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Central yeast components in fermentation 
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Environmental stresses

Inhibitory compounds pH

Nutrient limitation

Temperature

Intracellular stresses

Hyperosmotic stress (dessication)

Fermentation-related stresses



Coping with stress

Inhibitory compounds

Nutrient starvation

Temperature

Environmental/metabolism-related stresses

Chaperone 
production

Protectant
biosynthesis

Extrusion of toxic 
compounds

Cell wall & cell 
membrane  
remodeling

Neutralizing 
reactions

Sensing mechanisms

Adaptive response
pH

Hyperosmotic stress 
(Desiccation)



Overarching goal

GvdM lab

PRODUCT DIVERSITY & 
PROCESS EFFICIENCY

Fermentation industries

Yeast producer

Developing new strategies for fermentation industry



Gallone et al. (2016) Cell 1661397-1410.e16DOI: (10.1016/j.cell.2016.08.020) 

Gallone et al. (2018) Current Opinion in Biotechnology 49:148-155
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Harnessing stress tolerance to develop novel yeasts

• Domestication and fermentation temperature
o Can we identify & characterize yeast strains with 

temperature-dependent traits that could diversify 
production or quality?

o How does changes in temperature impact yeast 
performance?

o Can omics approaches unravel these specific 
traits?



• Traditional Norwegian 
Farmhouse Ale yeasts
• Centuries of adaptive evolution

Kveik: Traditional Norwegian Farmhouse Ale yeasts
Western Norway

Desiccation and 
cold adaptation

35-37◦C 
wort

Isolation to purity Kveik strain bank Pilot fermentations

WGS
o Phylogenetic linkages
o Insight into specific traits



Genetic relationships of kveik to domesticated yeasts

Richard Preiss Caroline Tyrawa Kristoffer Krogerus Lars Garshol

Preiss et al. Characterizing Traditional Norwegian Ale Yeasts

TABLE 2 | Estimated ploidy, spore viability, mean sequencing coverage along

S. cerevisiae S288c reference genome, and number of heterozygous single

nucleotide polymorphisms (SNPs) in the six sequenced kveik strains.

Strain Estimated

ploidy

Spore

viability (%)

Sequencing

coverage (×)

Heterozygous

SNPs

Granvin 1 3.93 (±0.30) 56.5 946 65835

Hornindal 1 3.82 (±0.29) 59.0 1221 67910

Hornindal 2 4.10 (±0.23) 53.3 974 61402

Laerdal 2 4.03 (±0.22) 40.6 472 59090

Stordal

Ebbegarden 1

3.92 (±0.23) 5.9 671 54344

Voss 1 3.88 (±0.26) 63.4 1198 64959

Preliminary trials using the δ1/2, δ2/12, and δ12/21 primer
sets showed that the latter two primer sets produced the
greatest range of useful bands when separated via agarose
gel electrophoresis. We then amplified the δ2/12 and δ12/21
regions of all the kveik strains and a selection of yeast strains
representing “Beer 1” (German, American, UK), “Beer 2”
(Belgian Saison), saké, wine, bread, wild, and distilling yeasts.
Separation was performed using capillary gel electrophoresis
(Agilent Bioanalyzer), which yielded greater accuracy and
sensitivity (Hutzler et al., 2015). Analysis of both δ2/12 and
δ12/21 datasets individually revealed that the kveik yeasts
formed a subgroup among the other domesticated yeasts, such
that the kveik yeasts appeared to be more closely related to
each other than to other domesticated yeasts (Supplementary
Figure S1). We next created a composite analysis of the
interdelta datasets, yielding a dendrogram which placed some
beer strains close together (Supplementary Figure S2). We
found that a group of strains fromGerman, British and American
origin (WLP029, WLP002, WY1272, WLP007, BBY002) were
represented in the dendrogram, and may represent the “Beer
1” clade (Belgian/German, British, American), as identified by
Gallone et al. (2016). However, the kveik yeasts formed a group
of related yeasts with a likely common ancestor. The kveik yeasts
seem to be related to the beer strains more closely than other
yeast groups. Furthermore, other yeasts from this study such as
the hybrid Muri yeast, a Norwegian bread yeast (Idun) and the
Lithuanian yeast strain (Joniškelis) do not appear to fit within
the kveik family. Taken together these results suggest that kveik
yeasts could represent a genetically distinct group of yeasts.While
it does not properly resolve phylogeny due to lack of detail, the
interdelta fingerprinting method can be used to assess which
kveik yeasts are closely related to each other, and which could be
selected for further sequencing analysis such that a representative
range of strains are selected.

In order to better understand the genomics of kveik in
relation to other S. cerevisiae yeasts, the whole genomes of six
kveik strains (Table 1) were sequenced using 150 bp paired-end
Illumina technology to an average coverage ranging from 472×
to 1,221× (Table 2). These strains were selected based on the
DNA fingerprinting results to represent different subgroups of
the kveik family. In addition, two control strains (WLP001 and

Vermont Ale) were sequenced and included in the phylogenetic
analysis. Flow cytometry and allele frequency distributions
suggested that all six kveik strains were tetraploid (Table 2,
Supplementary Figures S3–S5). However, 4/6 strains did show
aneuploidy due to chromosomal CNVs, and of particular note,
3/6 strains containing an additional copy of chromosome IX.
The kveik strains also showed high levels of heterozygosity,
as the number of heterozygous SNPs ranged from ∼54,000 to
68,000 (Table 2). The heterozygous SNP density was relatively
uniform in the strains, with few regions having undergone loss
of heterozygosity (Supplementary Figure S6).

To examine the genetic relationship between kveik and
other domesticated S. cerevisiae strains, phylogenetic and
population structure analyses were performed together with
genome sequences published elsewhere. First, the genome
assemblies of the 157 S. cerevisiae strains investigated by
Gallone et al. (2016) were retrieved from NCBI (PRJNA323691),
while consensus genotypes of the six kveik and two control
strains were produced from the SNPs and short InDels
that were identified. After multiple sequence alignment and
SNP identification, a filtered matrix containing 4161584
SNPs across 142120 sites was obtained (the SNP matrix
is available as Supplementary Data Sheet 1). A maximum-
likelihood phylogenetic tree was inferred from these polymorphic
sites (Figure 2A). The main lineages reported in the original
study (Gallone et al., 2016) were successfully reconstructed, and
the two control strains clustered in the correct groups (“WLP001”
in the “Beer 1–US” group, and “Vermont Ale” in the “Beer 1–
UK” group). Consistent with the DNA fingerprinting results, the
six kveik strains formed their own subgroup within the “Beer
1” group and appeared genetically distinct from other brewing
yeasts, but closest to a group of German wheat beer yeasts
known to containmosaic genomes (beer072, 074, 093). To ensure
that the high levels of heterozygosity in the six kveik strains
wouldn’t skew the results, read-based phasing of the kveik strain
haplotypes was also performed. The analysis was repeated for the
two phased haplotypes (Figure 2B), and the phylogeny revealed
that one haplotype again formed a subgroup within the “Beer 1”
group, while the other haplotype formed a unique group between
the “Asia” and “Mixed” groups. This is suggestive of a hybrid
origin for kveik consisting of both a Beer 1 and an unknown
lineage. However, Illumina paired-end data is not ideal for read-
based phasing, as many pairs of heterozygous SNPs might not
be connected by a read pair. Long read sequencing, e.g., using
PacBio or Nanopore technology, could be used to improve the
quality and length of the haplotype blocks (Martin et al., 2016).
This in turn would allow for a more detailed analysis of the
ancestry of the kveik strains.

Population structure analysis was also performed based on
the polymorphic sites among the 165 strains. First, the SNP
matrix was filtered to remove sites in linkage disequilibrium and
with minor allele frequencies <5%. The clustering algorithms
STRUCTURE and fastStructure were then used on the thinned
SNP matrix (26583 sites), and the resulting population structure
was in agreement with the estimated phylogeny. The number
of populations that best represented this dataset was nine
(K = 9) for STRUCTURE (Figure 3A) and ten (K = 10) for
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Shared domestication traits

Strain MAL1x MAL3x IMA2 MPH3

Granvin 1 2 14 5 4

Hornindal 1 5 14 5 4

Hornindal 2 6 14 6 4

Laerdal 2 4 11 6 4

Stordal Ebbegarden 1 5 11 6 4

Voss 1 2 17 7 4

Preiss et al. (2018)



Increased fermentation rate & flavour diversity

Preiss et al. (2018)

Preiss et al. Characterizing Traditional Norwegian Ale Yeasts

TABLE 4 | Fermentation flavor metabolites (ppm) produced by kveik yeasts during wort fermentation at 30◦C measured using HS-SPME-GC-MS.

Ethyl

Acetate

Ethyl

Caproate

Ethyl

Caprylate

Ethyl

Decanoate

Ethyl

Nonanoate

Hexanoic

Acid

Isoamyl

Acetate

Isoamyl

Alcohol

Isobutanol Phenethyl

Acetate

Phenethyl

Alcohol

4-Vinyl

Guaiacol

Granvin 1 1.715 0.156 2.512 0.494 0.161 0.023 0.674 6.79 1.324 1.052 19.694 0.058

Granvin 2 3.118 0.366 4.555 0.455 0.197 0.01 0.781 7.879 1.527 1.87 21.603 0.012

Granvin 3 1.492 0.122 1.159 0.013 0.143 0.002 0.744 7.506 2.282 0.36 17.216 0.014

Granvin 4 1.195 0.059 0.232 0.012 0.025 0.004 0.467 4.719 1.126 0.257 15.163 0.043

Granvin 5 2.231 0.116 1.666 0.08 0.149 0.008 0.933 9.432 2.175 0.749 28.262 0.016

Granvin 6 3.2 0.365 5.005 0.88 0.238 0.02 0.905 9.046 1.9 1.36 24.966 0.016

Granvin 7 1.564 0.128 1.712 0.056 0.155 0.001 0.7 7.049 2.022 0.424 20.577 0.012

Granvin 8 1.229 0.056 0.299 0.026 0.028 0.003 0.538 5.423 1.344 0.298 14.628 0.043

Granvin 9 1.537 0.085 1.188 0.076 0.109 0.003 0.467 4.704 1.065 0.474 13.653 0.037

Hornindal 1 3.408 0.193 3.58 1.39 0.164 0.074 0.539 5.436 0.945 2.074 14.128 0.043

Hornindal 2 2.257 0.084 1.271 0.247 0.091 0.002 0.635 6.421 1.184 0.906 15.291 0.043

Hornindal 3 2.505 0.236 4.151 1.412 0.155 0.203* 0.556 5.659 0.838* 1.498 13.504 0.042

Joniskelis 1.495 0.117 2.301 1.277 0.151 0.055 0.589 5.942 1.018 1.568 17.63 0.223

Laerdal 1 1.838 0.315 4.124 0.891 0.204 0.116 0.453 4.689 0.624* 0.687 13.535 0.069

Laerdal 2 1.849 0.102 1.8 0.554 0.159 0.022 0.672 6.927 1.005 1.04 15.838 0.044

Muri 2.713 0.224 2.005 1.078 0.188 0.011 0.53 5.354 0.892 2.276 14.804 0.31

Stordal Ebbegarden 1 2.103 0.083 0.811 0.272 0.053 0.097 0.475 4.783 0.947 0.794 13.974 0.039

Stordal Ebbegarden 2 2.542 0.089 0.619 0.341 0.041 0.217* 0.677 7.052 1.135 1.074 16.637 0.049

Stordal Framgarden 1 2.395 0.168 2.975 0.772 0.158 0.058 0.55 5.536 0.901 1.635 15.809 0.052

Stordal Framgarden 2 2.654 0.44 4.112 0.753 0.176 0.006 0.593 5.998 0.976 0.864 14.03 0.047

Stranda 2.393 0.168 2.818 1.035 0.157 0.027 0.602 6.086 0.857 1.018 16.056 0.049

Sykkylven 1 2.046 0.101 1.306 0.427 0.08 0.005 0.483 4.883 0.867 0.749 14.28 0.043

Sykkylven 2 1.668 0.102 1.392 0.675 0.079 0.133 0.422 4.257 0.619* 0.622 12.081 0.044

Voss 1 2.156 0.209 3.317 0.618 0.145 0.006 0.463 4.651 0.941 0.825 12.377 0.039

Voss 2 2.364 0.307 3.059 0.347 0.157 0.005 0.519 5.225 1.01 1.148 15.121 0.039

WLP001 2.064 0.192 0.241 0.105 0.196 0.03 0.66 6.654 2.46 1.004 25.918 0.072

WLP002 0.735 0.076 0.537 0.047 0.101 0 0.81 8.168 4.062 0.478 19.481 0.053

WLP029 3.22 0.348 4.142 0.99 0.292 0.002 0.655 6.601 1.962 1.601 21.047 0.013

WLP570 5.734 0.806 8.586 1.583 0.424 0.019 1.395 14.057 2.106 3.529 33.427 0.299

Threshold (ppm) 30 0.21 0.9 0.2 0.85 8 1.2 70 100 3.8 100 0.3

Fermentations were performed in triplicate. Metabolite values are shaded if present in quantities at or above above the stated sensory threshold values. Values presented are as mean

ppm. Statistical analysis is available via Supplementary Data Sheet 2. Values marked with an asterisk are significantly different from all controls (P < 0.05, one-way ANOVA with

Tukey’s post-hoc test).

strains belonging to the “Beer 1” population (Gallone et al., 2016).
Notably, a 232A>T mutation in FDC1, causing a premature stop
codon at position 78, was also observed in the Stordal Ebbegarden
1 strain. To our knowledge, this loss-of-function mutation in
FDC1 has not been reported before.

Also, analysis of the volatile ester profiles revealed the kveik
yeasts produced above-threshold concentrations of three yeast
fatty acid esters: ethyl caproate (pineapple, tropical; threshold
0.21 ppm), ethyl caprylate (tropical, apple, cognac; threshold
0.9 ppm), and ethyl decanoate (apple; threshold 0.2 ppm)
(Engan, 1972; Meilgaard, 1982; Verstrepen et al., 2003; Comuzzo
et al., 2006). However, significant differences were not observed
in the concentrations of these esters relative to the various
control strains. Isoamyl acetate (banana; threshold 1.2 ppm) was
detected above threshold and significantly higher in WLP570
only (Supplementary Data Sheet 2), indicating that this is not
a major ester component in the flavor profile of the kveik

yeasts, or for the other industrial beer strains. Interestingly, loss-
of-function mutations were identified in acetate ester-relevant
genes ATF1 and ATF2 among 4/6 of the sequenced kveik
strains (Supplementary Table S5). However, only one of these
mutations was homozygous (“Laerdal 2”; homozygous ATF1
lost stop codon) and was not linked to lower acetate ester
formation in the beer fermentations (Table 4). Additionally,
isobutanol levels were significantly lower among 3 kveik yeasts
in comparison to the control ale strains, suggesting kveik
may be capable of lower fusel alcohol production (Table 4,
Supplementary Data Sheet 2).

We also analyzed the spore viability of the 6 sequenced kveik
yeasts. Reasonable spore viability (40.6–63.4%) was observed
in 5/6 of the strains, with one strain (“Stordal Ebbegarden 1”)
showing low spore viability (Table 2). Interestingly, all sequenced
kveik strains contain a loss of function mutation in RMR1,
a protein required for meiotic recombination (Jordan et al.,
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FIGURE 4 | Fermentation kinetics and terminal ethanol concentration of small-scale wort fermentation (12.5◦P original density) at 30◦C. (A) CO2 evolution in the

fermentations was calculated by weighing the fermentation vessels (50mL) and normalizing for mass loss in the fermentation airlocks. The data were then multiplied to

represent a 100mL volume. Yeast strains (black) are compared to a control ale strain (WLP001; red). The first 3 days of fermentation are shown. (B) CO2 evolution at

24 h, calculated as in (A). Control ale strains are marked in red. Error bars represent SD, n = 3. (C) Ethanol concentration was measured via HPLC following 12 days

of fermentation. Error bars represent SD, n = 3. Control ale strains are marked in red. (D) Maltotriose utilization as calculated from residual maltotriose values and

original maltotriose values of the wort. Control ale strains are marked in red.

was also observed within the kveik population (Supplementary
Table S4). Taken together, the results of the phylogenetic and
population structure analysis suggest that the kveik strains
selected for whole genome sequencing are genetically distinct
from other domesticated yeasts.

Brewing Characteristics, Domestication,
and Sporulation Potential in Kveik
We next sought to analyze the brewing-relevant parameters of
kveik yeasts in pure culture fermentation. Since Norwegian kveik
cultures appear to often contain multiple yeast strains, there
is the possibility that strains are interdependent. It is therefore
important to determine the fermentation characteristics of
individual strains as single culture fermentations would show
whether individual kveik strains can adequately ferment beer. An
inability to do so would suggest there is an adapted advantage to
the multi-strain nature of kveik cultures. Additionally, we aimed
to confirm anecdotal reports that these yeasts exhibit short lag
phases and display good fermentation kinetics.

We performed test fermentations using the pure culture kveik
strains as well as relevant industrial ale yeast controls (WLP001,
WLP002,WLP029,WLP570;White Labs). In particular,WLP001
was chosen because it is one of the most popular ale strains for
craft beer production. The fermentations were performed at 30◦C
which has been reported to be a typical temperature for beers
fermented using kveik (Garshol, 2015). In order to assess the
fermentation rate during the early phases of wort fermentation,
we monitored the CO2 loss in the fermentations via weighing.
Using this technique, we observed that the fermentation curves
for kveik was often favorable in comparison to the control
strain with a shorter fermentation lag time observed in some
of the strains (Figures 4A,B). Of the control strains, WLP002
produced the most CO2 after 24 h. We found that 11 of the
kveik strains outperformed WLP002 at 24 h, with the best-
performing strain (Laerdal 2) producing 70.6%more CO2 within
the first 24 h of fermentation (Figure 4B). One-way ANOVA
with Tukey’s post-hoc test was performed and both Laerdal
1 and Laerdal 2 strains were determined to be significantly
faster in this period at P < 0.05 (Supplementary Data Sheet 2).
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Heat & ethanol tolerance

Heat treatment

Strain 40ºC 42ºC 43ºC
WLP001 0.14 0.13 0.12

WLP570 1.80 0.51 0.39

Horn1 1.76 0.41 0.35

Horn2 1.67 0.33 0.26

Laerdal2 1.21 0.45 0.33

StorEbb1 1.41 0.36 0.29

Granvin1 1.53 0.42 0.35

Voss1 1.84 0.70 0.30

Ethanol Treatment

12% 14% 16%
0.48 0.34 0.14

0.50 0.41 0.37

0.48 0.30 0.27

0.40 0.32 0.22

0.47 0.39 0.24

0.47 0.47 0.34

0.42 0.10 0.10

0.56 0.39 0.22

Preiss et al. (2018)



• Genetically distinct farmhouse ale yeasts
- Sub-population of Beer 1

• Share domestication traits
- POF negative 
- Multiple copies of maltose metabolic genes
- Gained flocculation trait

• Temperature tolerant

• How do they perform at a broader fermentation 
temperature range?

- Tested six Kveik, three Beer 1 & one Beer 2 strain at 8 
temperatures

Kveik: Stress tolerant yeast

Richard Preiss Caroline Tyrawa Kristoffer Krogerus

Barret Foster Emine Ozsahin

Lars Garshol

Preiss et al. (2018)



Testing fermentation temperature range of kveiks

Seed Rate: 10 million cells/ml

Wort: SPA (SG = 1.0425)

Temperatures: 12°C, 15°C, 22°C, 30°C, 35°C, 
37°C, 40°C, 42°C

Timepoints: 6h, 12h, 24h, 48h, 72h, 96h, and 120h

Strain Family
Cali Ale Beer 1 American

Vermont Beer 1 British
Kolsch Beer 1 Belgian/German
St. Lucifer Beer 2 Belgian

Granvin 1 Kveik

Hornindal 1 Kveik

Hornindal 2 Kveik

Laerdal 2 Kveik

Stordal Ebbegarden 1 Kveik

Voss 1 Kveik



Kveik fermentation at broad temperature range

Foster et al. (2022) Front Microbiol. 13:747546. doi:10.3389/fmicb.2022.747546. eCollection
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Sugar consumption at higher temperatures

Foster et al. (2022)

• Efficient consumption of maltose by kveik

• Control yeasts have strong maltotriose 
consumption in a defined temperature 
range

• Variability among kveiks in maltotriose 
consumption at higher temperatures

Temperature (oC)

fmicb-13-747546 March 10, 2022 Time: 14:59 # 11

Foster et al. Variable Thermotolerance and Trehalose Accumulation

FIGURE 7 | The sugar metabolisms of kveik strains vary in a temperature-dependent manner. The data generated in Figure 6 were reorganized to present the
temperature-dependent (A) maltose and (B) maltotriose consumption, and (C) ethanol and (D) glycerol production by each of the indicated strains at 120 h of
fermentation. Data points represent the mean of biological replicates (n = 3) and error bars represent the standard deviation. Data was subjected to one-way ANOVA
followed by Tukey’s HSD analysis of the mean sugar consumption and metabolite production between strains for each timepoint and strain (Concentration ⇠
Temperature). Mean values assigned with a common letter are not significantly different by the HSD-test at the 5% level of significance within the same strain.
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Kveik viability at higher temperatures

Foster et al. (2022)

• Kveiks have increased cell 
viability at higher temperatures

• Variability in thermotolerance 
among kveiks

35◦C 37◦C 40◦C 42◦C

Vi
ab

ili
ty

 (%
)



• Trehalose = disaccharide (glucose); cellular protectant
- Stabilizes membranes; Assist in protein (transporter & enzyme) 

folding and stability
- Accumulates intracellularly
- Induced by stress

Increased trehalose production at higher temps

30◦C

37◦C

Foster et al. (2022)

• Kveiks have increased intracellular trehalose

• Deficient in neutral trehalase activity
- WGS revealed heterozygous SNPs close to catalytic domain in 
NTH1



Heat treatment & proteomics workflow

Strain Family

CEN.PK 113-7D Lab strain

Vermont Beer 1 British

Hornindal1 Kveik

Granvin1 Kveik

Ebbegarden1 Kveik



Principle Component Analysis

Pre-Heat

Post-Heat

Vermont
CEN.PK
Granvin1
Hornindal1
Ebbegarden

VermPre

VermPost

HornPre

HornPost

CenPre
GranPre

EbbPreGranPost
EbbPost

CenPost

Foster et al. (in preparation)



Trehalose enzymes upregulated after temperature shift

30◦C

37◦C

Foster et al. (in preparation)



ROS response upregulated after temperature shift

Foster et al. (in preparation)



• Hybridization
- Kveik and Beer 2 strains

o Kveik x Saison
q Kveik #1 x Saison = NorthSea
q Kveik #2 x Saison = Mjolnir

Kveik & breeding thermotolerant yeast strains

Preiss et al. (2018)

Caroline Tyrawa Barret Foster Bryan Chalk Hollie Rowlands



Viability of hybrid strains

• Mjolnir has strong 
thermotolerance

• NorthSea has temperature 
sensitivity similar to Saison 

35◦C 37◦C 40◦C 42◦C

Foster et al. (in preparation)



Rapid attenuation by kveik hybrids

22◦C 37◦C

24
 h

ou
rs

48
 h

ou
rs

12
0 

ho
ur

s

Sp
ec

ifi
c 

G
ra

vi
ty

Foster et al. (in preparation)



Carbohydrate consumption

• Kveik maltotriose consumption 
improves with temperature

• Diastatic Saison most effective in 
decreasing dextrin

• Saison and hybrids produce similar 
levels of ethanol; similar 
maltotriose/dextrin consumptions

• Hybrids most efficient maltotriose 
metabolism

• Non-diastatic kveik has poor dextrin 
metabolism

• Hybrids improves on parent kveiks; 
partially diastatic (gene dosage effect)

Foster et al. (in preparation)



Acetate & Glycerol production

• Kveik #2 & Mjolnir produced most glycerol 
• Saison produces most acetic acid (22OC), while kveiks and hybrids produced less 
• Overall acetic acid production decreased at 37OC
• Kveik #1/NorthSea generally produce less glycerol and acetic acid than Kveik #2/Mjolnir

Sugar

Pyruvate
Glycerol

Acetaldehyde

Acetate

NADH

NAD+

NADH

NAD+

Cofactor recycling

Foster et al. (in preparation)



• Several cellular mechanisms at play to convey increased thermal tolerance in 
kveik yeasts

- Responses vary among kveik strains

• Kveik-Beer 2 hybrids showed increased temperature tolerance
- Offer improved fermentation efficiencies compared to parents
- Produce higher glycerol, but lower acetic acid levels compare to parents

• Not all kveik strains make for suitable breeding partners
- Some strains more efficient than others

Summary
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Carbon metabolism
fmicb-13-747546 March 10, 2022 Time: 14:59 # 11

Foster et al. Variable Thermotolerance and Trehalose Accumulation

FIGURE 7 | The sugar metabolisms of kveik strains vary in a temperature-dependent manner. The data generated in Figure 6 were reorganized to present the
temperature-dependent (A) maltose and (B) maltotriose consumption, and (C) ethanol and (D) glycerol production by each of the indicated strains at 120 h of
fermentation. Data points represent the mean of biological replicates (n = 3) and error bars represent the standard deviation. Data was subjected to one-way ANOVA
followed by Tukey’s HSD analysis of the mean sugar consumption and metabolite production between strains for each timepoint and strain (Concentration ⇠
Temperature). Mean values assigned with a common letter are not significantly different by the HSD-test at the 5% level of significance within the same strain.
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FIGURE 7 | The sugar metabolisms of kveik strains vary in a temperature-dependent manner. The data generated in Figure 6 were reorganized to present the
temperature-dependent (A) maltose and (B) maltotriose consumption, and (C) ethanol and (D) glycerol production by each of the indicated strains at 120 h of
fermentation. Data points represent the mean of biological replicates (n = 3) and error bars represent the standard deviation. Data was subjected to one-way ANOVA
followed by Tukey’s HSD analysis of the mean sugar consumption and metabolite production between strains for each timepoint and strain (Concentration ⇠
Temperature). Mean values assigned with a common letter are not significantly different by the HSD-test at the 5% level of significance within the same strain.
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Wort Sugar SPA Upside

Glucose 1.1% 2.1%

Fructose 0.24% 0.27%

Maltose 4.5% 6%

Maltotriose 1.5% 2%

Total Consumable 7.4% 10.3%

Dextrin 2.75% 4.75%


