA20 column, kept at 30°C, was used, with a column 818 

flow of 0.3 µl min-1. 250mM NaOH (Eluent 1) and 500 mM CH3COONa + 100 mM NaOH 819 

(Eluent 2) were used as eluents. 820 

 821 
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Figure S1. Expanded phylogenies of Saccharomyces genomes and subgenomes. Best maximum likelihood (ML) phylogenetic trees inferred for (a) S. cerevisiae, (b) S. eubayanus, (c) S. 
kudriavzevii and (d) S. uvarum (sub)genomes. Lineages are indicated by shaded boxes on the trees. Strain names are coloured according to isolation origin (niche) and beer strains are 
further divided into style categories (symbols). Hybrid subgenomes are highlighted by red dashed lines. Bar graphs in bottom left panels represent pairwise comparisons across all best 
-scoring ML trees expressed as Robinson-Foulds (RF) distances. Deep branches supported by more than 70% of bootstrap replicates are indicated by a grey dot. 



Figure S2. Tanglegram depicting the relationships between S.uva and S.eub pure species and interspecific hybrids. The maximum likelihood (ML) tree of S.eub is calculated on a reduced 
set of genes (166 single-copy orthologs) in order to include strain ABI1605, missing in the S.eub phylogenetic tree reported in Figure 1 and Figure S1b, due to the limited genomic contribu-
tion of S.eub in this strain. Each line of the tanglegram represents one S.uva x S.eub hybrid. Different line colours indicate different hybrid origins.  
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Figure S3. Genomic instability and copy-number heterogeneity in BE138. Detailed example of copy-number heterogeneity in a S.cer x S.eub hybrid, BE138. (a) Left panel: chromosomal 
level ploidy calculated in 1kb genomic regions based on read depth. Right panel: total density of calculated ploidy per subgenome, and aggregated for the full hybrid (colours). Black dashed 
squares highlight the presence of regions with an intermediate ploidy level relative to the calculated distribution. (b) Zoom-in on the ploidy profile of S.cer ChrIV in BE138 harbouring a 
region with intermediate ploidy level (between 0 and 1) compared to the haploid level calculated for the chromosome. Coloured triangles indicate the regions targeted by PCRs, red (stable) 
region, yellow (unstable, heterogeneous region). (c) Gel electrophoresis of the PCR products, demonstrating the presence/absence of the stable region (red triangles) and the unstable 
region (yellow triangle) across 45 random colonies of strain BE138.
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Figure S4. Whole-genome distribution of chimeric breakpoint windows in interspecific hybrids, aggregated accross subgenomes. Histogram depicting the distribution of chimeric breakpoint 
along the S.cer (a), S.uva (b), S.eub (c) and S.kud (d) subgenomes (see Supplementary Table 1 for a list of strains used in the breakpoint analysis). Raw data are reported in Supplementary 
Table 2.
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Figure S5. Detailed view of chimeric breakpoint windows in interspecific hybrids and nucleotide identity across subgenomes. Chimeric breakpoints identified in four representative hybrids 
for (a) S.cer x S.kud (BE109), (b) S.uva x S.eub (TUMS4), (c) S.cer x S.eub - Saaz (BE140) and (d) S.cer x S.eub - Frohberg (BE104). Outer tracks of circular plots represent reference 
chromosomes coloured according to species. Inner tracks represent chromosomal ploidy levels of the hybrid genome for each reference chromosome. Black lines connect chimeric break-
point locations across the two subgenomes. (e, f, g) Nucleotide identity (%) between species (subgenomes) calculated in 1kb, 500b, 100bp and 50bp genomic windows within (e) S.cer x 
S.kud, (f) S.uva x S.eub and (g) S.cer x S.eub hybrids. Nucleotide identity (%) of windows that contain chimeric breakpoints (red) is compared to windows that do not contain chimeric break-
points (blue) using the Wilcoxon Signed Rank Test and significance levels are indicated by asterisks: ns (P-value > 0.05),* (P-value ≤ 0.05), ** (P-value ≤ 0.01), and *** (P-value ≤ 0.0001). 
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6. Supplementary Note 1. A brief history of lager brewing and lager yeasts 

In this supplementary note we describe major historical events in lager brewing and provide 

information on the origin of several key lager strains included in this study. The combination of 

historical information and the genetic data obtained in this study allows us to better understand lager 

yeast population structure, and enables us to identify key environmental drivers of their domestication.  

First, we will provide a concise description of lager beer history, starting from its origin in 13
th
 century 

Germany to its global spread in the late 19
th
 century. Next, we trace back the origins of present-day 

lager yeast by providing historical information on the yeast and yeast treatment of some key lager 

breweries in old Bavaria and discuss the impact of pure yeast culturing. Lastly, we provide a historical 

trace of several yeasts included in this study. 

Lager beer 

‘Lager’ (March-) beers emerged in the 13
th
 century. They are based on a brewing process whereby 

after a first fermentation, enough fermentable medium remains for a second, slower fermentation in 

barrels. From the 15
th
 century on, a different variant of lager brewing was developed in Franconia and 

Bavaria (Germany), in which fermentation and storage were typically performed in cold cellars. This 

environment favoured so-called ‘bottom-fermenting’ yeasts, which accumulated at the bottom of the 

barrels, over ‘top-fermenting’ yeasts. Bavarian legislation subsequently restricted the production of 

traditional ‘top-fermented’ beers (Bavarian purity law, 1516), and therefore promoting bottom 

fermentation. In the 18
th 

century, Munich brewers further optimized the production process of lager 

beer and began to build large storage (lagering) cellars. By the beginning of the 19
th
 century, the 

Munich lager beer technology had maturated into a simple and robust process, which proved ideally 

suited for industrial beer production. Until the 19
th
 century, this process was confined to the region 

which today comprises Bavaria, but in the first half of the 19
th
 century, spread to all over the world. 

Interestingly, a similar brewing practice was also developed in Bohemia (westernmost region of Czech 

Republic), in parallel with the Bavarian brewers. However, a key difference between the two regions 

was that in Bohemia the yeast inoculum was taken always from the top layer (hence favouring top-

fermenting yeasts), at least until the 19th century.  

Instrumental to the popularization of the lager beer production process was a unique collaboration 

between brewers, particularly the Sedlmayr family, and scientists. In 1836, Professor Cajetan Kaiser 

of the Munich Technical University started a brewing course coupled to a practical training at Gabriel 

Sedlmayr’s Spaten brewery (Spatenbräu) in Munich. This course was quite international, as only one 

third of the 900 brewers that participated in the course between 1836 and 1856 originated from 

Bavaria. In a promotion leaflet for the world exhibition at Paris in 1867, Gabriel Sedlmayr claims that 

over 300 of the contemporary top brewers had practiced at his brewery, amongst which pioneering 



brewers such as Jacob Christian Jacobsen, the founder of the Carlsberg brewery in Copenhagen, 

Denmark. Because of these trainings, both knowhow and the bottom-fermenting yeast strains of 

Munich itself spread all over the world, being at that time the sole source for lager beer-producing 

yeasts. It is the progeny of these yeasts that are present in today’s strain collections. 

Lager yeast 

In this section, we discuss how lager yeasts originated, how they were distributed amongst brewers 

and how they ended up in today’s culture collections. Based on our genome analyses (phylogenetics 

and molecular dating) and historical information, we put forward some hypotheses on the evolutionary 

path of lager yeast. 

Lager yeast origin 

Using our large dataset of beer yeast genomes (both ale and lager), we performed an absolute dating 

analysis to put the genetic relatedness and the phylogenetic relationships of lager yeasts in a historical 

context. Vital for this analysis is the presence of a historical biogeographic event related to the Beer 1 

clade, which serves as a calibration point. As previously reported, the split between British and US 

ale-producing strains can be traced back to the import of ale (and the yeast they carried) to North 

America by British settlers in the early 17
th
 century. More specifically, the split between US and UK 

Beer 1 yeasts is thought to have occurred between 1607 and 1637. We used this calibration in a 

Bayesian molecular clock analysis to infer the age of evolutionary events related to the lager strain 

lineage and match the estimates with historical records. Still, it is important to stress that because of 

the paucity of calibration data available, our dating results can only be considered approximations.  

Our analyses suggest that the most recent common ancestor of present-day ale and lager beer strains 

dates to the mid-16
th
 century, between 1547-1578 AD (Figure 6, yellow highlight). The lager yeast 

lineage splits off from the Belgium/Germany ale-lineage within the same time frame. This is in 

accordance with the first observations of ‘bottom-fermenting’ lager yeast occurrence in the 16
th
 

century in Munich lager breweries, both in terms of timing and geographical location. Already the first 

books on brewing in the 16
th
 century emphasised the difference between top-fermenting yeasts (yeasts 

that would float to the top of the fermentation tank towards the end of fermentation, like S. cerevisiae) 

and bottom-fermenting yeasts (which would sink to the bottom, like lager yeasts). Johannes 

Placitomus for example, a German physician and pedagogue who published one of the first books on 

brewing in 1551, discriminates between ‘flos cerevisiae’ (top-fermenting) and ‘feces’, ‘cerevisiae 

sedimentum’ (bottom-fermenting). 

In addition to the genetic data, historical data also seem to favour emergence of lager yeast in the 16
th
 

century. The combination of the establishment of the Bavarian purity law in 1506 (which encouraged 



brewing in winter times) and the occurrence of a little ice age in Europe around the same time, likely 

made resistance to very cold temperatures an increasingly important prerequisite for yeast in lager beer 

production. This could have sparked the selection for hybrids between S. cerevisiae and S. eubayanus 

in these environments. In support of this hypothesis, historical data regarding a legal dispute between 

Munich brewers and their neighbouring bakers indicate that the yeast in lager beer production was 

changing in the early 16
th
 century. A popular type of bottom-fermented beer, the so-called ‘Bohemian’ 

beer, was brewed in Bavaria from around 1481-1517. The Munich bakers, who traditionally acquired 

yeast from the brewery to ferment their dough, filed a complaint stating that the yeast they received 

since introduction of this new beer style showed altered properties, which made it unsuited for baking. 

It is possible that the yeasts with altered properties were early lager yeast hybrids, as it is well known 

that lager hybrids are unsuited for baking. 

Lager yeast evolution from the 16
th

 to the 19
th

 century and the origin of the ‘Frohberg’ and ‘Saaz’ 

lineages  

The newly formed lager yeast hybrids were continuously cultivated under lager beer conditions, 

gradually adapting to the unique environment in Munich breweries. As described in the section on 

‘Lager beer’, the production process of lager beers in Bavaria further matured, leading to a tightly 

controlled process (that is similar to the current state-of-the-art) by the early 19
th
 century. 

While the number of different hybrid lineages might have been substantial in those days, the 

phylogenetic tree of lager yeasts shows that there are only two archetypes (‘Frohberg’ and ‘Saaz’) 

retained in the present-day lager yeast population. The terms ‘Frohberg’ and ‘Saaz’ were coined at the 

VLB at Berlin by Delbrück and Lindner at the turn of the 20
th
 century, describing two pure type strains 

with a characteristic fermentation behaviour. They had been isolated from bottom-fermenting cultures 

obtained from the Frohberg’s brewery at Grimma (Saxony) and the Saaz brewhouse (Bohemia). Our 

data suggest that the split between the Saaz and Frohberg type occurred somewhere in the 18
th
 century. 

And while the exact event that led to the split between Saaz and Frohberg remains elusive, historical 

documentation on Bavarian lager-type beer production and influential brewers allows us to reconstruct 

the path of the ancestors of yeasts from both lineages. 

An important event that might have had an impact on the evolution of both lineages is the foundation 

of the Munich Hofbräuhaus in 1591. This brewery was considered a model brewery in Bavaria as it 

consistently produced top quality beers for the ducal court. Its brewing technology was often adopted 

by Munich brewers and its yeast cultures were freely distributed in the region. In 1806, Gabriel 

Sedlmayr the Elder was appointed as brewmaster at the Hofbräuhaus. He left only one year later, in 

1807, to acquire the Spaten brewery in Munich. There, he started to brew lager-type beer, presumably 

with the bottom-fermenting yeast culture obtained at Hofbräuhaus. Sedlmayr and later his son 

transformed the Spaten brewery into a model brewery for modern, industrialized lager beer production 



and a hotspot for lager brewing education (see section on ‘Lager beer’). Among the many trainees 

studying the new technology there, was Jacob Christian Jacobsen. After this training, Jacobson 

successfully established lager-brewing in the traditional brewery he had inherited in 1845 (which later 

evolved into the Carlsberg brewery). Jacobsen later acknowledged that he had carried the Spaten 

brewery yeast culture by stagecoach from Munich to Copenhagen, cooling his tin box at every stop. In 

1877, inspired by Louis Pasteur’s notes on hygiene in beer production, Jacobson established a modern 

laboratory, where in 1883 Emile Christian Hansen isolated the first pure yeast culture. According to 

both Hansen and Jacobsen, this isolate descended directly from the yeast derived from the Spatenbräu 

in 1845. It was dubbed ‘Unterhefe nr. 1’, a strain that is also included in our phylogenetic tree as part 

of the Saaz lineage (Figure 6 – strain CBS1513 and BE137 Table S1). Later, in 1908, Hansen isolated 

another strain which was referred to as ‘Unterhefe nr. 2’ from the culture descending from the 1845 

Spatenbräu yeast culture (Figure 6 – strain CBS1503 and BE140 and Table S1).  

Tracing back the origin of TUM 26, a Frohberg-type strain sequenced in our study and present in the 

TUM (Technical University of Munich) collection, sheds some light on the origin of the Frohberg 

lineage. TUM 26 was often used for the lager production at the Weihenstephaner Staatsbrauerei, 

especially before the introduction of TUM 34 (see further). TUM 26 was isolated between 1945 and 

1956 from a yeast culture from the Sternburg brewery Lützschena-Leipzig (Eastern Germany), which 

is only a few kilometres away from Frohberg’s brewery at Grimma. The Sternburg brewery 

Lützschena-Leipzig was founded in 1836-37 by Maximillian von Sternburg, who transformed it into a 

model Lager brewery. The “Bavarian Beer-Steam-Brewery Lützschena” as it was named originally 

was built and run as a blueprint of the Munich original, and a master brewer of the Augustiner brewery 

(Munich) was hired as a consultant. The master brewer in all likelihood brought the yeast culture from 

the Augustiner brewery Munich to the Sternburg Brewery Lützschena-Leipzig to start the first 

brewing batch. Together, this historical information also points towards a Bavarian, and more 

specifically Munich, origin of the Frohberg lineage.  

Lager yeast evolution in the late 19th - 20
th

 century 

As the presence of several brewery environments would favour the maintenance of strain diversity, 

one would assume that the large number of lager breweries from the 15
th
 to 19

th
 century resulted in a 

burst of diversity of lager yeasts. However, the time-calibrated phylogeny (Figure 6) shows that after 

the split from ale strains in the mid-16
th
 century, two long ancestral branches lead to the most recent 

common ancestor (MRCA) of present-day Frohberg strains (late 19
th
 century) and the MRCA of Saaz 

strains (early 20
th
 century). Only after that, strains within the two lineages started to slightly diversify. 

This is indicative of the presence of a strong bottleneck followed by slow local divergence at the turn 

of the 20
th
 century. While there are probably several factors influencing the diversification profile of 

lager strains (see the result section of the manuscript), the single most important event was the 



isolation of pure cultures in the late 19
th
 century and the willingness of brewers to share well-

performing cultures with colleagues during this period. For example, Jacobsen decided to give his 

yeast to many colleagues, amongst which the Munich breweries Spatenbräu and Leistbräu, the 

experimental governmental brewery at Weihenstephan and the Heineken brewery. This omnipresence 

of only a few yeast variants in the breweries likely resulted in the disappearance of a large portion of 

the natural biodiversity present at that time. After this period, brewing became more competitive, and 

the attitude of strain sharing changed in the course of the early 20
th
 century. This way, lager yeast 

strains began to diverge allopatrically, leading to the biodiversity we observe today. 

One particularly interesting observation in the time divergence analysis is the decrease in evolutionary 

rate in the lager lineage compared to the ale lineage (Figure 6 – branch colour). This drop coincides 

with the onset of mechanical refrigeration, invented by Carl von Linde in 1873 while working for the 

Spaten brewery. The lower temperature of lager brewing restricts growth rates, and (more importantly) 

the implementation of cold storage occurred earlier in lager brewing than in ale brewing. While 

historical records are not present for all strains, many lager strains (for example W34/70, TUM 26, 

Unterhefe nr. 1 and Unterhefe nr. 2) were stored and maintained at cold temperatures after their 

isolation, which drastically slowed down their evolution. This was not common practice yet for ale 

yeasts, which therefore kept evolving within the beer medium at a higher rate. 

Origin of Weihenstephan 34/70, a well-known present-day lager yeast 

The source of most of our lager strains is unknown so we are unable to directly pinpoint which 

brewery the yeasts originated from. Moreover, the loss of German culture collections during World 

War II, the arbitrary naming of isolates and the periodical changes in yeast systematics, hamper the 

possibility of tracing back present-day strains to their original source. However, for some iconic 

strains, some historical information is retained. As described above, Hansen isolated the Saaz strains 

Unterhefe nr. 1 and nr. 2 at the Carlsberg brewery, but most likely these two strains originated at the 

Hofbräuhaus, and were later used at the Spaten brewery in Bavaria. While these strains were initially 

popular amongst lager brewers, the vast majority of breweries today use Frohberg yeasts for their 

fermentations. In this lineage, Weihenstephan 34/70 (W34/70) is considered as the benchmark yeast. 

Probably the main reason for its popularity is the work of Prof. Narziß, who published a dissertation 

on lager yeast performance in 1956. In this work, he compared the performance of various lager yeasts 

available at that time, and concluded that TUM 34 (the ancestor of W34/70) was a robust and efficient 

strain that produced beers with an excellent aroma profile. TUM 34 (known as the ‘Hasenhefe‘), 

originate from the Hasen-Bräu in Augsburg. The exact date at which this yeast was transferred at 

TUM is not completely clear, but it must have occurred between 1947 and 1955. After Prof. Narziß‘s 

dissertation, TUM 34 was used in more and more breweries, due to the consulting activities of the 

Technical University of Munich (TUM). However, more than a decade later, in 1970, TUM 34 was re-



isolated from the Bavarian State Brewery Weihenstephan, after it ran for over one decade in that 

specific brewing environment, and called W34/70 or TUM 34/70 (depending on strain collection and 

reference). Many of today’s lager brewing yeasts are direct descendants of this strain. 
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7. Supplementary Dataset 1. List of PCR primers used in this study 

Primers for BR005 

 
Stable Sequence 

FW AGAGGGAACACGAGTAATTGACA 

RV CACCAGCAAAATTAAAACCAGAG 

Unstable Sequence 

FW GGACGTTATGCTTTGCTGTTATC 

RV CAAAATTCTTCCCATAGTGATCG 

  
Primers for ABI1620 

 
Stable Sequence 

FW GGCGGGTCATATTCGTGTTA 

RV GGCGGGTCATATTCGTGTTA 

Unstable Sequence 

FW TGGTCGGAAAAGGATGAAAG 

RV GAAAGCAAAAATCCGTCTTCA 

  
Primers for BE137 

 
Stable Sequence 

FW AGTTGACCTAGACGAGCTGTTTG 

RV ACCTCTACAGCCTCACAACCATA 

Unstable Sequence 

FW TTTCGGCAATTCATGATAGAGAT 

RV GCTGATCTGTTCCATTCGTTATC 

  
Primers for BE138 

 
Stable Sequence 

FW CATGGGGATAAAGTGGTTCATAA 

RV TACTATGAAAAGGGCTGGATGAA 

Unstable Sequence 

FW AGGAAACATCAAACTGGAGATCA 

RV CTTCCAATGCAAGAACAGAATTT 

 

 

 

 



8. Supplementary Table 1. Detailed information on strains included in this study. 

[see the excel file] 

9. Supplementary Table 2. Overview of chimeric breakpoint windows identified in each 

interspecific hybrid (rows) divided by hybrid-type (sheets). For read-pairs mapping on two 

different species the following information are reported: mapping chromosome on species 1, 

start coordinates of the read on species 1, end coordinates of the read on species 1, mapping 

chromosome species 2, start coordinates of the read on species 2, end coordinates of the read 

on species 2, breakpoint name (based on S.cer location for S.cer x S.kud and S.cer x S.eub 

hybrids and on S.uva location for S.uva x S.eub hybrids),  mapping chromosome species 1 (1 

kb window), start of the 1kb window in species 1, end of the 1kb window in species 1, 

mapping chromosome in species 2, start of the 1kb window in species 2, end of the 1kb 

window in species 2,  read name, number of mismatches, length of read1, length of read2, 

summed length read1 and read2,  normalised nucleotide identity (%) to the mapping location, 

annotated feature in species 1 at that location, annotation source for species 1, type of 

annotated feature in species 1, start coordinate annotated feature in species 1, end coordinate 

annotated feature in species 1, gene name species 1 if applicable, annotated feature in species 

2 at that location,  annotation source for species 2, type of annotated feature in species 2, start 

coordinate of annotated feature in species 2, end coordinate of annotated feature in species 2, 

gene name species 2 if applicable. 

[see the excel file] 

10. Supplementary Table 3. Phenotypic variation of Saccharomyces interspecific hybrids 

and Saccharomyces pure species for 76 traits depicted as Z-scores. 

[see the excel file] 
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