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Abstract: Kveik are consortia of yeast used for farmhouse ale production in Western Norway. Yeast
strains derived from these mixtures are known, for example, for their high fermentation rate, thermo-
tolerance, lack of phenolic off flavor production (POF-) and strong flocculation phenotype. In this
study, we used five single cell yeast isolates from different Kveik yeasts, analyzed their fermentation
and flavor production, and compared it with a typical yeast used in distilleries using 20 °C and
28 °C as the fermentation temperatures. One of the isolates, Kveik No 3, showed an impairment of
maltotriose utilization and thus a reduced ethanol yield. Kveik fermentations for spirit production
often harbor bacteria for flavor enrichment. We sought to improve Kveik fermentations with non-
conventional yeasts (NCY). To this end we co-fermented Kveik isolates with Hanseniaspora uvarum,
Meyerozyma guilliermondii and Pichia kudriavzevii using 5:1 ratios (Kveik vs. NCY) at 20 °C. The
combinations of Kveik No 1 with P. kudriavzevii and Kveik No 1 with Hanseniaspora uvarum showed
substantially increased amounts of specific volatile aroma compounds that were previously identified
in the NCYs. Our results indicate that Kveik isolates appear to be suitable for co-fermentations
with certain NCY to enhance beer or spirit fermentations, increasing the potential of these yeasts for
beverage productions.

Keywords: Kveik; brewing; volatile aroma compound; maltotriose; Saccharomyces; Hanseniaspora

1. Introduction

Yeasts of the genus Saccharomyces have a long history of domestication due to their con-
stant use in baking and alcoholic beverage production [1]. Accordingly, S. cerevisiae may be
considered mankind'’s first domesticated species [2]. Domestication, as seen in lager yeast,
worked efficiently since a suitable niche was provided ensuring constant nutrient supply
and storage [3]. Lager yeast strains evolved as hybrids from S. cerevisiae and S. eubayanus,
and today two main groups are recognized as Saaz and Frohberg, which evolved from a
single hybridization event [3,4]. These groups can be distinguished based on their ploidy
with Saaz yeasts being~triploid and Frohberg yeast~tetraploid with added aneuploidies for
individual chromosomes [5,6]. Lager beer fermentations require yeast strains that ferment
at low temperatures, utilize maltose and maltotriose (for which Saaz yeasts have a higher
consumption rate), produce clean aromas, i.e., no phenolic off-flavors, and flocculate well,
i.e., collect at the bottom of the brewing vessel at the end of fermentation [7].

Ale yeasts, on the other hand, are mainly S. cerevisiae yeasts that cannot utilize meli-
biose in contrast to lager yeasts and ferment at higher temperatures (15 °C-25 °C) due to
higher maltose transport activity at these temperatures [8].

A group of farmhouse ale yeasts, used for centuries in an isolated region of Western
Norway, are known as Kveik [9]. Kveik represent yeasts or consortia of different yeast
strains (including bacteria) that were selected for their fast fermentation and short lag
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phase (hence ‘Kveik” as in ‘quick’), high temperature and high ethanol tolerance, maltose
utilization, high gravity fermentation, POF- negative phenotype and the ability to withstand
drying on Kveik rings until the next fermentation cycle, potentially occurring a few months
later. Traditionally, Kveik was pitched into warm wort of >30 °C, which is drastically
different from other beer brewing conditions [9,10].

A comparative genome analysis of six Kveiks indicated that they are tetraploid S.
cerevisiae yeasts that belong to the ‘Beer 1’ clade composed of yeasts from Germany, the
UK and the US. However, they also contain a S. cerevisiae hybridization partner that is
yet unknown [9]. Several fermentation traits could be related to their genomic make-up:
fast maltose utilization based on amplification of MAL genes, POF- phenotype based on
loss-of-function mutations in either PAD1 or FDCI required for the decarboxylation of
hydroxycinnamic acids to 4-vinylguaiacol, and a high flocculation rate based on copy
number variations in the flocculation genes FLO1 and FLO11 [9]. The accumulation of
intracellular trehalose may contribute to the high fermentation temperature tolerance and
high ethanol tolerance of Kveiks [10]. One isolate from a Kveik culture, Muri, was revealed
to be an allodiploid hybrid of S. cerevisiae and S. uvarum, indicating that some degree of
diversity can be expected [11].

As Kveiks adapt to high temperature fermentations, they have a strong potential to be
used in a variety of fermentations that then are sufficient without cooling. Besides energy
cost saving, faster fermentation speed of Kveiks may also free up capacity in breweries.
Kveiks (Hornindal, Lida) have been used in stout beer and Indian Pale Ale fermentations
and have generated more fruity aromas than a commercial control strain [12,13].

Non-sterile fermentations, such as in whisky production, require fast fermenting
strains with high temperature and high ethanol tolerance. The presence of bacterial strains
is tolerated and may be associated with positive aroma contribution [14,15]. The limitations
of the use of Saccharomyces in fermentations, compared to some successful spontaneous
fermentations that are based on a much broader biodiversity, have led to an interest in
employing NCYs in beverage productions. Studies on NCYs have been increasing over
the past two decades with a focus on lowering the ethanol content and/or enrichment of
flavors in the final beverage [16-21]. Recent publications have highlighted, for example, the
use of Wickerhamomyces anomalus in co-fermentations with S. cerevisiae strains to enhance
the flavors in beer and wine [22,23].

Previously, we isolated and characterized a series of NCYs and identified H. uvarum,
M. guilliermondii and P. kudriavzevii as potentially beneficial strains for co-fermentations [24].
In this study, we examined if beer yeast flavor can be specifically modulated by these NCYs,
enriching the fermented beverages with fruity esters. To this end, we used five Kveiks
obtained from a whisky distillery, obtained single colonies thereof and characterized their
fermentation properties at 20 °C and 28 °C. Thereafter, we employed these Kveiks and the
three above-mentioned NCYs in co-fermentations of unhopped granmalt and analyzed their
fermentation progress, sugar utilization and aroma compound formation. This revealed
specific Kveik—NCY combinations that may be validated in up-scaled fermentations.

2. Materials and Methods
2.1. Strains and Media

Yeast strains were subcultured in YPD (1% yeast extract, 2% peptone, 2% glucose).
The YPD plates for single colony isolation using the streak plate method contained 2%
agar. Unhopped and rehydrated granmalt (GranMalt AG, Bergkirchen, Germany) was
prepared at 15° Plato and sterilized by autoclaving. The same batch was used for all
experiments. The sugar content of the malt was determined by HPLC (High-Performance
Liquid Chromatography) and is shown in Table 1 (carried out as described in [24]).



Microorganisms 2022, 10, 1922

30f13

Table 1. Sugar content of rehydrated granmalt used in this study.

Glucose Fructose Maltose Sucrose Maltotriose  Total Sugars
[g/L] [g/L] [g/L] [g/L] [g/L] [g/L]
Wort 18.7 11.8 43.7 29.1 14.2 117.5

For sporulation, assays cells were precultured in liquid YPD, centrifuged and washed
with sterile water and then streaked out on solid sporulation media (2% potassium acetate,
2% agar; pH 6.5-7.0). Plates were incubated for 10 days at 25 °C before determining the
sporulation efficiency. The strains used in this study are outlined in Table 2.

Table 2. Strains used in this study.

GYBC* Strain + Description Source
145 Kveik No 1 Framgarden
146 Kveik No 2 Strada
- Aurora Spirit Distillery,
147 Kveik No 3 Tormodgarden Lyngseidet, Norway
148 Kveik No 4 Ebbegarden
149 Kveik No 5 Hornindal
. - Fermentis,
SafSpirit M1 Distillery yeast Marcq-en-Barceul, France
214 Hanseniaspora wvarum B079 [24]
215 Meyerozyma guilliermondii B143 [24]
216 Pichia kudriavzevii B144 [24]
w100 Ale yeast Hefebank Weihenstephan
W174 Ale yeast GmbH, Hallertau,
W213 Ale yeast Germany

* GYBC: Geisenheim Yeast Breeding Center; +: The Kveik strains 1-5 are single cell isolates of the original Kveiks
provided by the Aurora Spirit Distillery.

2.2. Microscopy and Micromanipulation

Microscopic images of Kveiks and ale yeasts were generated using Differential Interfer-
ence Contrast (DIC) on a Zeiss Axiolmager M2 (version number, Jena, Germany) equipped
with a Plan-Apo 100x/1.4 Oil objective. Images were acquired with a pce.edge 4.2 bi digital
camera and processed using Fiji software (version number, City, Country) [25].

Micromanipulation of yeast tetrads was carried out on an MSM System 400 (Singer
Instruments, Roadwater, UK). A loopful of cells from a sporulation plate were resuspended
in 45 pL sterile water and treated with 5 uL zymolyase (10 mg/mL) for 30 min at 30 °C. A
portion of 10 uL was streaked out on the inoculation field for tetrad dissection.

2.3. Fermentation Conditions

Lab scale fermentations were carried out in 250 mL tall-tube cylinders filled with
150 mL Granmalt wort. Wort was pitched with yeasts at 1 x 107 cells/mL. Fermentation
temperatures were kept constant at either 20 °C or 28 °C. Fermentations were stirred
constantly at 300 rpm. The fermentation progress was monitored by documenting mass
loss due to CO, release. Co-fermentations of Kveiks with NCYs were carried out at 20 °C.
The fermentations were carried out with initial ratios of one part NCY and five parts Kveik.
Appropriate dilutions were generated based on ODggp nm measurements. All fermentations
were carried out in triplicate.
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2.4. Analytical Methods

The end of fermentation was reached when mass loss and CO, release reached a
plateau. Sugar consumption and residual sugar concentrations were measured by HPLC
at the end of fermentation as described [24,26]. Volatile aroma compounds (VACs) were
determined by headspace solid phase micro extraction and gas chromatography coupled
with mass spectrometry (HS-SPME-GC-MS) based on methods described previously [26,27].

2.5. Statistical Analyses

To obtain estimates of relative effect sizes of (A) the Kveik strain and (B) the NCY
strains on volatile aroma composition, we performed redundancy analysis (RDA) on the
VAC data set (see Supplemental Material). Statistical significance of the VAC increase in
co-fermentations was determined by the Wilcoxon rank sum test (one-sided tests, com-
paring VAC amounts from co-fermentations to corresponding values from a Kveik single
fermentation) for each VAC. Statistical analyses were performed in R version 4.0.3 (R Core
Team 2020, Vienna, Austria).

3. Results
3.1. Kveiks Differ from Ale Yeasts in Their Germination Efficiency of Spores

Kveiks are described as farmhouse ale yeasts. To compare their life cycles with ale
yeast production strains we used five Kveiks (see Table 2); we generated single colonies
thereof and cultured them in liquid full medium (Figure 1A). These cultures were induced
to sporulate on solid media and sporulation efficiency as well as germination efficiency
were determined (Figure 1B, Table 3).

A Kveik 1 Kveik 2 Kveik 3 Kveik 4

B Kveik1 Kveik2 Kveik3  Kveik4

2345 1234 5 1 °2:3:4 5

6789 10 67 89 10 6 789 10 6 7 89 10

a6 oo

an oo

Figure 1. Life cycle assessment of Kveiks. (A) The indicated strains were grown in liquid YPD and
imaged using differential interference contrast optics. Size bar is 10 um. (B) Cells of the same strains
as in (A) were sporulated on solid media and ten tetrads (two rows of five tetrads each) of each strain
were dissected by micromanipulation on YPD plates. Plates were incubated for 5 days at 30 °C prior
to photography.
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Table 3. Germination efficiency of Kveik and ale yeast spores.

Strain Sporulation * Germination +
Kveik 1 78% 64%
Kveik 2 68% 66%
Kveik 3 31% 62%
Kveik 4 57% 36%
Kveik 5 43% 9%

W100 20% 8%

W174 90% 4%

W213 30% 3%

* only four-spored asci were scored. Cells were kept on sporulation plates for 10 days and 400 cells were
analyzed. + For determining the germination efficiency 100 spores derived from 25 tetrads were dissected by
micromanipulation (see Figure 1B).

The ale yeasts that were studied showed quite a variable degree of sporulation, but
sporulation can reach a very high level, as seen in W174 (and other ale yeasts; our unpub-
lished results). Nevertheless, the germination efficiency of ale yeast spores was surprisingly
low, making ale yeasts generally difficult breeding stocks. Kveiks, on the other hand,
sporulated quite well and the germination efficiency was considerably higher, as has also
been observed by others [9]. Kveik 5, however, was more similar to regular ale yeasts with
a low spore germination frequency. Tetrad dissection indicated differential germination or
growth of Kveik spores of individual asci. For breeding purposes, it will be interesting to
analyze the fast-growing Kveik spore clones and assess their mating ability. Our compari-
son demonstrated that Kveiks represent unique breeding stocks among ale yeasts, which
may be useful for strain improvement strategies for a variety of yeast strains.

3.2. Fermentations with Kveiks Are Faster at Higher Temperature and Show Differential
Maltotriose Utilization

Kveiks are able to ferment rapidly at high temperature. However, in other brewing
settings lower temperatures are employed. Thus, we studied the fermentation progress
and the sugar utilization of Kveiks at 20 °C and 28 °C. Kveiks showed strong fermentation
intensities at the start of fermentation and finished fermentation a day earlier at 28 °C,
compared to the 20 °C fermentations (Figure 2A). Fermentation intensity was very high
in the first few days and then rapidly declined. The Kveiks’ fermentation behavior was
comparable to the M1 distillery strain, which also showed a rapid fermentation start but
required longer to reach the fermentation end point (Figure 2B).

A Kveik 1 Kveik 2 Kveik 3 Kveik 4 Kveik 5 M1
40~
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Figure 2. Fermentation characteristics of Kveiks. (A). Fermentation curves of the indicated strains
and M1 control based on CO;-release and concomitant mass loss, which was measured daily. (B).
Amount of CO;-release per day illustrates the fermentation intensity of the strains. White circles
mark the mean value of three replicate fermentations; error bars are the standard error of the mean.
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A complete utilization of available sugars is required for maximal ethanol yield. We
quantified wort sugars (glucose, fructose, and sucrose as well as maltose and maltotriose)
using HPLC. This indicated that Kveiks, particularly Kveik 3, did not fully consume mal-
totriose. While Kveik 3 consumed only 25-30% of maltotriose at the tested temperatures,
the other Kveiks utilized between 81% and 91% of the maltotriose. The M1 strain outper-
formed the Kveiks in terms of maltotriose utilization. However, M1 could not consume all
of the maltose at a higher temperature (only 88%), in contrast to the Kveiks. As maltose
is the major wort sugar, overall sugar consumption was higher in the Kveiks, except for
Kveik 3. The amount of ethanol produced by Kveiks was in the expected range, yet, was
found to be lower than that of M1. Overall, the ethanol yield was higher at 20 °C than at
28 °C (Table 4).

Table 4. Residual sugars and total ethanol content.

Strain Glucose  Fructose Maltose Sucrose Maltotriose  Total Sugars Ethanol Ethanol
[g/L] [g/L] [g/L] [g/L] [g/L] [g/L] [g/L] [%]
Fermentations at 20 °C
Kveik 1 <1 <1 <1 <1 20£07 20£0.7 50.7 £ 1.1 6.4+0.1
Kveik 2 <1 <1 <1 <1 1.3 1.3 56.4 0.9 71+0.1
Kveik 3 <1 <1 <1 <1 10.0 £ 0.2 10+ 0.2 473 +£03 6.0
Kveik 4 <1 <1 1.0+0.1 <1 1.2 1.9+ 0.6 554 £0.3 7.0
Kveik 5 <1 <1 2.7 <1 27%02 35£17 50.7 £ 0.4 6.4
M1 <1 <1 <1 <1 <1 <1 585+ 1.8 74+£02
Fermentations at 28 °C
Kveik 1 <1 <1 <1 <1 2.6 £0.8 26£038 424+ 14 54 £0.2
Kveik 2 <1 <1 1.0£0.1 <1 1.2 22+0.1 471+04 6.0£0.1
Kveik 3 <1 <1 <1 <1 10.6 £ 0.6 10.6 £ 0.6 39.5+09 50=£01
Kveik 4 <1 <1 <1 <1 1.2+0.1 1.2+0.1 464 +0.9 59+£0.1
Kveik 5 <1 <1 <1 <1 21+04 21+04 441 +0.1 5.6
M1 <1 <1 53 £09 <1 <1 6.3 £0.9 534+1.38 6.8 +£0.2

3.3. Volatile Compound Formation of Kveiks at Different Fermentation Temperatures

Our fermentations are routinely analyzed for the major esters and higher alcohol
volatile aroma compounds. Fermentations of Kveiks at 20 °C were compared with M1
fermentations. The most abundant ester by far in these fermentations was ethyl acetate
(acetic acid ethylester) in the range of 37 to 95 mg/L. M1 produced almost twice as much
ethyl acetate as the Kveiks. The other major esters were isoamyl acetate (acetic acid 3-
methylbutylester), ethyl octanoate (octanoic acid ethylester) and 2-phenyl acetate (acetic
acid phenylethylester), which made up 67-84% of all other esters in these strains.

Kveik 3 and M1 were similar in their isoamyl acetate production, but overall, the
Kveiks generated substantially less esters compared to M1, with Kveik 1, 2 and 4 reaching
around 60% and Kveik 5 about 75% of the levels found in M1. Kveik 3 was different in that it
produced a high amount of isoamyl acetate and 2-phenyl acetate, which are both products
derived from Ehrlich pathway degradation of amino acids leucine and phenylalanine,
respectively (see Table S1).

Although M1 outperformed the Kveiks in the production of esters, the profiles for
higher alcohols (e.g., isoamyl alcohol and 2-phenyl ethanol) were very similar in all strains
and amounted to a total of 250-320 mg/L, but still with M1 at the higher end. The major
acids detected were i-valeric acid and decanoic acid (Table S1).

In fermentations at 28 °C, M1 again produced the highest amount of ethyl acetate,
~twice as much as Kveiks 1, 4, 5 and ~50% more than Kveiks 2 and 3. However, the amount
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of other aroma esters generated by M1 was considerably lower at 28 °C compared to
the 20 °C fermentations (only 40%), suggesting lower production or retention at higher
fermentation temperatures. The Kveiks performed quite heterogenously. Kveik 1 was
similar to M1 in that it showed an overall reduction of ester compounds at 28 °C, compared
to 50% of that at 20 °C fermentations. Kveik 2, on the other hand, performed at 28 °C:
very similar to the 20 °C fermentations. The only major change was a reduction in isoamyl
acetate production in this strain, which was contrasted by an increased ethyl decanoate
(decanoic acid ethylester) production. Kveiks 3, 4 and 5 showed smaller reductions in
ester compounds: 76%, 83% and 95% of the 20 °C levels, respectively, also with substantial
reductions in isoamyl acetate production (Table S2).

The production of higher alcohols at 28 °C was very similar to the production at
20 °C. Interestingly, under these conditions M1 was found at the lower end of the scale
(240 mg/L). The major higher alcohol at both fermentation temperatures was isoamyl
alcohol, accounting for ~50% of the higher alcohols. The amounts of isovaleric acid were
similar under both fermentation conditions (0.9-1.7 mg/L; Table S2). This is within the
range found in ale yeasts also used in this study, while lager yeasts are at the lower end of
this range (not shown).

3.4. Co-Fermentations of Kveiks with Selected Non-Conventional Yeasts

At higher temperatures the Kveiks (except for Kveik 1) generated substantially higher
amounts of esters (except ethyl acetate) than M1. However, overall production of esters
was improved at lower temperatures in all strains and M1 outperformed the Kveiks at
20 °C. Therefore, we aimed for a targeted improvement of Kveik flavor output by adding
NCYs in co-fermentations. Previously, we characterized three NCYs, Hanseniaspora uvarum,
Meyerozyma guilliermondii and Pichia kudriavzevii, in grape must fermentations [24]. These
yeasts showed good alcohol tolerance and fast fermentation in high sugar must. The
major aroma esters found in these NCYs were ethyl propionate (propanoic acid ethylester)
and ethyl (i-)butyrate ((i-)butyric acid ethylester), which impart pineapple-like odors [28].
As these esters were not prominent in Kveik aroma profiles, we hypothesized that co-
fermentations of the Kveiks with each of the NCYs could specifically alter and improve
their aroma profiles. Co-fermentations were carried out in granmalt wort, as before, and at
20 °C, a temperature which is equally well suited to the NCY strains. We did not aim for
an overly pronounced impact of the NCYs, particularly because of their marked potential
to generate ethyl acetate. Therefore, we used a ratio of 5:1 in favor of the Kveiks in these
co-fermentations. Each of the five Kveiks was fermented with each of the three NCYs in
triplicate samples (Figure 3).

The co-fermentations showed a vigorous start and slowed down after three days
to reach the end of fermentation after ~9 days. In all co-fermentations Kveik 3 could
not perform well after day 3 and fermentations halted for the three following days to
then gradually pick up again (Figure 3). As shown in single fermentations, Kveik 3 was
impaired in maltotriose utilization, which could not be compensated by any of the NCYs.
In the co-fermentations Kveiks regularly used up >90% of the maltotriose and consumed
all of the maltose (except for Kveik 4 in the H. uvarum co-fermentation where a residual
3% of the maltose was found at the end of the experiment; see Table S3). In all Kveik
5 co-fermentations less CO, was released compared to Kveiks 1,2 and 4, which was also
reflected in their lower ethanol yields (Table 5).
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Figure 3. Co-fermentation of Kveiks with NCYs using granmalt wort at 20 °C. The five Kveiks were
co-fermented with H. uvarum (B079, top row)), P. kudriavzevii (B143, middle row) and M. guilliermondii
(B144, bottom row) at a ratio of 5:1. Mass losses were determined daily by weighing the tall tube
fermenters. White circles mark the mean value of three replicate fermentations; error bars are the
standard error of the mean.

Table 5. Ethanol content (%) the end of Kveik + NCY co-fermentations.

Single B079 B143 B144
K1 6.4+0.1 77 +£03*% 77 +01*% 70+01*%
K2 71£01 73+£01+ 73£01+ 71+£02
K3 6.0 £0.0 55408 6.0 £04 57+01
K4 70+0.1 78+0.1*% 74+03+ 70+0.1
K5 6.4+0.1 6.3+ 04 69+£01* 6.5+0.1+
M1 74+02 70+£0.0 77+£0.1 74+01

* and +: ethanol levels were increased compared to Kveik single fermentations with p < 0.05 and p < 0.10,
respectively (Wilcoxon test).

The M1 strain performed well in all co-fermentations. With M1-H. uwvarum
co-fermentations the total ethanol production was slightly reduced compared to M1-solo
fermentations, while co-fermentations with P. kudriavzevii slightly enhanced ethanol pro-
duction. The Kveiks 1, 2 and 4 produced slightly lower ethanol yields in co-fermentations
with B143 and B144 than with M1, but performed better than M1 in co-fermentations with
B079/H. uvarum (Kveik 1 and 4 with 10% increased ethanol yields).

As Kveik 3 and Kveik 5 did not perform satisfactorily, we focused on a comparison
of aroma profiles of co-fermentations of Kveiks 1, 2 and 4 with those of M1. In these co-
fermentations we aimed for an increase in propanoic acid ethylester, butyric acid ethylester
and i-butyric acid ethylester via the NCYs, which actually could be demonstrated (Figure 4).

The M1-B143 co-fermentations revealed that flavor in this distillery strain could also
be modulated in this targeted way. The co-fermentations led to an increase in ethyl acetate
production, e.g., in the Kveik 1—P. kudriavzevii example up to five-fold. However, the
ethyl acetate production remained at a much lower level than seen before in NCYs’ single
fermentations [24]. Co-fermentations had a negative effect on the number of higher alcohols
that were generated by Kveiks. The M1 strain, however, was far less affected, particularly
the co-fermentations with H. uvarum and the P. kudriavzevii generated higher amounts of
2-phenyl ethanol.
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Figure 4. Amounts of selected volatile aroma compounds of Kveiks and M1 single and co-
fermentations. Bar height is the mean of 3 replicate fermentations. Error bars show 80% quantile
interval around the mean; white points are the measured values. Asterisk: difference to control
was significant <0.05; dot: difference to control was significant <0.10. BO79—H. uvarum; B143—P.
kudriavzevii, B144—M. guilliermondii; ctrl—single fermentation of Kveik or M1.

The Kveik 1—P. kudriavzevii co-fermentations produced a substantial increase in
volatile aroma compounds over the Kveik 1 single fermentation, which can mostly be
attributed to the input of the desired NCYs esters. However, the generation of flavor
compounds based on amino acid metabolism through the Ehrlich pathway was negatively
affected in most co-fermentations [29]. This comprises the higher alcohols isoamyl alcohol
(3-methyl-butanol) and 2-phenyl-ethanol and their esters acetic acid 3-methylbutylester and
acetic acid phenylethylester. The co-fermentation of Kveik 1 with P. kudriavzevii showed
the overall best results with increased ethanol and aroma ester production, outcompeting
all other strains, including M1, at 20 °C. The runner-up in these trials was the Kveik 1
co-fermentation with H. uvarum (Figure 4 and Table S3).

4. Discussion

Interest in Kveiks has surged only recently due to their favorable fermentation traits.
These yeasts evolved in particular niches as farmhouse ale yeasts in Western Norway for
centuries. Survival in these environments required specific domestication events. As a
result, Kveiks initiate fermentation of high gravity wort very fast (‘quickly’), ferment well
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at high temperatures(>30 °C), tolerate high ethanol levels, produce no phenolic off-flavors,
flocculate abundantly and tolerate drying and dry storage [9]. Kveiks are tetraploid as a
result of hybridization of a parent from the ‘beer 1’ clade with an unknown other yeast
parent [10]. Interestingly, Kveiks tested in this study retained a good sporulation and spore
germination efficiency. This may be due to their infrequent use and dry storage, which may
have been selected for sexual reproduction and sporulation to survive these periods. The
Kveiks used in our study excelled ale yeasts in spore viability /spore germination efficiency.

Ale yeasts may sporulate abundantly but show a rather low spore viability [30]. The
poor spore germination rate of ale yeasts impedes their use in breeding programs. Therefore,
Kveiks with their beneficial fermentation properties will make interesting breeding stocks
in the future. The genetic basis for some of the Kveik fermentation traits has been analyzed
using comparative genomics, while the increased thermo- and ethanol tolerance of Kveiks
has been linked with the ability to accumulate trehalose intracellularly [9,10].

Kveiks will now certainly be tested in all different brewing and baking environments,
and first reports on Kveiks used for Indian Pale Ale and Stout beer and wine fermentation
have been published [12,13,23]. Our study is based on Kveiks derived from a distillery
environment. In whisky production yeast strains with optimal maltose and maltotriose
utilization are required. Kveiks were shown to have difficulties in completely consuming
maltotriose, and transport of maltose has been shown to be temperature dependent [8,10].
In our study Kveik 3 was severely impaired in maltotriose utilization at 20 °C and 28 °C.
Strain M1 consumed all maltose and maltotriose under these conditions while the other
Kveiks did not always finish maltose and used only 80-90% of the maltotriose. However,
this malus of the Kveiks can easily be remedied with conventional yeast breeding, for
example, with an ale yeast mating partner as group I lager yeasts often are also impaired in
using maltotriose [31].

Aroma compounds may enter whisky upon distillation. Therefore, yeasts that generate
copious volatile aromas may be favorable. Flavor contributions of other organisms have
been viewed as spoilage, but recently they have also been looked at more positively [15,32].
The use of different lactic acid bacteria (LAB) in malt whisky fermentations has been studied.
These bacteria may develop as the wort is not boiled in contrast to beer fermentations and
selection of Lactobacilli may contribute beneficial flavors to whisky [14,33]. Particularly,
ethyl butanoate has been valued for its positive influence on the whisky aroma with its
fruity flavor (orange, pineapple) [15,34]. However, inclusion of LAB will result in the
formation of lactic acid and its ester ethyl lactate (buttery, creamy odor), which did not
occur in our co-fermentations with NCYs. In our Kveik—NCYs co-fermentation a decrease
in Ehrlich pathway degradation products was observed. The Ehrlich pathway describes
the degradation of amino acids, e.g., leucine and phenylalanine [29]. This suggests that
in Kveik—NCY interactions there is a competition for the available amino nitrogen. This
may come as a surprise as all malt wort was thought to contain a sufficient N-supply.
Transferals of these Kveik—NCY co-fermentations to other systems, e.g., grape must,
should therefore consider supplementation of yeast available nitrogen beyond the regular
150 mg/L total nitrogen.

NCYs have been employed in different co-fermentation regimes with S. cerevisiae, e.g.,
for lowering final ethanol content, for contributing aroma-related compounds or antioxi-
dant activity, for producing craft beers or low-calorie beers, and to enhance glycerol pro-
duction [18,35-40]. Different yeast genera repeatedly were highlighted, e.g., Brettanomyces,
Hanseniaspora, Kluyveromyces, Pichia, Meyerozyma, Torulaspora or Zygosaccharomyces [41,42].
H. uvarum was tested in co-fermentations of grape must with S. cerevisiae, while P. kudriavze-
vii was shown to have some potential to co-ferment an overripe Cabernet Sauvignon grape
must [43,44]. As with spontaneous fermentations, co-fermentations often are unpredictable
in their outcome, thus impeding targeted flavor adaptation.

In our co-fermentations, nearly all observed variation in VAC-production could be
explained as a result of these co-fermentations in redundancy analyses. Since every com-
bination of Kveik x NCY constituted a distinct flavor profile, we focused on separate
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analysis of the overall effects of Kveik strains and NCY strains; both variables were sig-
nificant predictors of VAC composition. The overall impact on the aroma output in these
co-fermentations was larger for the NCY strains (60% contribution) and less for the Kveik
strains (25%; p = 0.01), respectively (Table 54, Figures S1 and S2).

There are few successful examples of targeted impact on flavor formation: (i) use of
high-gravity wort to increase acetate ester production [45]; (ii) the addition of leucine to
wort to increase the formation of isoamyl acetate [46]; or (iii) the use of mutants selected
for resistance against the toxic amino acid analog tri-fluoro leucine, which also results in
increased isoamyl alcohol production [47,48].

5. Conclusions

We have characterized Kveiks in wort fermentations and we were able to improve
ester compound formation by the co-fermentation of Kveiks with NCYs. This represents a
successful example of targeted flavor manipulation in a fermented beverage using specific
pre-selected NCYs. The NCYs impacted the flavor output independently of the Kveiks
tested. It is thus likely, that these NCYs will be suitable also in a wider range of Saccha-
romyces co-fermentations. In particular, our study opens the way for larger scale trials using
the specific strain pairs Kveik 1/H. uvarum and Kveik 1/P. kudriavzevii in co-fermentations.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microorganisms10101922/s1, Table S1: Aroma data of 20 °C-
fermentations; Table S2: Aroma data of 28 °C fermentations; Table S3: Aroma data of co-fermentations;
Table 5S4, Figures S1 and S2: additional statistical analyses. References [49-51] are cited in the
supplementary materials.

Author Contributions: Conceptualization, K.D. and ].W.; methodology, all; validation, K.D., EM.,
JW.,, D.R; formal analysis and investigation, K.D., KM., JM.-B., S.B., H.S., EM., ] W.; resources,
J.W.; data curation, K.D., EM., ].W.; writing—original draft preparation, K.D., ].W.; writing—review
and editing, K.D., EM., D.R,, ].W,; visualization, K.M., ] M.-B., EM., ].W,; supervision, ].W.; project
administration, J.W.; funding acquisition, ].W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded in part by the Wissenschaftsférderung der Deutschen Brauwirtschaft
e.V,, grant number B113.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the Aurora Spirit Distillery, Lyngseidet, Norway for
hosting K.D. during an internship and for providing the Kveiks, Gerhard Kamil for kindly providing
GranMalt used in this study and Beatrice Bernardi for her supporting work.

Conflicts of Interest: The authors declare no conflict of interest.

1. Lahue, C.; Madden, A.A.; Dunn, R.R.; Smukowski Heil, C. History and domestication of Saccharomyces cerevisiae in bread baking.
Front. Genet. 2020, 11, 584718. [CrossRef] [PubMed]
2. Dudley, R,; Maro, A. Human evolution and dietary ethanol. Nutrients 2021, 13, 2419. [CrossRef] [PubMed]

@

Wendland, J. Lager yeast comes of age. Eukaryot. Cell 2014, 13, 1256-1265. [CrossRef] [PubMed]

4. Salazar, A.N.; Gorter de Vries, A.R.; van den Broek, M.; Brouwers, N.; de la Torre Cortes, P.; Kuijpers, N.G.A.; Daran, J.G,;
Abeel, T. Chromosome level assembly and comparative genome analysis confirm lager-brewing yeasts originated from a single
hybridization. BMC Genom. 2019, 20, 916. [CrossRef]

5. Walther, A.; Hesselbart, A.; Wendland, J. Genome sequence of Saccharomyces carlsbergensis, the world’s first pure culture lager
yeast. G3 (Bethesda) 2014, 4, 783-793. [CrossRef]

6. van den Broek, M.; Bolat, I.; Nijkamp, J.F.; Ramos, E.; Luttik, M.A.; Koopman, F.; Geertman, ].M.; de Ridder, D.; Pronk, J.T.;
Daran, ].M. Chromosomal Copy Number Variation in Saccharomyces pastorianus Is Evidence for Extensive Genome Dynamics in
Industrial Lager Brewing Strains. Appl. Environ. Microbiol. 2015, 81, 6253-6267. [CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms10101922/s1
https://www.mdpi.com/article/10.3390/microorganisms10101922/s1
http://doi.org/10.3389/fgene.2020.584718
http://www.ncbi.nlm.nih.gov/pubmed/33262788
http://doi.org/10.3390/nu13072419
http://www.ncbi.nlm.nih.gov/pubmed/34371928
http://doi.org/10.1128/EC.00134-14
http://www.ncbi.nlm.nih.gov/pubmed/25084862
http://doi.org/10.1186/s12864-019-6263-3
http://doi.org/10.1534/g3.113.010090
http://doi.org/10.1128/AEM.01263-15

Microorganisms 2022, 10, 1922 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

Turgeon, Z.; Sierocinski, T.; Brimacombe, C.A; Jin, Y.; Goldhawke, B.; Swanson, ].M.; Husnik, ].I.; Dahabieh, M.S. Industrially
applicable de novo lager yeast hybrids with a unique genomic architecture: Creation and characterization. Appl. Environ.
Microbiol. 2021, 87, €02434-20. [CrossRef]

Vidgren, V.; Multanen, J.P.; Ruohonen, L.; Londesborough, J. The temperature dependence of maltose transport in ale and lager
strains of brewer’s yeast. FEMS Yeast Res. 2010, 10, 402-411. [CrossRef]

Preiss, R.; Tyrawa, C.; Krogerus, K.; Garshol, L.M.; van der Merwe, G. Traditional Norwegian kveik are a genetically distinct
group of domesticated Saccharomyces cerevisine brewing yeasts. Front. Microbiol. 2018, 9, 2137. [CrossRef]

Foster, B.; Tyrawa, C.; Ozsahin, E.; Lubberts, M.; Krogerus, K.; Preiss, R.; van der Merwe, G. Kveik brewing yeasts demonstrate
wide flexibility in beer fermentation temperature tolerance and exhibit enhanced trehalose accumulation. Front. Microbiol. 2022,
13, 747546. [CrossRef]

Krogerus, K,; Preiss, R.; Gibson, B. A unique Saccharomyces cerevisiae x Saccharomyces uvarum hybrid isolated from Norwegian
farmhouse beer: Characterization and reconstruction. Front. Microbiol. 2018, 9, 2253. [CrossRef] [PubMed]

Kawa-Rygielska, J.; Adamenko, K.; Pietrzak, W.; Paszkot, J.; Glowacki, A.; Gasinski, A. Characteristics of new england india pale
ale beer produced with the use of Norwegian kveik yeast. Molecules 2022, 27, 2291. [CrossRef]

Kawa-Rygielska, ].; Adamenko, K.; Pietrzak, W.; Paszkot, ].; Glowacki, A.; Gasinski, A.; Leszczynski, P. The potential of traditional
Norwegian kveik yeast for brewing novel beer on the example of foreign extra stout. Biomolecules 2021, 11, 1778. [CrossRef]
[PubMed]

Reid, S.J.; Speers, R.A.; Willoughby, N.; Lumsden, W.B.; Maskell, D.L. Pre-fermentation of malt whisky wort using Lactobacillus
plantarum and its influence on new-make spirit character. Food Chem. 2020, 320, 126605. [CrossRef] [PubMed]

Tsapou, E.A.; Drosou, F.; Koussissi, E.; Dimopoulou, M.; Dourtoglou, T.; Dourtoglou, V. Addition of yogurt to wort for the
production of spirits: Evaluation of the spirit aroma over a two-year period. J. Food Sci. 2020, 85, 2069-2079. [CrossRef]

Viana, F; Gil, ].V.; Genoves, S.; Valles, S.; Manzanares, P. Rational selection of non-Saccharomyces wine yeasts for mixed starters
based on ester formation and enological traits. Food Microbiol. 2008, 25, 778-785. [CrossRef]

Jolly, N.P; Varela, C.; Pretorius, I.S. Not your ordinary yeast: Non-Saccharomyces yeasts in wine production uncovered. FEMS
Yeast Res. 2014, 14, 215-237. [CrossRef]

Ciani, M.; Morales, P.; Comitini, F.; Tronchoni, J.; Canonico, L.; Curiel, J.A.; Oro, L.; Rodrigues, A.J.; Gonzalez, R. Non-conventional
yeast species for lowering ethanol content of wines. Front. Microbiol. 2016, 7, 642. [CrossRef]

Varela, C.; Sengler, F.; Solomon, M.; Curtin, C. Volatile flavour profile of reduced alcohol wines fermented with the non-
conventional yeast species Metschnikowia pulcherrima and Saccharomyces wvarum. Food Chem. 2016, 209, 57—-64. [CrossRef]

Holt, S.; Mukherjee, V.; Lievens, B.; Verstrepen, K.J.; Thevelein, ] M. Bioflavoring by non-conventional yeasts in sequential beer
fermentations. Food Microbiol. 2018, 72, 55-66. [CrossRef]

Ianieva, O.; Podgorsky, V. Enological potential of non-Saccharomyces yeast strains of enological and brewery origin from Ukrainian
collection of microorganisms. Mycology 2021, 12, 203-215. [CrossRef] [PubMed]

Ravasio, D.; Carlin, S.; Boekhout, T.; Groenewald, M.; Vrhovsek, U.; Walther, A.; Wendland, J. Adding flavor to beverages with
non-conventional yeasts. Fermentation 2018, 4, 15. [CrossRef]

Li, W,; Shi, C.; Guang, J.; Ge, F; Yan, S. Development of Chinese chestnut whiskey: Yeast strains isolation, fermentation system
optimization, and scale-up fermentation. AMB Express 2021, 11, 17. [CrossRef] [PubMed]

Akan, M.; Michling, F; Matti, K.; Krause, S.; Muno-Bender, J.; Wendland, J. Snails as taxis for a large yeast biodiversity.
Fermentation 2020, 6, 90. [CrossRef]

Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676-682. [CrossRef]

Camara, J.S.; Alves, M.A.; Marques, ].C. Development of headspace solid-phase microextraction-gas chromatography—mass
spectrometry methodology for analysis of terpenoids in Madeira wines. Anal. Chim. Acta 2006, 555, 191-200. [CrossRef]
Scansani, S.; van Wyk, N.; Bou Nader, K.; Beisert, B.; Brezina, S.; Fritsch, S.; Semmler, H.; Pasch, L.; Pretorius, L.S.; von Wallbrunn,
C.; et al. The film-forming Pichia spp. in a winemaker’s toolbox: A simple isolation procedure and their performance in a
mixed-culture fermentation of Vitis vinifera L. cv. Gewtlirztraminer must. Int. |. Food Microbiol. 2022, 365, 109549. [CrossRef]

Hu, L.; Liu, R.; Wang, X.; Zhang, X. The sensory quality improvement of citrus wine through co-fermentations with selected
non-Saccharomyces yeast strains and Saccharomyces cerevisiae. Microorganisms 2020, 8, 323. [CrossRef]

Hazelwood, L.A.; Daran, ].M.; van Maris, A.J.; Pronk, ].T.; Dickinson, J.R. The Ehrlich pathway for fusel alcohol production: A
century of research on Saccharomyces cerevisiae metabolism. Appl. Environ. Microbiol. 2008, 74, 2259-2266. [CrossRef]

Fukuda, N. Crossbreeding of yeasts domesticated for fermentation: Infertility challenges. Int. ]. Mol. Sci. 2020, 21, 7985. [CrossRef]
Magalhaes, F.; Vidgren, V.; Ruohonen, L.; Gibson, B. Maltose and maltotriose utilisation by group I strains of the hybrid lager
yeast Saccharomyces pastorianus. FEMS Yeast Res. 2016, 16, fow053. [CrossRef] [PubMed]

Barbour, E.A.; Priest, E.G. Some effects of Lactobacillus contamination in Scotch whisky fermentations. J. Inst. Brew. 1988, 94, 89-92.
[CrossRef]

van Beek, S.; Priest, EG. Evolution of the lactic acid bacterial community during malt whisky fermentation: A polyphasic study.
Appl. Environ. Microbiol. 2002, 68, 297-305. [CrossRef] [PubMed]

Boothroyd, E.; Linforth, R.S.T;; Jack, F; Cook, D.J. Origins of the perceived nutty character of new-make malt whisky spirit. J. Inst.
Brew. 2014, 120, 16-22. [CrossRef]


http://doi.org/10.1128/AEM.02434-20
http://doi.org/10.1111/j.1567-1364.2010.00627.x
http://doi.org/10.3389/fmicb.2018.02137
http://doi.org/10.3389/fmicb.2022.747546
http://doi.org/10.3389/fmicb.2018.02253
http://www.ncbi.nlm.nih.gov/pubmed/30319573
http://doi.org/10.3390/molecules27072291
http://doi.org/10.3390/biom11121778
http://www.ncbi.nlm.nih.gov/pubmed/34944422
http://doi.org/10.1016/j.foodchem.2020.126605
http://www.ncbi.nlm.nih.gov/pubmed/32229395
http://doi.org/10.1111/1750-3841.15309
http://doi.org/10.1016/j.fm.2008.04.015
http://doi.org/10.1111/1567-1364.12111
http://doi.org/10.3389/fmicb.2016.00642
http://doi.org/10.1016/j.foodchem.2016.04.024
http://doi.org/10.1016/j.fm.2017.11.008
http://doi.org/10.1080/21501203.2020.1837272
http://www.ncbi.nlm.nih.gov/pubmed/34552811
http://doi.org/10.3390/fermentation4010015
http://doi.org/10.1186/s13568-020-01175-4
http://www.ncbi.nlm.nih.gov/pubmed/33432375
http://doi.org/10.3390/fermentation6030090
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.1016/j.aca.2005.09.001
http://doi.org/10.1016/j.ijfoodmicro.2022.109549
http://doi.org/10.3390/microorganisms8030323
http://doi.org/10.1128/AEM.02625-07
http://doi.org/10.3390/ijms21217985
http://doi.org/10.1093/femsyr/fow053
http://www.ncbi.nlm.nih.gov/pubmed/27364826
http://doi.org/10.1002/j.2050-0416.1988.tb04563.x
http://doi.org/10.1128/AEM.68.1.297-305.2002
http://www.ncbi.nlm.nih.gov/pubmed/11772639
http://doi.org/10.1002/jib.103

Microorganisms 2022, 10, 1922 13 of 13

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

Canonico, L.; Comitini, F.; Oro, L.; Ciani, M. Sequential fermentation with selected immobilized non-Saccharomyces yeast for
reduction of ethanol content in wine. Front. Microbiol. 2016, 7, 278. [CrossRef]

Henriques, D.; Alonso-Del-Real, J.; Querol, A.; Balsa-Canto, E. Saccharomyces cerevisiae and S. kudriavzevii synthetic wine
fermentation performance dissected by predictive modeling. Front. Microbiol. 2018, 9, 88. [CrossRef]

Oliveira, L; Ferreira, V. Modulating fermentative, varietal and aging aromas of wine using non-Saccharomyces yeasts in a sequential
inoculation approach. Microorganisms 2019, 7, 164. [CrossRef]

Burini, J.A.; Eizaguirre, ].I.; Loviso, C.; Libkind, D. Non-conventional yeasts as tools for innovation and differentiation in brewing.
Rev. Argent. Microbiol. 2021, 53, 359-377.

Tufariello, M.; Fragasso, M.; Pico, J.; Panighel, A.; Castellarin, S.D.; Flamini, R.; Grieco, F. Influence of non-Saccharomyces on wine
chemistry: A focus on aroma-related compounds. Molecules 2021, 26, 644. [CrossRef]

Binati, R.L.; Larini, L.; Salvetti, E.; Torriani, S. Glutathione production by non-Saccharomyces yeasts and its impact on winemaking;:
A review. Food Res. Int. 2022, 156, 111333. [CrossRef]

Lin, C.L.; Garcia-Caro, R.C.; Zhang, P; Carlin, S.; Gottlieb, A.; Petersen, M.A.; Vrhovsek, U.; Bond, U. Packing a punch:
Understanding how flavours are produced in lager fermentations. FEMS Yeast Res. 2021, 21, foab040. [CrossRef] [PubMed]
Geijer, C.; Ledesma-Amaro, R.; Tomas-Pejo, E. Unraveling the potential of non-conventional yeasts in biotechnology. FEMS Yeast
Res. 2022, 22, foab071. [CrossRef] [PubMed]

Tristezza, M.; Tufariello, M.; Capozzi, V.; Spano, G.; Mita, G.; Grieco, F. The oenological potential of Hanseniaspora uvarum in
simultaneous and sequential co-fermentation with Saccharomyces cerevisiae for industrial wine production. Front. Microbiol. 2016,
7,670. [CrossRef]

Zhu, L.X.; Wang, G.Q.; Aihaiti, A. Combined indigenous yeast strains produced local wine from over ripen Cabernet Sauvignon
grape in Xinjiang. World J. Microbiol. Biotechnol. 2020, 36, 122. [CrossRef]

Saerens, S.M.; Delvaux, E; Verstrepen, K.J.; Van Dijck, P; Thevelein, ].M.; Delvaux, ER. Parameters affecting ethyl ester production
by Saccharomyces cerevisine during fermentation. Appl. Environ. Microbiol. 2008, 74, 454—461. [CrossRef]

Hiralal, L.; Olaniran, A.O.; Pillay, B. Aroma-active ester profile of ale beer produced under different fermentation and nutritional
conditions. J. Biosci. Bioeng. 2014, 117, 57-64. [CrossRef]

Bendoni, B.; Cavalieri, D.; Casalone, E.; Polsinelli, M.; Barberio, C. Trifluoroleucine resistance as a dominant molecular marker in
transformation of strains of Saccharomyces cerevisiae isolated from wine. FEMS Microbiol. Lett. 1999, 180, 229-233. [CrossRef]
Oba, T.; Nomiyama, S.; Hirakawa, H.; Tashiro, K.; Kuhara, S. Asp578 in Leu4p is one of the key residues for leucine feedback
inhibition release in sake yeast. Biosci. Biotechnol. Biochem. 2005, 69, 1270-1273. [CrossRef]

Legendre, P; Legendre, L. Numerical Ecology, 3rd ed.; Elsevier: Amsterdam, The Netherlands, 2012.

Legendre, P.; Gallagher, E.D. Ecologically meaningful transformations for ordination of species data. Oecologica 2001, 29, 217-280.
[CrossRef]

Oksanen, J.; Blanchet, FG.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, P.R.; O’'Hara, R.B.; Simpson, G.L.;
Solymos, P; et al. Vegan: Community Ecology Package. Ordination Methods, Diversity Analysis and Other Functions for
Community and Vegetation Ecologists. R Package Version 2.5 (2019). R Package Version. 2020. Available online: https:
/ /cran.r-project.org/web/packages/vegan/index.html (accessed on 18 August 2022).


http://doi.org/10.3389/fmicb.2016.00278
http://doi.org/10.3389/fmicb.2018.00088
http://doi.org/10.3390/microorganisms7060164
http://doi.org/10.3390/molecules26030644
http://doi.org/10.1016/j.foodres.2022.111333
http://doi.org/10.1093/femsyr/foab040
http://www.ncbi.nlm.nih.gov/pubmed/34227660
http://doi.org/10.1093/femsyr/foab071
http://www.ncbi.nlm.nih.gov/pubmed/35040953
http://doi.org/10.3389/fmicb.2016.00670
http://doi.org/10.1007/s11274-020-02831-4
http://doi.org/10.1128/AEM.01616-07
http://doi.org/10.1016/j.jbiosc.2013.06.002
http://doi.org/10.1111/j.1574-6968.1999.tb08800.x
http://doi.org/10.1271/bbb.69.1270
http://doi.org/10.1007/s004420100716
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html

	Introduction 
	Materials and Methods 
	Strains and Media 
	Microscopy and Micromanipulation 
	Fermentation Conditions 
	Analytical Methods 
	Statistical Analyses 

	Results 
	Kveiks Differ from Ale Yeasts in Their Germination Efficiency of Spores 
	Fermentations with Kveiks Are Faster at Higher Temperature and Show Differential Maltotriose Utilization 
	Volatile Compound Formation of Kveiks at Different Fermentation Temperatures 
	Co-Fermentations of Kveiks with Selected Non-Conventional Yeasts 

	Discussion 
	Conclusions 
	References

