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Abstract

Saccharomyces pastorianus, which is responsible for the production of bottom-fermented lager beer, is a hybrid species that arose
from the mating of the top-fermenting ale yeast Saccharomyces cerevisiae and the cold-tolerant Saccharomyces eubayanus around the
start of the 17th century. Based on detailed analysis of Central European brewing records, we propose that the critical event for the
hybridization was the introduction of top-fermenting S. cerevisiae into an environment where S. eubayanus was present, rather than
the other way around. Bottom fermentation in parts of Bavaria preceded the proposed hybridization date by a couple of hundred years
and we suggest that this was carried out by mixtures of yeasts, which may have included S. eubayanus. A plausible case can be made
that the S. cerevisiae parent came either from the Schwarzach wheat brewery or the city of Einbeck, and the formation of S. pastorianus
happened in the Munich Hofbrauhaus between 1602 and 1615 when both wheat beer and lager were brewed contemporaneously. We
also describe how the distribution of strains from the Munich Spaten brewery, and the development by Hansen and Linder of methods
for producing pure starter cultures, facilitated the global spread of the Bavarian S. pastorianus lineages.
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Franz Meussdoerffer (1949-2019)—an
appreciation

In the summer of 2019, shortly after we had completed the ba-
sic framework of this publication, our friend and idea provider
Franz Meussdoerffer unfortunately passed away. We first had to
cope with this sad event. Then came the Corona pandemic and
we had more or less forgotten about this article until we picked
it up again in 2022 and completed it as a dedication to Franz.
Born in 1948, Franz Meussdoerffer came from a Franconian fam-
ily of brewers and maltsters. After graduating from high school,
he studied chemistry at the Technical University of Aachen and
did his doctorate at the Biochemical Institute of the University of
Freiburg (topic: studies on inhibitors of proteinase A from yeast).
After a scholarship (1980-82) at Cornell University in Ithaca, USA,
with Gerald Fink (Methods in Yeast Genetics) and intermediate
stations at the ETH Zurich and at the Henkel Group, he was man-
aging partner of the Meufsdoerffer Malzerei in Kulmbach (now
IREKS). He completed his habilitation in 1989 and was an asso-
ciate professor in Dortmund from 1996. From 2003, he taught on
the history of beer brewing at the TUM campus in Weihenstephan
together with Martin Zarnkow and from 2009, he was head of the
Bioanalytics working group of the Research Centre for Food Qual-
ity at the Kulmbach site of the University of Bayreuth. Franz's pas-
sion was brewing and yeast history, which he conveyed with great

enthusiasm in various publications and lectures. Most of the fig-
ures and tables with accurate facts and data in this article come
from Franz’s detailed research (data on historical beers, histori-
cal beer locations combined with annual data, and yeast distribu-
tion paths over time). Many of the conclusions in this article come
from his astute mind, such as the probable Saccharomyces cerevisiae
ancestor of Saccharomyces pastorianus from the Schwarzach wheat
beer brewery. We miss Franz and his inspiration and hope that
this article is a fitting memorium to him.

Historical development of beer styles in
Central Europe

Main locations of the following paragraphs are shown in Fig. 1
and major events are listed in a timeline in Table 6. Beer has
been made since ancient times with recent archaeobotanical in-
vestigations uncovering evidence of brewing in the Levant 13 000
years ago (Liu et al. 2018). Even without the insights of modern
microbiology and science, yeasts were known to play a role in
fermentation and medieval glossaries list several terms for yeast
(Steinmeyer et al. 1895). However, a greater interest in yeasts and
beer fermentation ensued only after urban professional brew-
ing came of age in Central and Northern Europe in the 12th and
13th centuries (Meussdoerffer 2009, Meussdoerffer and Zarnkow
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Figure 1. Map showing the regions of Europe relevant for the emergence and distribution of S. pastorianus. The regions shown should be understood in
their historical context. Bavaria denotes the original duchy/electorate between the Alps, the Danube, the Salzach, and the Lech. Franconia comprises
the territories in the northwest of Bavaria, bound by the Danube to the south and the low mountain range (Frankenwald) to the north. The Upper
Palatinate comprises the region between the Bohmerwald (low mountain range Bohemian Forest), the Danube and the low mountain ranges
(Fichtelgebirge). Bohemia describes the former kingdom with its capital, Prague. Top-fermentation was the primary brewing method in most of Europe,
including Bohemia, but bottom-fermentation became common in the 14th century in Franconia and the Upper Palatinate. Once the Beer Purity Law
(Reinheitsgebot) was introduced in 1516, bottom-fermentation became universal in Bavaria, with few exceptions. One exception was Schwarzach, which
had a famous wheat-beer brewery. Brewing of this beer transferred to the Munich Hofbrduhaus in 1602. Top-fermenting yeast from Einbeck also came
to the Hofbrauhaus in 1615. The hypothesis put forward in this paper is that one of these events introduced the S. cerevisiae parent of S. pastorianus to
the Munich Hofbrauhaus. Here, it hybridized with the S. eubayanus that was already used there as part of the bottom-fermenting ‘Stellhefen’ (pitching
yeast) mix. From the early 19th century, yeasts from the Munich Spaten brewery (Spaten owner Sedlmayer previously worked at Hofbrduhaus) were
widely distributed, including to the Carlsberg brewery in 1845. Copenhagen and Berlin became the major centres for the cultivation of pure S.
pastorianus from Bavarian bottom-fermenting Stellhefen and Grimma (home of the Froberg Brewery) and Saaz (home of the Biirgerliches Brauhaus) are

key locations that are also described in this text and in Table 6.

2016). During this time, the spread of single-storey houses with
stonewalled ovens, the increased use of hops and barley, and the
separation of boiling and mashing processes resulted in a new
beer type, the hopped lager. This beer style most likely took advan-
tage of mixed yeast cultures that harboured cryotolerant Saccha-
romycesspecies (pre-S. pastorianus modern lager yeast time). This
‘original’ lager beer was so special because an elongated fermen-
tation took place during the so-called lager process in rock cel-
lars at a low average ambient temperature. These ‘Marzen’ (beer
brewed in March before spring and the summer brewing break)—
or ‘overseas'—beers (more stable and stronger beers for trans-
port and export) replaced older beer types like Gose, Gruit, or
Grawzzing. Soon, the new beers were produced by professionals
at a scale >100 000 hl p.a. and were traded over long distances.
Technological changes had consequences for beers styles and the
‘beer wort’ niche as the microbicidal effect of hops on lactic acid
bacteria (LAB) would have altered the synergetic metabolism of
LAB and yeast (Sieuwerts et al. 2018). Furthermore, from the 14th
century, barley increasingly superseded oats as the major brew-
ing grain. This would have increased the 4-vinyl guaiacol pro-
duction, as barley extracts contain 10- to 100-fold more ferulic
acid than whole oats, oat bran, or wheat (Zhao and Moghadasian
2008). Later, during the 15th and 16th centuries, beer consumption
in Central Europe increased dramatically while the long-distance
trade of beer decreased. This development has been attributed

to several factors including changes in nutritional habits (Wiegel-
mann and Mohrmann 1996), economics (Huntemann 1970), and
climate change. Regarding the economic aspect, when brewing be-
came a profitable business, local beer production flourished and
cities applied tolls and taxes to exclude foreign beers and pro-
tect local brewers (Huntemann 1970). While climate change is
also a concern of the modern wine industry, it is also thought
to have contributed to the reduction of wine consumption in the
Middle Ages as cheap local products disappeared, which meant
that making wine was comparatively more expensive than beer.
The cold/wet period of 1430s (Camenisch et al. 2016) has been di-
rectly correlated to the spread of the Dutch (kuyte) beer type in
northwestern Germany (Irsigler 1996). Certainly, the substitution
of wine by beer occurred at different times at different places, but
by the beginning of the 17th century, cheap local wine had be-
come rare in many regions of Central Europe (Landsteiner 1999).
Thus, by 1600 Central Europe was home to many local brewing
centres, each providing a distinct niche for independent yeast do-
mestication. There were differences in grain usage (oats, barley,
and wheat), the use of unmalted grain and mashing technologies,
and of course the regional yeasts. The tremendous variety of beers
might be deduced from Tables 1-3. For example, for wheat-beer
types, also called ‘white beer’ and defined as beers that contained
more wheat than other starch-containing grains, the tables illus-
trate that the ratio of barley, wheat, and oats varied substantially
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Table 1. Top-fermented beer types including some ‘white beer/wheat beer types’ with different raw material compositions around 1600

AD (Meussdoerffer and Zarnkow 2018).

Origin Designation Barley:wheat:oats) [%] Hops Malt Comments
Hamburg White beer 60:40 + Kilned malt Liubeck, Hannover,
and Netherlands
Goslar Gose 0:100 ) —/(£) Air-dried malt Quedlinburg, Halberstadt,
19:76:5% Aschersleben, and so on
Hannover Broyhan 33:66* (+) Air-dried Halberstadt, Quedlinburg
50:50* malt/oven dried Wolfenbiittel, Hildesheim,
Braunschweig, and so on
Holland Kuyt, koyt 19:30:51 + Klned malt, un- Minster, Dort-
(Cervisia Batavica) malted grain mund, and Cologne
Miinster Koit 85:15:(10) ++ Kilned malts
England Ale 100:0:0 Kilned malt, un- Unmalted  grain:  Harri-
/@) malted grain son, in his preface to
Hollinshed’s Chronicles 1587
Poland, Weifsbier 0:100* —/(%) Kilned malt Bavaria
Bohemia, Bavaria 30:70*

*Different recipes/ratios depending on source/location.

Table 2. Raw material concentrations of different ‘Brown Beers’
(Hermbstadt 1814).

Diverse Malts

Beer combined kg/hl Hops kg/hl
Double beer Kostritz 64.5 1.2
Good wheat beer 39.7 1.0
Mumme from Braunschweig 61.4 0.4*
March- = Kufen-beer 49.6 0.8
Fredersdorf beer 45.5 1.7
Mannheim beer 29.8 1.7
Merseburg beer 43.4 2.1

*: There were additional other ingredients: spruce, ginger, molasses, and so on.

Table 3. Alcohol and dry matter of Berlin beers (Neumann 1735).

Alcohol ‘Extract’
Beer W/W % W/W %
Quedlinburg ‘Gose’ 3.1 6.3
Bernau beer 2.5 7.2
Crossen beer 2.5 5.3
Rupin beer 2.5 6.1
>Halberstadt ‘Breyhan’ 2.5 4.7
Carthduser Bier (Frankfurt/Oder) 2.2 4.0
Cottbus beer 1.9 3.4
Berlin brown beer 1.9 12.2
Berlin white beer 1.9 5.3
Berlin home-brewed brown beer 1.9 11.9
Brandenburg beer 1.6 7.0
Lebus beer 1.6 7.8
Copenick ‘Moll’ 1.3 6.9
Rodens table-beer 1.3 8.8
Local brown table-beer 0.9 8.8

between different types (Table 1 also includes ‘white beers’). In-
deed, the data in Table 1 only provides generalized data as each
city used different grain ratios, volumes, malt types, and so on.
The red/brown/black beers were even more diverse with the only
common factor being that barley malt and hops were the ma-
jor ingredients (Table 2). Some of them contained wheat malt or
even oats, albeit barley malt always dominated. It is possible to

roughly differentiate between three type of beers: namely those
for long-term storage, immediate consumption, or light beers.
Long-storage products (1) (e.g. lager beer, Marzen beer, and bitter
beer) usually contained more hops than other beers. According to
some ordinances (e.g. Einbeck, Munich) these beers had to remain
in the cellar for second fermentation for at least 8 days. Beers for
immediate consumption (2) included winter beer or middle beer.
Light beers (3) such as Kofent, Dinnbier, and Nachbier, were usu-
ally made from the second washing of the spent grains. Not sur-
prisingly, ‘extract’ values (probably soluble matter only) and alco-
hol content (as a measure for unfermented/unfermentable mat-
ter and attenuation) also varied greatly. Compared to modern malt
dosages, historic dosages were extremely high because raw mate-
rials were not at such an adapted state as they are today (because
of cereal breeding and selection). Such high ratios support the sur-
vival of microbes as a lot of particles and ‘colder grain agglomerate
spots’ (also partially containing air pillows) during mashing and
boiling can hide microbes from full heat input. Caspar Neumann
was one of the first chemists to measure these attributes and de-
scribed an interesting range of values for beers that he found in
Berlin (Table 3) (Neumann 1735). Alcohol yields were low and it is
clear that mashing efficiency varied greatly. This comes as no sur-
prise as there were air dried malts, which are relatively wet and
enzymatically active when used quickly, and mouldy later; and
kilned malts, which were likely to be less enzymatically active,
but stable for longer periods.

Historical patterns of bottom and
top-fermentation

Much has been written and inferred about so-called top-
fermenting and bottom-fermenting yeast. The current meaning
of the terms is that top-fermenting refers to the ale yeast S. cere-
visize and bottom-fermenting to the lager yeast, S. pastorianus.
Modern lager beer is made via a cold fermentation with S. pas-
torianus whereas ale is fermented at warmer temperatures using
S. cerevisiae. This difference between top- and bottom-fermenting
yeasts has been known at least since the Middle Ages and the first
book on brewing even differentiates between top-fermenting (flos
cerevisiae) and bottom-fermenting (feces, cerevisie sedimentum)
yeasts (Placotomus 1551). The simultaneous presence of both
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types of yeast in the 15th and 16th centuries can also be in-
ferred from various German brewing ordnances. For example,
those of Wismar (1535), Cologne (1608), and others explicitly
ban the use of bottom-fermenting yeasts. Another brewing ordi-
nance, from Quedlinburg (1600 AD), concerning a ‘Gose’ wheat
beer states that both ‘barmen’ (bottom) and ‘ghare’ (top) must re-
main with the brewer (Lorenz 1916). A dispute between Munich’s
bakers and brewers (1483) provides evidence that the Bavarian
‘Bohemian-type’ beer (see below) was produced with a bottom-
fermenting yeast. This dispute centred on the bakers’ refusal to
accept brewer’s yeast (to which they were bound) because of its al-
tered properties. It is well-known that bottom-fermenting yeasts
are unsuited to baking, thus the rise of yeast fabrication follow-
ing the introduction of lager beer. One must be careful, however,
when extrapolating the modern meaning of species and processes
to historical practices and descriptions. Saccharomyces cerevisiae is
a pure species whereas S. pastorianus is a hybrid of S. cerevisiae and
Saccharomyces eubayanus. Since the Middle Ages, it has been known
thatviable yeasts accumulated at the bottom of fermentation ves-
sels but these could also have been S. cerevisiae, as, under certain
conditions, top-fermenting yeasts also sink to the bottom. Truly
cold (i.e. bottom) fermentation technology for primary and sec-
ondary fermentations, has only been regularly used since the 15th
century and then only in regions south of the German low moun-
tain ranges framing northern Bavaria (Fig. 1). In these regions, all
brewing yeasts (fermentation slurries) were mixtures of top- and
bottom-fermenting yeasts so the temperature of the fermenta-
tion environment played a decisive role in dictating the fermen-
tation style. Interestingly, while bottom (cold) fermentation pre-
vailed in Bavaria, top fermentation dominated in Bohemia despite
the brewing methods and conditions being similar. Thus, whether
the brewer used yeast from the top or the bottom of the fermen-
tation vat or from the storage barrel to inoculate a new batch
also played a critical role. From history, no single place or date for
the beginning of bottom fermentation can be identified. As the
brewing ordinances in Bavaria from the middle of the 16th cen-
tury, most notably the purity law (German: Reinheitsgebot) from
1516, stipulated that brown beer had to be produced by bottom-
fermentation, it must have been an established, well-functioning
technology by then.

In fact, writers from the Middle Ages distinguished four differ-
ent types of fermentation, three of which were in use all over Eu-
rope, and a fourth, that developed in Central Europe south of the
German low mountain range (roughly comprising today’s Bavaria
and Czech Republic). It was this cold fermentation that under-
pins the emergence of the modern lager yeast, S. pastorianus. We,
hereby describe each of the fermentation methods.

1. Wild yeasts/spontaneous fermentation. This was not only
the case with Lambic-type beers, but also with some wheat
beers of the Gose type. The LAB always present in these fer-
mentations gave the beer a sour taste.

2. Barrel fermentation. this was widespread in Bohemia and
the usual procedure for Bavarian wheat beers. The wort was
inoculated with ‘top-fermenting’ yeast and filled into bar-
rels, where it was fermented for several days. Yeast emerged
from the bunghole and was collected. Once fermentation
ceased, barrels were filled to the bung with water or wort
and sealed.

3. Mixed top/bottom fermentation. This was the most
widespread technology used until the 19th century. Typi-
cally, wort was inoculated with ‘top-fermenting yeast’ and
fermented in vats for 3-6 days (primary fermentation). Dur-

ing this time, yeast rose to the surface, but some also settled
at the bottom. The resulting ‘green’ beer was then filled into
barrels, still open at the bunghole, and continued to ferment
and eject top-fermenting yeast. The ejected yeast was used
for new inoculations. Once this process stopped, the barrels
were plugged, but fermentation continued at a slower pace.
It is noteworthy that Christian Kobrer differentiates further
between ‘warm’ and ‘top’ fermentation at this point. While
‘top’ fermentation is essentially the process described
above, ‘warm’ fermentation resembles white (wheat) beer
fermentation but is performed at warmer temperatures
(~16-25°C) (Kobrer 1581). It is suited to cheap, weak beers
only, which are destined for immediate consumption. The
yeast for ‘top’ fermentation comes from previous top yeast
recovered from the vat, while the inoculum for ‘warm’
fermentation comes from a barrel.

4. Bottom fermentation. As well as the barrel and top fermen-
tation described above, Kobrer adds one more type practiced
in the 16th century, namely, cold bottom-fermentation for
the beers in the Upper Palatinate (Fig. 1) (Kobrer 1581). Dried
bottom yeast from a previous fermentation was used to in-
oculate these beers. The capacity of yeast to survive drying
is variable and one could speculate that sporulation played
a role in this process, perhaps even in contributing a se-
lective pressure. A preculture of these yeasts was added to
cold wort and a slow fermentation was performed at cold
temperatures (impeding not only top-fermenting yeasts but
also bacterial growth). Afterwards, the green beer was trans-
ferred into storage barrels to mature for an extended period
of time. Contemporary authors linked the type of fermenta-
tion to the prevailing temperature of the wort and the fer-
mentation environment. Thus, ‘cold fermentation’ presum-
ably referred to a comparatively slow fermentation at low
temperatures (below 10°C), leaving more unfermented car-
bohydrate for a secondary fermentation (see below). From
the 15th century onwards, Franconian and Bavarian brewing
ordinances frequently mention ‘cold fermentation’, which in
most cases (not always accurately) is equated with ‘bottom
fermentation’. By 1447, use of the German word ‘unter’ (un-
der) when describing fermented beer gives a strong indica-
tion of the use of bottom-fermenting yeast. Bottom fermen-
tation might have spread properly from Franconia and the
Upper Palatinate south into Bavaria. It is noteworthy, that a
strong beer at the end of the 15th and the beginning of the
16th century was called a ‘Bohemian-type beer’ in Bavaria.
This was likely a bottom-fermented beer. Heifs and Balling
both agree that in Bohemia, as in Bavaria, wort was prepared
by similar decoction mashing and, compared to most other
countries, cooled to very low temperatures prior to yeast in-
oculation. However, while only ‘top’-fermentation was prac-
ticed in Bohemia until the 19th century, bottom fermenta-
tion prevailed in Bavaria for the most part, at least from the
17th century. Thus, the description of ‘Bohemian-type beer’
in this context refers to the brewing technology rather than
the fermentation style.

In the mid-19th century, it was also acknowledged, that even in
the usual top-fermenting brewing process, top fermentation de-
velops into a bottom fermentation, as soon as the green beer was
transferred from the fermentation vat into barrels, yeast had been
ejected through the bung, and the barrels were locked. However,
‘top fermentation’ prevailed north of the low mountain ranges un-
til the 19th century. Why then did bottom fermentation become



established in Franconia and Bavaria from the 15th century on-
wards? One reason could have been the paucity of grain in Upper
Franconia, the Upper Palatinate, and Upper Bavaria. To produce a
stable lager beer, it might have been advantageous to ferment the
thinner worts more slowly (by restricting yeast metabolism us-
ing cold temperatures) (Noback 1874). Another important factor
could have been the climate. There were a series of cold periods
from the 13th to 17th century (Kromer and Friedrich 2007, Ca-
menisch et al. 2016). Average temperatures, particularly in winter,
were distinctly lower in southern regions than north and west of
the low mountain ranges (Hoy 2006). Furthermore, at least from
the 14th century, brewers in Franconia and the Upper Palatinate
kept their barrels in rock cellars for long-term storage. Conse-
quently, cold selection might have played an important role in do-
mesticating cold-tolerant yeasts (Gunzelmann 2010).

Bottom-fermenting lager strains born from
mixed cultures ‘Stellhefen’

When discussing fermentation types, it must also be stressed, that
brewing yeasts were always a mixture of wild, top- and bottom-
fermenting species and in most cases probably also LAB until the
end of the 19th century (and in smaller breweries much longer).
This has been acknowledged repeatedly in the 18th and 19th cen-
turies. These mixtures were called ‘Stellhefen’ and contained fast-
and slow-fermenting brewing yeasts, as well as other wild yeasts.
Among many others (e.g. Paupie, Munz), the preeminent authors
of brewing manuals at the middle of the 19th century, Carl Balling
and Philipp Heifs, describe that top-fermenting yeasts can be
transformed into bottom-fermenting ones by repeatedly cultivat-
ing them at low temperatures and picking the sludge at the bot-
tom for further inoculation (Heifs 1853, Balling 1854). This is fur-
ther supported by a brewer from Bambergin 1809, who states that
the bottom fermentation of cold worts and storage in rock cel-
lars was the customary procedure in Bamberg. Sometimes, how-
ever, there was a lack of bottom yeast when brewing resumed in
late autumn after the summer break. Brewers, therefore, started
with top-fermenting yeast, which was then successively replaced
by bottom isolates (Seifert 1818). The icon of Munich brewers,
Gabriel Sedlmayr, made a concurring statement when providing
expertise for the Bavarian ministry of trade in 1849. He explained
that bottom-fermenting yeasts were used in almost all regions of
Bavaria to produce brown beer, except in autumn, when brewing
had to start without any bottom-fermenting yeast being available.
Only then would top-fermenting yeast be used to successively ob-
tain bottom-fermenting yeast from it (Sedlmayr 1951). Therefore,
it seems likely that obtaining bottom from ‘top’-fermenting yeast
was a widespread technique. The modern interpretation of these
data would be that cultures of top-fermenting yeasts were never
pure and always contained a bottom-fermenting yeast inoculum
that could be selected by enrichment cultivation (i.e. cold fermen-
tation).

In times past, brewers lacked filtration and tried to remove the
beer between the cake of top-fermenting yeasts and the sediment
from vats, but this was far from quantitative. Mixtures of top-
and bottom-fermenting yeasts remained in the beer transferred
to the barrels. Recovering the yeast ejected from the bung hole of
fermenting barrels removed relatively more top-fermenting yeast
and left bottom yeasts for a second (barrel-) fermentation. Taking
yeast from barrels that had been stored for a while was frowned
upon (rightly, as it might contain multitudes of spores). It has
been noted (Powell et al. 2004) and previously described in de-
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tail (Schonfeld 1938) that early brewers controlled their fermen-
tations by carefully selecting the inoculum from earlier batches.
Taking yeast from the middle layer of a (top-) fermentation vat
(still fermenting) selected purer top-fermenting yeasts (the same
was also true for the middle layer of bottom yeast). Taking it from a
fermenting barrel, brewers always obtained a mixture of top, bot-
tom and wild yeasts, and spores (and probably bacteria as well).
It should be noted that this was by no means an inferior tech-
nique according to the standards of the time. Different yeastsin a
mixture, adapted to different niches (vat fermentation/open bar-
rel fermentation/storage fermentation) suited the needs of brew-
ers and resulted in the distinctly flavoured beers that consumers
appreciated.

In summary, it is important to note that (i) bottom fermen-
tation was well-established in Bavaria by 1600 and (ii) bottom
fermentation was essentially performed by mixtures of top- and
bottom-fermenting yeasts. Even after centuries of bottom fer-
mentation, mixtures of top- and bottom-fermenting yeasts were
clearly prevalent. However, as judged by Hansen'’s work, by the end
of the 19th century, lager yeast (S. pastorianus) was the dominant
constituent of these mixtures. Possibly, it was selected for each
year anew over the cold brewing season. It seems that this yeast
was the most adapted and stable with regard to Bavarian lager
brewing technology (its decoction mashing, the fermentation, and
storage condition and facilities) and climate. However, it should
be noted that almost all of what we know applies only to Munich
and to Mérzen or ‘summer’ (lager) beers, which were brewed in
March and nolater than 23rd April (Saint George'’s day). They were
stronger and stored with residual extract in cooled cellars. Fer-
mentation could, therefore, be extended and the beers were stable
for a long time throughout the summer. Often beer gardens with
chestnut trees that cast a shadow were above the cellars with ice
that cooled the beer barrels. Even Munich winter beers (cheaper
and destined for immediate consumption) were different, and the
brewing technology used in Franconia and Swabia was distinc-
tively different. However, little remained from these technologies.
It was the Munich Lager beer that was to be replicated all over the
world.

Hypothetical scenarios for the historical
lager yeast hybridization

It is worth considering how the historical facts above relate to
proposals regarding the origins of the lager yeast, S. pastorianus.
Current opinion (quite simplified) is that a rare S. eubayanus was
accidentally introduced to an existing S. cerevisiae habitat, the
two interacted and formed a new species, S. pastorianus (Gallone
et al. 2017a, Sampaio et al. 2017). Libkind et al. (2011) reported
the isolation of S. eubayanus in South America in 2011, and the
yeast was subsequently found in Argentina, Chile, Tibet, China,
New Zealand, USA, and most recently in Ireland (Libkind et al.
2011, Bing et al. 2014, Peris et al. 2014, Gayevskiy and Goddard
2016, Eizaguirre et al. 2018, Nespolo et al. 2020; Bergin et al. 2022).
Relatively few isolates of S. eubayanus that are not associated to
Nothofagus sp. and Cyttaria sp., have been found so far in nature,
indicating it is quite rare and cannot thrive broadly outside a very
special habitat. The latter might be defined by uninhabited wilder-
ness, a moderate climate, and the presence of sugars. Two main
scenarios have previously been presented to explain the origins
of the S. eubayanus parent of S. pastorianus. S. eubayanusmay have
existed in wild European populations when bottom-fermenting
brewing was developed, or S. eubayanus may have been intro-
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duced from China/Tibet (e.g. via the Silk Road), prior to which time
brewers had used a different non-S. pastorianus yeast to produce
bottom-fermented beer (Boynton and Greig 2014). Further archae-
ological and historical studies are necessary, which need to be
combined with microbiological and DNA-based analyses, to un-
ravel the mystery of which yeasts were used to produce the first
bottom-fermented beers and how to explain the S. pastorianus hy-
bridization (Boynton and Greig 2014). So far, S. eubayanus has not
been reported in Central Europe, although a broad set of samples
and habitats were analysed, and tailored methods were applied
to cultivate cryotolerant yeasts. (Hutzler 2021). If the first, S. eu-
bayanus had come from far away (and survived for a long time
under adverse conditions, maybe as spores), it most likely would
have entered a brewing habitat in a major city. There, exotic and
expensive products were traded and at times used to fortify beers.
On the other hand, the recent discovery of wild S. eubayanus in Ire-
land (suggests that there were, and still are, European populations
of this yeast and supports the idea of European ancestry for S.
pastorianus (Sampaio 2022). The Irish isolates belong to the same
Holarctic clade as those from Tibet and genome analysis shows
contributions from both populations to the S. eubayanus compo-
nent of S. pastorianus (Bergin et al. 2022).

The generally accepted view is that bottom fermentation was
responsible for the formation of S. pastorianus and the selective
pressure that cold fermentation imposes could be seen to sup-
port this hypothesis. In this scenario, the emergence of S. pas-
torianus and the spread of bottom fermentation are inextricably
linked. This is not consistent, however, with historical records of
the new (bottom) fermentation technology in many places be-
tween 1400 and 1600. Bottom fermentation was certainly prac-
ticed at that time in Bavaria, likely originated from the rural
landscapes in Franconia and the Upper Palatinate along the Bo-
hemian border. It is important to note that brewing with mixtures
of top and bottom-fermenting yeasts from the 14th century does
not prove that the fusion between S. cerevisiae and S. eubayanus
had occurred in the 14th century. Other yeasts in the Stellhefen-
mixture could also contribute to an overall bottom-fermentation-
like process. Bottom-fermentation could have been accomplished
by other flocculating, cold-adapted yeasts, and top-fermenting
yeasts sediment like bottom-fermenting ones under appropriate
conditions at cold temperatures (Schonfeld 1938). In fact, the in-
formation currently available rather points to a slow adaption of
brewing yeasts to colder temperatures in multiple locations. In-
deed, S. eubayanus itself is one such candidate. Originating from
the sparsely populated regions of Franconia and the Upper Palati-
nate, it could have settled in a brewing habitat facilitated by cold
temperatures. Under such conditions, the brewing performance
of this yeast resembles contemporary S. pastorianus Saaz and Fro-
hberg (see later) types of lager strains (Table 4). With respect to the
levels of 3-methyl-butyl-acetate (isoamyl acetate; banana flavour;
threshold: 1.6 mg/l) and ethyl acetate (fruity flavour; threshold:
33 mg/l.), the S. eubayanus isolate resembles the Frohberg type,
while it is more similar to the Saaz type with respect to fermen-
tation attributes. Possibly there have been other S. eubayanus vari-
ants in the past.

Phylogenetic analysis places the critical step of generating our
present bottom-fermenting yeasts between 1550 and 1800 (Gal-
lone et al. 2019) and it is believed that the parents of S. pastori-
anus were a top-fermenting strain of S. cerevisiae and a bottom-
fermenting strain of S. eubayanus. It has been proposed by various
groups (Dunn and Sherlock 2008, Gibson and Liti 2015, Okuno et al.
2016, Gallone et al. 20173, 2019, Sampaio et al. 2017, Salazar et al.
2019) that there was a unique event, followed by subsequent evo-

lutionary steps, to generate the prototype S. pastorianus lineage(s).
Considering that bottom-fermentation was widespread long be-
fore the proposed founding hybridization event around the end
of the 16th century, it is worth considering other explanations for
how S. pastorianus arose. While it has been assumed that the crit-
ical step was the encounter of a rare S. eubayanus with an abun-
dant S. cerevisiae, an alternative hypothesis is that the key event
was the bumping of a particularly suitable S. cerevisiae into an
S. eubayanus population. The strains involved could be domesti-
cated top-fermenting S. cerevisiae and cold-resistant S. eubayanus,
which was part of the brown beer yeast mixture being used in
Bavaria at that time. Although we do not know much about the
parental S. eubayanus population, there are very good data re-
garding the S. cerevisiae lineage that formed the second parent
of S. pastorianus. Phylogenetic analysis of S. cerevisiae, identified
several splits among beer strains, including the emergence of a
Belgium/Germany ale clade, including a subclade of wheat beer
strains, from which the S. cerevisiae parent of S. pastorianus came
(Gallone et al. 2017b). Thus, formation of the Belgium/Germany
ale lineage could be seen as the prerequisite for a subsequent for-
mation of S. pastorianus. If the development of domesticated lin-
eages of S. cerevisiae and S. eubayanus were independent events,
they must have been connected somehow to enable the interac-
tion that formed S. pastorianus. Yeasts in concentrations necessary
to allow the selection of a new variant would likely travel via raw
materials, products (yeast, beer, and wine), or humans. However,
yeasts were typically exchanged only within a neighbourhood, a
city, or a nearby location, and only in exceptional emergencies was
yeast brought from further away. In such a desperate situation,
the city of Einbeck brought yeast in Hildesheim (roughly 45 km)
and Goéttingen (37 km). Heinrich Knaust (Knaust 1575) mentions
that the yeast from Duderstadt was renowned for its stable per-
formance and regionally sought after to remedy faulty fermenta-
tions. But these are certainly exceptions. The same holds true for
beer, which was rarely transported further than a couple of kilo-
metres. The distance a wagon could cover to deliver beer and re-
turn within a day was 20 km. Only exceptional beers were traded
over long distances, mostly by sea or river transport. Beers that
travelled overland were a sensation and even then, and only with
a few exceptions, not more than ~200 km. Thus, for an encounter
of two exceptional yeasts domesticated under very different con-
ditions, special conditions must be met. We suggest that suitable
conditions for the encounter described above could have been
provided by the Hofbrduhaus in Munich shortly after 1600 and
propose two different scenarios that are consistent with the phy-
logenetic time calculations for the hybridization event by the Leu-
ven yeast group (Gallone et al. 2019) (Fig. 2).

In the first case, the S. cerevisiae came to Munich from Bo-
hemia via Schwarzach. The period from 1500 onwards saw a surge
in white (wheat) beer brewing, with Bohemia becoming a well-
documented stronghold. White beer is first mentioned in 1496
in the records of Budweis/Ceské Budejovice (Peterka 1917). Af-
ter the Bohemian gentry gained the right to brew beer in 1517
(Woltmann 1827), the sector greatly expanded and vast quanti-
ties of wheat beer were exported to Bavaria. To limit the eco-
nomic damage and to confer a distinction, in 1548 the Bavar-
ian duke Wilhelm IV awarded Hans VI von Degenberg a special
privilege to brew and sell wheat beer in the regions bordering
Bohemia—in contravention of the 1516 Bavarian Rheinheitsgebot
purity law. The Degenbergs had already built a magnificent white
beer brewery in Schwarzach, which was to become famous for its
exceptionally high-quality beers, most likely with a yeast that
came from Bohemia. When the Degenbergs finally died out in
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Table 4. Comparison of fermentation attributes from S. eubayanus and other yeasts (Gibson et al. 2013).

Ethanol 3-Methyl-butyl

Type Strain Maltose (g/1) Maltotriose (g/1) (original) acetate Ethyl acetate
15° P wort 68.5— 189

Ale A56 22°C 0.2 14.2 6.1 1.8 25.2
Ale A60 10°C 58.0 18.0

Ale A60 22°C 0.3 6.3 6.4 0.7 20.8
Frohberg A03 10°C 0.4 8.6 6.4 1.0 17.6
Frohberg A03 22°C 0.3 5.2 6.5 2.2 26.6
Frohberg A15 10°C 0.2 6.6 6.5 2.2 22.8
Frohberg A15 22°C 0.3 3.1 6.5 2.1 24.0
S. eubayanus €902 10°C 6.8 18.8 51 1.7 23.4
S. eubayanus C902 22°C 46.9 18.5

Saaz All 10°C 4.0 18.7 53 0.3 9.5
Saaz All 22°C 0.4 18.7 5.6 0.4 16.2
Saaz >A12 10°C 18.1 18.7 4.4 0.3 4.3
Saaz Al12 22°C 13.4 18.6 4.8 0.3 13.2

Hypothetical origin of S. pastorianus

White Wheat .
S. eubayanus S. cerevisiae Beer Yeasts S. cerevisiae S. cerevisiae
Bohemia Bohemia 1 Schwarzach Einbeck
1517 - 1600 1517 - 1600 1548 - 1602 1300 - 1612

S. pastorianus

Bohemia
1517 - 1600 S. eubayanus
E Bavaria E
1300 - 1600

S. cerevisiae

4

S. pastorianus S. pastorianus

ER

Bohemian Hofbrauhaus
White Wheat Beer 1602 - 1615
mixture Hofbrauhaus
Brown Beer
Yeasts

Figure 2. Hypothetical routes to the origin of S. pastorianus. From genetics, it is known that S. pastorianus arose by the hybridization of S. cerevisiae and S.
eubayanus but the question is where and when this occurred. One theory is that S. pastorianus emerged in Bohemia and became part of the Bavarian
Stellhefen mixture (Bavarian pitching yeast mixture) that came to be used in the Hofbrduhaus in Munich (1). The weakness with this argument is that
it posits a Bohemian origin to both S. eubayanus and S. pastorianus, which are bottom-fermenting yeasts, whereas top-fermentation was the norm in
Bohemia. The alternative hypothesis that emerges from our historical research is that S. eubayanus was part of the normal community of
bottom-fermenting yeasts used in Bavaria from the 14th century and the critical event took place in the Hofbrduhaus in Munich early in the 17th
century when particular top-fermenting S. cerevisiae strains entered the brewery. The attractive feature of this hypothesis is that historical records
document two such introductions at the time that phylogenetic calculations say that the hybridization happened. These introductions, from the
wheat beer brewery in Schwarzach (1602) (2) and the Einbeck brewery (1612) (3) led to the unique situation of a brewery producing both top- and
bottom-fermented beers at the same time. The relationship between the S. cerevisiae subgenome of S. pastorianus and the genome of modern wheat
strains of S. cerevisiae may favour the Schwarzach origin, but both are plausible. Perhaps future work that will uncover more genomic information
about the ancestral populations of S. eubayanus and S. cerevisiae in the different regions will ultimately resolve the issue.

1602, Bavarian duke Maximilian conferred the privilege from 1548 This was a tremendous success and the white beer from the Elec-

on himself and seized the Degenberger's white beer breweries.
Immediately, an expert brewer and the appropriate yeast were
brought to the ducal Hofbrauhaus in Munich—where only brown
(bottom-fermented) beer had been brewed since its foundation
in 1591—and started brewing (top-fermented) wheat beer there.

tor’s court attained some fame in the 18th century. Kriinitz noted
that it resembled English ale to some extent. A Bavarian princess,
married to the king of Saxony, built a brewhouse to replicate this
in Dresden. And elector Max Emanuel probably brewed it in Brus-
sels, where he governed as vice-regent. The stunning success of
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white beers (not only in Bavaria) might be attributed in part to ris-
ing average temperatures between ~1680 and 1750 (Luterbacher
et al. 2004). Returning to the early days of brewing white beer in
Munich, until a separate ‘weifdes’ (white) Hofbrauhaus was es-
tablished in 1607, bottom-fermented ‘brown’ and top-fermented
‘white’ beers were brewed in rotation, day and night, at the same
brewery (Letzing 1990, Gattinger 2007). Thus, according to this pro-
posal, the most likely S. cerevisiae ancestor of S. pastorianus is the
top-fermenting wheat-beer yeast from the Schwarzach brewery
that hybridized with S. eubayanus within a ‘Stellhefen’-yeast mix-
ture at the Munich Hofbrduhaus. This hypothesis is supported by
the data showing that the S. cerevisiaze component of the S. pas-
torianus genome is phylogenetically related to wheat beer strains
(Gallone et al. 2019). As Bohemian and Northern Bavaria were very
much alike with respect to climate, raw materials, and brewing
technology, and yeast and technology transfer within those con-
nected regions region was usual, it is very likely that these S. cere-
visiae strains originated in Bohemia. When average temperatures
dropped again in the 18th century, white beers quickly lost their
appeal and in 1798, the Bavarian elector Karl Theodor revoked his
monopoly on top-fermented beers. Wheat beer brewing decreased
and stopped; wheat beers had become unattractive in Bavaria.
The epoch of lager brewing had come.

There is a second plausible scenario in which the ale-yeast
would have come from Einbeck. The extremely stable top-
fermented ale (wheat-barley export-lager beer) from this little city
on the southern rim of the Harz Mountains was the most famous
beer in Germany between the 14th and 17th centuries. Although
terribly expensive, the Bavarian dukes bought some casks for their
table every year. To save this expenditure, in 1612, Duke Maximil-
ian hired a brewer (presumably including his yeast) from Einbeck
to prepare this beer in Munich. Some years later (1614 or 1617) the
‘Ainbock’ (later ‘Bockbier’) was served at the duke’s table. Ainbock
was initially—like the original—a top-fermented beer made from
wheat and barley. However, the brewing technology in Einbeck
was special and differed significantly from the one in Munich. The
yeast used in Einbeck also differed from other wheat beer yeasts in
northern Germany. When the Hannover type of wheat beer (Broy-
han) became fashionable in Einbeck (like elsewhere), a brewing
ordinance prohibited using the same equipment for making Broy-
han and Einbeck beer. Moreover, Broyhan yeast was definitely not
to be used to make Einbeck beer. This indicates a distinct differ-
ence in the fermenting pattern/profile of the styles. Special beer
was brewed in Einbeck since at least the 14th century (Feise 1928)
and its special characteristics could have been associated with
particular yeast strains. Thus, a potential split or differentiation
of ale yeasts could have happened in northern Germany after the
introduction of Broyhan (allegedly in 1528, possibly a modifica-
tion of the famous white beer from Hamburg) or its introduction
in Einbeck around 1600. One variety would then have been trans-
ferred to Munich. For some time, the ‘Einbock/Ainbock’ brewed in
the Duke’s court was a strong ‘Weizenbock’ (Estor 1757) butitlater
became a very special Marzen type beer (Kreittmayr 1761). Thus a
transformation from an originally top-fermented wheat beer to an
strong bottom-fermented Méarzen could be observed, which may
indicate the presence of S. pastorianus. Kreittmayr attests that it
was a special, stronger beer, sold every year for a few weeks sea-
sonally only by the elector’s brown-beer Hofbrauhaus from Cor-
pus Christi. Everybody was free to produce it as it was at that time
(and as far back as Kreittmayr knew) a brown bottom-fermented
beer. However, despite being the most coveted beer in Munich, due
to both its expensive manufacture and the statutory cap on beer

prices due to the purity law, it was not profitable to produce. Ac-
cordingly, this beer was only brewed at the Hofbrauhaus.

The common feature of both these scenarios is that a top-
fermenting beer yeast was introduced to the Hofbrauhaus and
subsequently there was a switch of production from top- to
bottom-fermented strong beer. There is no reason to think that
this encounter between a particular ale (white beer) lineage and
an S. eubayanus population in the Hofbrduhaus was unique and
many more such encounters might have taken place (although
bottom fermentation at that time was only widespread in the
South), although no molecular traces of the resulting yeasts have
been detected to date. Indeed, it is reasonable to believe that
multiple different encounters and hybridizations took place but,
for various reasons that are described below, the lineages that
emerged from the Munich Hofbrduhaus became dominant in Eu-
ropean brewing.

Spread and dominance of Hofbrauhaus
S. pastorianus

Regardless of the events that led to the creation of S. pastori-
anus, it is clear that strains from Bavaria spread all over Europe
and are the source of all modern lager yeast strains. We ex-
plore here how this came to pass. Hofbrauhaus yeasts would have
spread among Munich brewers and were widely used through-
out the subsequent centuries, long before the development of
pure brewing starter cultures (1883 onwards). The Hofbrauhaus
was the most respected brewhouse in Munich both for its quality
beers and for innovation and, by 1800, it was the largest brew-
ery in Bavaria. However, the main argument for the dominance
of Hofbrauhaus S. pastorianus might be due to a particular head
brewer (brewmaster), Gabriel Sedlmayr the Elder, being appointed
at the Hofbrduhaus in 1806. Even though Sedlmayr left just 1
year later (1807) and acquired the ‘Oberspatenbrdu’ in Munich,
he certainly had access to Hofbrduhaus yeasts. Together, he and
his son, Gabriel Sedlmayr the Younger (along with other Munich
brewers and scientists such as J. v. Liebig, B. Herrmann, and C.
v. Kaiser) made the Spatenbrdu a model brewery of modern in-
dustrialized lager beer fabrication. The success of the Munich
brewing community rested on the close collaboration between the
still craft-like brewers and brewing academia. Brewers from all
over the world flocked to the Munich brewer school to learn the
new technology of lager brewing while practicing in one of the
breweries, preferentially at Sedlmayr’s Spaten. Thus, from 1837
till 1867 (when Weihenstephan took over), a total of 844 schol-
ars attended the polytechnic academy. Among the brewers visit-
ing Munich were those who introduced lager brewing to Berlin,
Dortmund, and Switzerland (Sedlmayr 1951).The graduates prob-
ably took yeast as well as know-how with them, because there
was no alternative if one wanted to produce lager beers. Selec-
tion/domestication of bottom-fermenting yeasts had been pre-
vented by climate and tradition outside old (electorate) Bavaria.
Even by this point, in the mid-19th century, ‘little glacial’, ice
houses and elaborate artificial cooling were indispensable north
of the low mountain ranges for lager brewing. Moreover, brewing
even in most of the small brewhouses in Bavarian Swabia and in
Franconia was less suitable than the integrated approach in Mu-
nich for the increasingly industrial-scale beer production (Anony-
mus 1845). Thus, everyone who intended to produce lager beer on
a large scale had to use the fairly standardized Munich/Bavarian
approach, including its yeast. Sedlmayr, in the old craft
tradition, generously shared his knowledge and his yeasts with



friends and colleagues. His friend J. C. Jacobsen, owner of the Carls-
berg Brewery, carried a tin can with the valuable yeast from Mu-
nich to Copenhagen in 1845, travelling in a stage coach and eagerly
cooling his can at every stop with cold water (Sedlmayr 1951).
In the 19th century, such long-distance shipments of yeast were
no longer exceptional. When the brewer Georg Lederer (another
of Sedlmayr's friends) started brewing ‘Bayrisch beer’ in Paris in
1850 while exiled from his native Nuremberg, he had yeast sent
from home (Sprotte 2016). Similarly, German brewers emigrating
to America to become founders of the lager beer industry there
brought yeast with them.

Development of methods for the isolation
of pure yeasts by Hansen and Lindner

It is important to realize that the yeasts being distributed by the
Spaten brewery in the 19th century were not pure cultures—
these were “Stellhefen” mixtures that were dominated by strains
of S. pastorianus. The capacity to consistently brew high-quality
lager beer with them relied on the close adoption of the inte-
grated Munich brewing process. In Copenhagen, Jacobsen noted
that his brewery had done perfectly well using the same yeast for
36 years until the brewery skipped the traditional summer break
and brewed all year around (Anonymus 1886, Liers and Wein-
furter 1931). Brewing all year round was an economic necessity for
industrial breweries but it came with an elevated risk of spoilage.
This risk, along with the increased frequency of poor-quality beer,
motivated the chief scientist at Carlsberg, Emil Christian Hansen,
to research the yeasts involved in the beer fermentation, a path
that culminated in the development of the first pure yeast cul-
tures. Using pure yeast for each brew anew would remedy the
problem to some extent, because it prevented the increase of ‘wild
yeasts’ in the population over repeated cycles. Hansen developed
a cultivation method based on a fractionated streaking technique
to obtain colonies from single cells (optimally if cells do not stick
together).

In 1883, Hansen recovered four isolates from his Carlsberg
yeast, only one of which was a domesticated yeast (‘Kulturhefe’,
i.e. a yeast with distinct fermentation profile, which performed
reproducibly in practice) and three so-called ‘wild yeasts’, cate-
gorized according to the then accepted nomenclature as ‘Saccha-
romyces pastorianus’ (Hansen 1895). Around this time, Paul Lind-
ner, working at Delbriick’s research institute at Berlin, developed
an alternative approach to obtain pure yeasts (‘“Tropfchenkultur’).
Those two single cell linage isolation methods were described in
different references and are illustrated in Fig. 3 (Lindner 1891,
1901, 1909, 1910, Hansen 1895, 1905, Hansen and Klocker 1911).
This was the beginning of pure monofermentations and the ob-
servation and research of pure yeast linages deriving from single
clones. It was no wonder that many breweries soon established
a laboratory with a pure yeast culture system. By 1895, a total of
115 lager breweries had adopted Hansen'’s system while another
18 lager breweries used the alternative system developed by Lind-
ner (Hansen 1895). Not everybody agreed with the doctrine of pure
cultures. For example, Max Delbriick objected to Hansen'’s meth-
ods as late as 1887 based on the reasoning that mixtures of yeasts
with different properties were more suited to imparting distinct
flavours. The English model (main top fermentation/Brettanomyces
storage fermentation) still prejudiced German thinking. And even
Hansen himself discussed the pros and cons of yeast mixtures
in his book on fermentation (Hansen 1895). Moreover, it should
be remembered that ‘pure’ strains only became available once
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Hansen had introduced clonal selection to brewing. The idea of
pure strains fitted perfectly with industrial fermentation concepts
asitintroduced criteria to standardize fermentations and allowed
specific strain improvement. It also made collecting cultures at-
tractive, as strains that performed consistently under given con-
ditions became a commercial asset.

It has been testified by J. C. Jacobsen, as well as by Hansen, that
the yeast samples from which Hansen isolated the pure strains,
descended directly from the sample derived from the Spatenbrdau
in 1845 and it is now evident that Lindner’s cultures were also of
Bavarian origin. In addition to pure cultures, Lindner developed
a method on thick wort-agar plates or wort-agar bottles to cul-
tivate giant colonies deriving from pure cultures. The resulting
colony morphology was also a differentiation criterion of the pure
yeast culture (Fig. 4). Two distinct types of bottom-fermenting
yeasts—slow and fast fermenting—were subsequently character-
ized. While there is little doubt that the fast-fermenting variety
originated in Bavaria, theoretically, the slow-fermenting variety
could have emerged by an independent event in Bohemia. How-
ever, as Hansen isolated a slow-fermenting strain (Saccharomyces
monacensis) from a German sample, it is equally as likely that both
scientists were purifying yeasts that were of Bavarian origin. The
loss of culture collections during World War II, the arbitrary nam-
ing of isolates, and the periodical changes in yeast systematics,
hampers attempts to trace today’s specimens back to their orig-
inal source. We discuss below the most likely interpretation of
what the different isolates actually were in terms of modern yeast
species.

Differqntiatiqn of the two modern S.
pastorianus lineages

Despite the confused taxonomy, it is now accepted that there are
two extant modern lineages of S. pastorianus, usually referred to as
referred to as Group I (‘Saaz’) and Group II (‘Frohberg’). The identi-
fication of these two groups dates right back to the time of the ini-
tial isolations by Hansen and Linder. Hansen noted that one of his
most widely circulated isolates, ‘Unterhefe Nr. 1’ formed spores
only after 5-6 days at 25°C, whereas another bottom-fermenting
isolate, ‘Unterhefe Nr. 2" sporulated rather readily (Hansen 1895).
‘Unterhefe Nr. 1’ is the original Spaten-Carlsberg yeast and was
named Saccharomyces carlsbergensis. This strain was later recog-
nized as S. pastorianus but the synonym S. carlsbergensis has been
widely used in the literature. The second isolate, ‘Unterhefe Nr.
2', was recovered from a sample sent from Germany shortly after
the announcement of Hansen's results. Hansen put this isolate to
work at Carlsberg and immediately realized that it behaved com-
pletely differently to Unterhefe Nr. 1 (Aubry 1885). While Unter-
hefe Nr. 1 fermented vigorously, Unterhefe Nr. 2 worked slowly. De-
spite these differences and Hansen'’s classification as S. monacen-
sis, Unterhefe Nr. 2 is, in fact, a variant of S. pastorianus. In Berlin,
Lindner also isolated yeasts with different fermentation proper-
ties. One, named ‘Saaz’, originated from the Common Brewhouse
(Burgerliches Brauhaus) at Saaz in Bohemia, where Dr Reinke
from the Berlin Institute had sampled it. The other isolate, ‘Fro-
hberg’, had been isolated from a sample sent to the Berlin in-
stitute by the owner of Frohberg's brewery at Grimma in Saxony
(Reinke 1891). In the Berlin Institute, Saaz-type strains were clas-
sified as ‘S’ (German ‘schwer’ (slow)-fermenting) and Froberg-type
as ‘F’ (German ‘flott’ (fast)-fermenting) (Reinke 1891), but the most
common terminology for lager yeasts now is Group I (S; Saaz) and
Group II (F;Frohberg). Despite the differences mentioned above,
both Unterhefe Nr 1 and Unterhefe Nr 2 belong to Group 1 (Saaz).
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Figure 3. Pure culture techniques developed by Emil Christian Hansen and Paul Lindner. Two different methods for the generation of pure
monocultures of yeast were developed by Hansen and Lindner. Hansen’s method was a fractionated single-colony streak on solid medium whereas
Lindner’s involved single droplet isolation under the microscope. In Lindner’s method, mini droplets of a liquid sample (e.g. wort, green beer, and beer)
were placed onto scratches of a glass slide and viewed using a microscope. If there were single cells in the field, they could be transferred into sterile
wort by using sterile blotting paper. Both methods were adopted by breweries and used to develop pure cultures of S. pastorianus from Stellhefen

mixtures of brewing yeasts.

Figure 4. Images of giant colonies of different yeasts visualized by Paul Lindner. Lindner developed a method to distinguish strains and species of
brewing and wild yeasts by cultivating giant colonies on thick wort-agar. The different morphology is evident. Colonies 1 (Saaz) and 2 (Frohberg) show
the two modern S. pastorianus groups; colony 3 is an S. cerevisiae Berlin wheat-beer yeast; colony 4 is Saccharomyces farinosus from Danziger Jopenbier
(current name Millerozyma farinosa); colonies 5 and 6 are wild yeasts (Lindner 1909, 1910, Hutzler 2021).

The best-known strain of the Frohberg group is S. pastorianus
TUM 34/70, which was sequenced in 2009 (Nakao et al. 2009),
and whose history and path through time is described in detail in
the publication by Gallone et al. (2019) in the supplemental note.
The latter publication also describes the historical paths of an-
other important strain (TUM 26) of the ‘Frohberg’ group, whose
genome has also then been sequenced. TUM 26 was isolated be-
tween 1945 and 1956 from a yeast culture of the Sternburg brew-
ery in Lutschena Leipzig, which is only a few kilometres from Fro-

hberg Brewery in Grimma (Meussdoerffer and Zarnkow 2016, Gal-
lone et al. 2019). The Lutschena-Leipzig strain and the Frohberg-
Grimma strain were probably the same. The Sternburg brewery
Lutzschena-Leipzig was founded in 1836-37 by Maximillian von
Sternburg, who transformed it into a model lager brewery. The
Bavarian Beer-Steam-Brewery Liitzschena, as it was named origi-
nally, 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 (Meussdoerffer and Zarnkow 2016, Gallone et al. 2019).



In all likelihood, the master brewer brought the yeast culture from
the Munich Augustiner brewery to the Sternburg Brewery to start
the first brewing batch. Together, this historical information also
points towards a Bavarian, and more specifically Munich, origin of
the Frohberglineage (Meussdoerffer and Zarnkow 2016, Gallone et
al.2019). The genome sequence of the archetype of Group I strains,
Hansen'’s ‘Unterhefe Nr. 1’ (S. carlsbergensis) was also determined,
facilitating studies on the evolutionary relationship between the
groups (Walther et al. 2014).

Almost immediately with the availability of pure yeasts, their
fermentative properties were elucidated in detail. However, before
discussing these results it might be useful, to look at the state
of the brewing industries in Bavaria, Berlin, and Bohemia at that
time. This was a period of rapid change from artisanal to industrial
brewing. Although Munich was still home to the largest breweries
at the time of Hansen'’s discovery, the brewing industry in Berlin
grew rapidly and soon overtook Munich. However, the beer from
Pilsen in Bohemia grew even faster from the 1860s onwards and
would soon prevail. Thus, regional tradition as well as interna-
tional customer preferences shaped the market. There were still
distinct beer styles, differing in malting and mashing technolo-
gles. It was generally agreed that Munich style beers were less
fermented and sparkling, but nourishing. This was achieved by
using poorly dissolved malts (germination, high-temperature kil-
ning), decoction-mashing, and cold, slow fermentation. In con-
trast, Viennese and particularly Pilsener beers were crystal clear,
pale, and carbonized, with a slight resemblance to champagne.
Certainly, different yeasts/fermentation technologies were essen-
tial to these beer styles. Moreover, the majority of breweries (in
Bavaria 76%) still produced less than 1000 hl per year. In Saaz
County, home to the original Saaz yeast, there were 56 breweries,
of which only five were mechanized. Many of these small brew-
eries obtained their yeasts from research stations or had their
traditional yeast purified there. Only a few small breweries, like
the one in Grimma where the Frohberg yeast originated, had a
pure yeast apparatus (in this case a Lindner system). Thus, the iso-
lated yeasts originated from small establishments that were still
using mixtures of various yeasts as well as from larger brewing
establishments that operated all year round with pure cultures.
Studying the Saaz and Frohberg-type yeasts it soon became ev-
ident, that the different fermentation pattern was due to differ-
ences in their ability to metabolize different substrates (see Ta-
ble 5). While the strong-fermenting Frohberg yeast suited the
larger breweries well, the Saaz yeast seemed to be particularly
adapted to the old Bohemian brewing process (Reinke 1891). The
worts here were significantly weaker than elsewhere; in 1871 60%
of the beers were produced from worts of 10°P (Noback 1874). The
fermentation at the Biirgerliche Brduhaus at Saaz—home of the
yeast—was performed slowly at low temperatures yielding a de-
gree of (real) fermentation of 33% (Reinke 1891). Moreover, differ-
ences were observed between the fermentation of Munich- and
Berlin-type worts by S (Group 1) and F (Group 2) yeasts. Group 1
strains could only metabolize about 6/7 of the extract that was
fermented by Group 2 strains. Later, this was correctly attributed
to the inability of Group 1 yeasts to metabolize ({3-) isomaltose
(Koch 1894).

Distribution and storage of brewing yeasts

Following the development of the technology for generating pure
starter cultures, public and commercial scientific laboratories
sprung up everywhere. In 1895, Hansen names a total of 22 such
laboratories that used his technique, in Denmark (2), Sweden (1),
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Table 5. Substrate usage of Saaz and Frohberg yeasts (Euler and
Lindner 1915).

Yeast/sugar Saaz Frohberg
Inulin - -
Dextrin - -
Glucose 3 3
D-Mannose 3 3
D-Galactose 2 3
Fructose 3 3
Trehalose ? 2
Saccharose 3 3
Maltose 3 3
Lactose - -
Melibiose 2 3
Raffinose 3 3
«-Methyl-glucoside 3 3

3-Methyl-glucoside
Arabinose, xylose, and rhamnose
— = negative, 2 = 2/3 usage, 3 = 3/3 usage

England (1), Germany (11), Bohemia (1), Austria (1), Russia (1),
France (2), and USA (2). Soon, these institutes established culture
collections of their own. In 1891, the collection of the Institute
for fermentation in Berlin kept about 300 isolates, among them
200 yeasts (Lindner 1891). This institute purified yeasts from sam-
ples sent by breweries and provided expertise and appropriate
yeasts from its own collection. In most of Bavaria, these services
were rendered by the scientific station at Weihenstephan (Anony-
mus 1886). In 1895, Jorgensen (Copenhagen) provided yeasts to 66
smaller breweries as distant as South America or Australia. The
institute’s culture collection comprised more than 200 isolates.
At the same time, the Bavarian experimental station in Nurem-
berg sent out some thousand litres of small pure yeast portions
(Hansen 1895). Yeast specimens were stored in a dried state, pref-
erentially mixed with sawdust. Asbestos, charcoal, or gypsum was
also discussed, but probably less efficient (Lindner 1901). Another
method was adsorption on sterilized filter paper. This method was
also used to ship analytical samples. However, yeasts treated that
way were stable for no more than 6-20 months and might even
change before use. For longer preservation times, Hansen recom-
mended storage in flasks with a sucrose (saccharose) solution.
Yeasts remained remarkably stable under these conditions. Flask
cultures sent in 1887 by Hansen to the British microbiologist A.
Gordon Salamon could be fully reactivated after 34 years in 1921
(Ling and Nanji 1921). Of course, sporulation played a role in con-
servation and shipping. It was known that ‘wild’ yeasts sporu-
lated much better than domesticated bottom yeasts (‘Kulturhe-
fen’). Hansen even recommended a quick check on spore forma-
tion as a rapid test for the purity of bottom-fermenting yeast cul-
tures. Yeasts were also provided for free to Jacobsen’s competitors
Tuborg in Copenhagen and Heineken in Amsterdam. The corre-
spondence between Heineken’s director (1869-97) Wilhelm Felt-
mann and Jacobsen concerning yeasts from 1885 is revealing. Re-
peatedly, Feltman complained about the unsatisfying quality of
the yeast he received and demanded better packaging. He pro-
posed putting the yeast in a tin can, soldering the top and pack-
ing the can in a container filled with sawdust and ice. Meanwhile,
Heineken brewed using pure cultures from Munich brewers and
particularly the Hofbrduhaus, which is mentioned in several let-
ters and even later judged the best yeast. These letters prove that
pure cultures were readily available from many sources by 1885.
In 1886, Feltman set up a laboratory for pure strain isolation at
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Heineken and isolated their own strains. Soon Heineken sold sur-
plus yeasts to breweries in Austria, Belgium, France, and Germany.
In a letter to Jacobsen, Feltman had asked him to charge a fee
for the yeast ‘as it is usual among colleagues’. Thus, while Jacob-
sen rejected Hansen’s repeated urgings to make yeast culturing
a business for a long time, Feltman did so and had no scruples
charging Carlsberg when he eventually delivered yeast to Copen-
hagen (Unger 1998). After 1900, the time when yeasts were given
away freely had passed.

In the wake of Hansen's work, new strains were regularly
isolated, characterized, and categorized. As unambiguous spe-
cial properties for classifying yeasts and no systematics had yet
agreed upon, much relied on observation under undefined condi-
tions. However, these efforts led to the discovery of such impor-
tant species/strains as S. bayanus (H. Will, 1891, from turbid beer),
Saccharomyces ludwigii (later Saccharomycodes ludwigii) (C. Hansen
1889, from the slime of oak trees) and Schizosaccharomyces pombe
(P. Lindner 1893, from an African beer) (Barnett and Lichtenthaler
2001). Although yeast nomenclature has been changed multiple
times, and some familiar species names like Hansen'’s S. carlsber-
gensis are considered synonyms, some others were discontinued
and later reinstated (S. uvarum), many originally named strains
are still included in culture collections. As the origin and history
of strains is often somewhat blurred, it might be difficult to trace
a given isolate back in time. Thus, one S. bayanus isolated by Bei-
jerinck in 1894 and described in 1898 is typified today by strain
CBS 3957. On the other hand, a S. bayanus described by Will (1891)
and listed in 1895 by Saccardo (Sylloge Fungorum XI, p. 457) is typ-
ified with strain CBS 380T (Nguyen and Boekhout 2017). The fre-
quent change of nomenclature leads to problems as summarized
by Ernst Mayr in 1989: ‘A brewer, for instance, is disconcerted when, or-
dering a culture of S. carlsbergensis from a culture collection, he receives
one labelled Saccharomyces cerevisiae, Saccharomyces uvarum or Sac-
charomyces bayanus’ (Barnett 2004). Accordingly, Will’s S. bayanus
(1891) is listed in ~191 accession numbers, while Beijerinck’s yeast
is registered today in ~49 and Hansen’s Unterhefe Nr. 2, S. mona-
censis (1908) in 60 accession numbers.

Summary and perspective

Our results of the historical research and their combination with
published phylogenomic data allow us to propose the emergence
and distribution of the S. pastorianus lager yeast in three main
stages of evolution and transfer (Fig. 1, Table 6). First, yeast mix-
tures came to Munich from the heartlands of bottom-fermented
beer (Franconia, Upper-Palatinate) where bottom fermentation
has been practiced since at least the 14th century. After the Pu-
rity Law (Reinheitsgebot) of 1516, Bavaria was, with a few excep-
tions, a land with a purely bottom-fermented brewing method.
Second, in 1602, the Hofbrauhaus Munich commenced brewing
top-fermented beer (transfer of the right of the Degenberg aris-
tocrats from Schwarzach to brew wheat beer to the Hofbrauhaus
Munich). From 1602 until at least 1607 (1607 saw the establish-
ment of a separate wheat beer brewery for the Hofbrauhaus),
bottom- and top-fermented beer was produced side by side under
one roof in very large volumes. In the period 1602-15, brewmasters
from Schwarzach and Einbeck, along with their yeast, were ac-
tive in the Hofbrduhaus Munich. This period and location are the
most likely scenario for the hybridization to produce the bottom-
fermenting S. pastorianus lager yeasts. Unlike its parents, S. cere-
visiae and S. eubayanus (Rodriguez et al. 2014) (Goddard and Greig
2015), S. pastorianus does not sporulate well, if at all. This might in-
dicate, i.e. unfit to thrive in natural environments and thus relied
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exclusively on human propagation for longer-term survival. It is,
therefore, quite likely that the bottom-fermenting yeasts, if they
originated from a single event, remained confined to the regions
south of the low mountain ranges. Third, and much later (1807),
Sedlmeyer the Elder brought the yeasts of the Hofbrduhaus Mu-
nich to the Spatenbrauerei, which he and later his son developed
into the flagship bottom-fermenting brewery. The Spaten brewing
technology and associated Stellhefen became widely distributed,
including to the Munich breweries Spatenbrau and Leistbrau, the
experimental governmental brewery at Weihenstephan, and sig-
nificantly in 1845 to the Carlsberg Brewery in Copenhagen. In 1883,
at the Carlsberg brewery, Hansen developed pure cultures of the
Spaten S. pastorianus and in turn these were widely distributed to
many European breweries, among them the Franziskaner brewery
in Munich, the Liesinger brewery in Vienna, the Cracauer brew-
ery at Magdeburg (Aubry 1885), and even the Heineken brew-
ery in Amsterdam. In Berlin, Lindner also developed techniques
for purifying and studying yeasts and, using either Hansen’s or
Lindner’s techniques, other breweries proceeded to isolate pure
yeast strains of S. pastorianus. All of these derive from bottom-
fermenting Stellhefen that were used in Bavaria, very often di-
rectly sourced from the Spaten Brewery, in some cases, many
years before.

Early on, analysis of fermentation parameters defined two
main groups of S. pastorianus strains and genomic data later con-
firmed this. The underlying ploidy of Group 1 (Saaz) strains is
triploid, comprising mainly one S. cerevisize subgenome and a
diploid S. eubayanus subgenome, whereas that of Group 2 (Fro-
hberg) strains is tetraploid, with diploid S. cerevisiae and S. eu-
bayanus subgenomes. Subsequent genome evolution, changes in
ploidy, gene duplication, loss of heterozygosity, and so on further
complicates the landscape but the underlying structure is clear.
The relationship between the two groups has been debated but
it is now accepted that the two groups share an ancestry and do
not represent two completely independent hybridization events
(Salazar et al. 2019). This does not exclude the possibility that
other hybrids may have formed over the course of brewing history.
In fact, if one considers that large-scale brewing took place over
hundreds of years, using mixtures of related yeast species, with
variable environmental conditions and strong selective pressure,
it seems very likely that this was the case. While, without doubt, S.
pastorianus is an excellent bottom-fermenting brewing yeast, per-
haps its occurrence in a technologically advanced brewery that
was willing to share know-how and yeasts also contributed to
its achieving dominance. It is also interesting to note that both
Groups 1 and 2 S. pastorianus were maintained in the yeast mix-
tures that were used in Bavaria for hundreds of years, suggesting
that their combined activity produced the desirable lager beers.
The development of pure starter cultures facilitated the devel-
opment of very large, industrial breweries and very consistent,
high-quality beer—but perhaps as suggested by Delbruck, with
the loss of some characteristics of those beers produced in the
winter months in Bavaria from the 16th to the 20th century. In-
deed, there is a certain circularity in the current efforts to create
new beers by using consortia of strains, developing new hybrids,
and tapping into yeast biodiversity.
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