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Abstract 
Sluggish or stuck fermentations cause significant financial losses for winemakers each year. In order to 
investigate the reasons for problems during spontaneous fermentation of Riesling must in a well-known German 
vineyard of the lower Moselle, yeast strains involved in must fermentation were identified during winemaking in 
the two years 2011 and 2012. Identification of the yeast isolates was performed by applying analyses of the 
ITS-1-5.8-ITS2 region and restriction fragment analyses of different gene sequences. It revealed that 
Saccharomyces (S.) bayanus and not Saccharomyces cerevisiae was the main fermenting yeast. Either S. bayanus 
finished the fermentation or led to stuck fermentation. After about four weeks of stuck, fermentation continued 
spontaneously S. bayanus was replaced by the triple hybrid S. cerevisiae × S. kudriavzevii × S. bayanus. The 
triple hybrid strain HL 78 was able to utilize fructose more efficiently than S. bayanus strain HL 77. The 
fructophilic character of the triple hybrid strain correlated with an enhanced uptake of radiolabeled fructose 
compared to glucose. 

In contrast to the usual starter culture S. cerevisiae, both isolates, S. bayanus strain HL 77 and the triple hybrid 
strain HL 78, could grow in the absence of ammonium when amino acids were present. However, the triple 
hybrid was able to consume glucose and especially fructose at lower amino acid concentrations. Thus, the triple 
hybrid strain HL 78 was a suitable strain to overcome stuck fermentation without changing the fermentation 
conditions and the aroma profile desired by the selected winery. It has already been successfully used to restart 
stuck fermentation. The procedure described here could be a useful approach for wine makers facing problems 
during spontaneous fermentation. Since the application of genetically modified yeast strains is not allowed for 
starter culture, based on these studies we suggest the generation of hybrid strains with desired phenotypical 
features from mother yeasts strains/species of a certain winery and their application in case that during a 
spontaneous fermentations a sluggish or stuck fermentation is observed. 

Keywords: spontaneous fermentation, stuck fermentation, Saccharomyces, hybrid yeasts, RFLP analysis, 
ammonium requirement 

1. Introduction 
Despite the advantages of starter cultures, some winegrowers prefer a spontaneous fermentation to produce 
wines of high quality with a distinctive and characteristic sensory profile. However, the risk of stuck 
fermentation increases with the application of spontaneous fermentation, as these microbial processes rely on the 
complex indigenous microbiota of the grapes and the winery. A stuck fermentation is characterized by a higher 
than desired residual sugar content at the end of the fermentation, while a sluggish fermentation shows retarded 
sugar consumption by the fermenting microbes (Bisson, 1999). The most important and well-known natural 
yeast in spontaneous fermentations is Saccharomyces cerevisiae, although Saccharomyces bayanus may also be 
found in the later stages of fermentations (Ultee et al., 2013). However, hybrids of Saccharomyces species have 
also been identified as being involved in the fermentation process during winemaking (González et al., 2006; 
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Arroyo-López et al., 2009; Blättel et al., 2013). González et al. (2006) described the hybrid S. cerevisiae × S. 
kudriavzevii which could be advantageous for specific fermentation conditions due to the combined 
characteristics of both parents. The hybrid was noted to be tolerant against high ethanol concentration and 
osmolarity as exhibited by S. cerevisiae and tolerant against cool temperatures as a feature of S. kudriavzevii. 
Several authors have isolated this type of hybrid in Europe (Bradbury et al., 2006; González et al., 2008; Lopes 
et al., 2010), although the strains of S. kudriavzevii known so far have been isolated from decaying leaves in 
Japan (Naumov et al., 2000) and from oak bark samples in Portugal (Sampaio & Gonçalves, 2008), but not yet 
from grapes or must. 

The aims of this study were to achieve a deeper understanding of the microbiology of spontaneous fermentation 
and to find novel ways to avoid or overcome sluggish or stuck fermentations caused by wine yeasts. In order to 
investigate the reasons for sluggish or stuck fermentations, the succession of yeast populations during 
spontaneous fermentations in a German winery in the lower Moselle (Terraces Moselle) winegrowing region was 
studied. In this paper we concentrate on the succession and culture profile of the identified Saccharomyces 
strains. 

2. Method 
2.1 Organisms 

Several yeast strains of the genus Saccharomyces were used as references for the identification of isolated hybrid 
strains via restriction fragment length polymorphism (RFLP) analysis (Table 1). 

 

Table 1. Saccharomyces strains used in this study 

Species Strain1) Origin 
Saccharomyces bayanus DSM 70412T DSMZ 

Saccharomyces cerevisiae 

Saccharomyces cerevisiae 

DSM 70449T

Fermivin® 

DSMZ 

DSM Food Specialties 

Saccharomyces kudriavzevii CBS 8840T CBS 

Saccharomyces paradoxus CBS 432T CBS 

S. bayanus HL 77 IMW 

S. cerevisiae × S. kudriavzevii × S. bayanus HL 78 IMW 

S. cerevisiae x S. kudriavzevii × S. bayanus 82.14 IMW 

S. cerevisiae × S. kudriavzevii × S. bayanus 96.1 IMW 

Note. CBS: Centraalbureau voor Schimmelcultures, Utrecht, The Netherlands; DSMZ: Deutsche Sammlung von 
Mikroorganismen und Zellkulturen, Braunschweig, Germany; IMW: Institute for Microbiology and Wine 
Research, Johannes Gutenberg University Mainz, Germany; T: type strain.  
1) Strains HL 77, HL 78, 82.14 and 96.1 were isolated during the study.  

 

2.2 Sampling and Cultivation 

The sampling of fermenting must of the Riesling grape variety from the Heymann-Löwenstein winery in the 
lower Moselle (Winningen, Germany) took place at regular intervals of two weeks during the fermentation 
periods from September to January in 2011 and 2012 (Table 2). Steel and wooden wine barrels were sampled. 
The barrels had a capacity of 2,500 L and they were filled up to the maximum and kept at room temperature. 
Sample volumes of 50 mL were collected every two weeks in general. 
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Table 2. Casks sampled in a German winery in the lower Moselle1) 

Cask number Vintage Material Stuck fermentation Parameters tested 
1 2011 steel No microbial and chemical 

2 2011 wooden Yes microbial and chemical 

3 2011 wooden Yes chemical 

4 2011 wooden Yes chemical 

5 2011 wooden Yes chemical 

6 2012 steel Yes microbial and chemical 

Note. 1) Casks were tested for microbial succession and/or sugar contents.  

 

The yeasts were isolated by plating, using different culture media which include: GPYA (glucose peptone yeast 
extract agar comprising g/L: glucose 40.0, peptone 5.0, yeast extract 5.0, agar 15.0), PDA (potato dextrose agar 
g/L: potato dextrose bouillon 26.5 [Roth, Karlsruhe, Germany], agar 12.0) and GYP (glucose yeast extract 
peptone agar g/L: yeast extract 10.0, glucose 20.0, peptone 20.0, agar 15.0). All media were adjusted to 1 L with 
deionized water.  

Modified B-medium (Heerde & Radler, 1978) was used for growth experiments: glucose 25.0 g, fructose 25.0 g, 
malate 20.0 g, (NH4)2SO4 1.5 g, MgSO4·7H2O 1.0 g, sodium citrate 0.5 g, inositol 40.0 mg, amino acid solution 
(L-alanine 0.75 g, L-arginine 3.5 g, L-histidine 0.2 g, L-methionine 0.4 g, L-serine 0.5 g, L-threonine 2.0 g, 
L-tryptophane 0.4 g, L-aspartic acid 0.5 g, L-glutamic acid 3.0 g, adjusted to 1 L with deionized water) 100 mL, 
vitamin solution 10 mL, and trace mineral solution 10 mL, adjusted to 1 L with deionized water, pH 3.3. Four 
quadruplicate growth experiments were performed in parallel for each yeast strain. Only the modifications in 
respect to the reference are mentioned. The minerals are defined in the reference.  

2.3 Micromanipulation 

Micromanipulation was performed for single cell separation of yeast cells in order to ensure the purity of the 
isolated hybrid strains. The micromanipulation system used is based on a development of Pierre de Fonbrune 
(US-Patent 1987733-1987734) and was manufactured by Etablissements Beaudoin (Paris, France). 

2.4 DNA Isolation and ITS 1-5.8S-ITS 2 Amplification 

In general, DNA was isolated from the pure cultured cells using InstaGene™ Matrix kit (Bio-Rad, Munich, 
Germany), according to the manufacturer’s protocol. 

High-quality DNA extracts were required for some applications. Therefore, DNA used for specific amplified 
polymorphic DNA (SAPD)-PCR was purified using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany), 
according to the manufacturer’s protocol for purification of total DNA from yeasts. 

The internal transcribed spacer (ITS 1-5.8S-ITS 2) region was sequenced for species identification of the isolated 
yeasts. Amplification of the ITS region was performed in a mastercycler gradient thermocycler (Eppendorf, 
Hamburg, Germany) with oligonucleotide primers ITS 4 (5′-TCCTCCGCTTATTGATATGC-3′) and ITS 5 
(5′-GGAAGTAAAAGTCGTAACAAGG-3′; White et al., 1990). The following PCR conditions were used: 
pre-denaturation for 5 min at 95 °C, then amplification for 35 cycles including 1 min at 94 °C, followed by 
annealing for 1 min at 55 °C and finally an extension for 1 min at 72 °C, then finally a  post-extension step for 10 
min at 72 °C.  

For the identification of isolated hybrids, a further restriction analysis of several gene regions (CAT8, CYR1, 
GSY1, MET6, and OPY1) occurring on different chromosomes was carried out according to González et al. 
(2006). Amplification of DNA was performed under the following conditions: 5 min at 95 °C, then 40 cycles 
including 1 min at 94 °C, 2 min at 55.5 °C and 2 min at 72 °C, followed by a final extension step for 10 min at 
72 °C.  

All primers were obtained from Sigma-Aldrich (Steinheim, Germany). All the other PCR components used were 
from peqlab (Erlangen, Germany).  

2.5 Restriction Enzyme Digestion 

After PCR, a restriction enzyme digestion of the amplified regions was performed in order to combine the 
resulting fragments into groups and at least one amplificate of each group was sequenced by LGC Genomics 
(Berlin, Germany) in order to identify the organism. Before sequencing, the amplificates were purified with a 
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Purification Kit (Qiagen, Hilden/Germany). The resulting sequences were identified using the Basic Local 
Alignment Search Tool Nucleotide algorithm (BLASTN) of the National Centre for Biotechnology Information 
(NCBI). The fragment patterns of Saccharomyces hybrids were compared to those of Saccharomyces type species 
in order to identify the parental species of the hybrids by their restriction patterns.  

The following FastDigest® restriction enzymes were used for the ITS amplification product of yeasts: HhaI 
(interface 5′-GC^GC-3′), HaeIII (interface 5′-GG^CC-3′) and HinfI (interface 5′-G^ANTC-3′; N stands for a 
random base) (Divol & Lonvaud-Funel, 2005). From the PCR product, 8.7 µL were digested with 0.3 µL 
restriction endonuclease in a final volume of 10 µL and incubated at 37 °C for 20 min and then at 65 °C for 20 min.  

During the screening of microorganisms, some yeasts species were isolated which were supposed to be hybrids. 
Therefore, a further restriction enzyme digestion was used to proof this assumption and identify the parental 
species. For restriction enzyme digestion of the different gene regions of the hybrids, 15 µL of the PCR product 
were digested with 0.3 µL restriction endonuclease in a final volume of 20 µL and incubated at 37 °C for 16 h or 
30 min in the case of “FastDigest” enzymes. MspI and HhaI (an isoschizomer of CfoI) were used for the 
restriction of the amplification product of gene CAT8. CYR1 was digested with HaeIII and MspI, GSY1 with 
MspI, and MET6 with HaeIII, HinfI and ScrFI. ScrfI and HaeIII were used for OPY1 (González et al., 2006).  

All components for the restriction digest were purchased from Fisher Scientific (Schwerte, Germany). Resulting 
fragments were resolved on 3% (w/v) agarose gels. After staining the gels for 30 min in an ethidium bromide 
staining solution, RFLP patterns were documented under UV light (BioVision CN 3000, Vilber-Lourmat, 
Eberhardzell, Germany). The size of the fragments was determined using Bio-1D software (Vilber Lourmat, 
Eberhardzell, Germany) by comparison with the molecular size marker GeneRuler DNA Ladder Mix SM0331 
(Fisher Scientific, Schwerte, Germany). 

2.6 SAPD-PCR 

The DNA fingerprinting method SAPD-PCR was carried out according to Blättel et al. (2013) for the further 
identification of the Saccharomyces species. 

2.7 Determination of Sugars, Ethanol and Amino Acids 

The glucose and fructose concentration in synthetic media were determined using an enzymatic assay 
(D-Glucose/D-Fructose-Kit, R-Biopharm, Darmstadt, Germany). Ethanol and sugars in must and wine samples 
were analyzed with high-performance liquid chromatography (HPLC; autoinjector SIL-10AD, pump LC-10AD, 
integrator C-R8A, Shimadzu, Kyoto, Japan) on an Aminex®HPX-87H ion exclusion column (300 mm × 7.8 mm, 
Biorad, Munich, Germany), according to Pfeiffer and Radler (1985), using an external standard (glucose 10.0 g, 
fructose 10.0 g, ethanol 39.0 g, adjusted to 1 L with deionized water). Amino acids in must samples were also 
determined with HPLC (autoinjector SIL – 10Ai, pump LC – 10Ai, UV-detector RF – 535, Shimadzu, Kyoto, 
Japan) on a ProntoSIL Spheribond ODS 2 column (250 mm × 4 mm, Bischoff, Leonberg, Germany). 
Derivatization was carried out with FMOC-Cl. Each sample was analyzed three times. 

2.8 Determination of the Weight of Freeze-Dried Cells 

Yeasts were cultured at 30 °C and harvested by centrifugation (8000 g, 10 min) during the exponential growth 
phase after 72 hours. The cells were washed twice with 0.9% (w/v) NaCl and pelleted by centrifuging. Cell 
pellets were freeze-dried for 72 hours in a Lyovac GT2 (Steris, Braunsfeld, Germany). In order to correlate 
optical density with the weight of freeze-dried cells a calibration curve was generated. For this reason 
lyophilized cells (30-250 µg/mL) were suspended in 0.9% (w/v) NaCl and then OD600 was measured. These 
determinations were performed three times for each yeast strain.  

2.9 Sugar Uptake Determination 

Quadruplicate assays for sugar uptake by the cells were performed to two cultures of the same yeast strain, 
according to the method described by Walsh et al. (1994), with some modifications. D-[U-14C] glucose [255 
mCi/mmol (9.44 GBq/mmol)] was obtained from Hartmann Analytic (Braunschweig, Germany) and D-[U-14C] 
fructose [300 mCi/mmol (11.11 GBq/mmol)] from American Radiolabeled Chemicals, Inc (St. Louis, U.S.A.). 

Yeasts were grown stationary in modified B-medium (Heerde & Radler, 1978) with 100 g/L glucose and 100 g/L 
fructose at 15 °C. Cultures in exponential phase were harvested by centrifugation (8000 x g, 5 min). Cells were 
washed three times and resuspended in 100 mM potassium/sodium phosphate buffer (pH 5.9) to obtain an OD600 
of 2.0 – 3.5. Yeast cells (50 µL) and 10 mM radiolabeled glucose or fructose (12.5 µL) were incubated separately 
at 28 °C for 3 min, then mixed and incubated for 5 and 15 s. Uptake was stopped by adding 62.5 µL of the 
yeast/sugar mixture solution to 3.0 mL of ice-cold100 mM potassium/sodium phosphate buffer (pH 5.9). Cells 
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were collected quickly with the aid of a vacuum device (FH 225V Ten-Place Filter Manifold, Hoefer Pharmacia 
Biotech, San Francisco, USA) and washed on glass microfiber filters (Whatman GF/C, Sigma, Taufkirchen, 
Germany) with 3.0 mL of 100 mM potassium/sodium phosphate buffer (pH 5.9). Filters were then transferred 
into scintillation vials containing 4.0 mL of scintillant (Roth, Karlsruhe, Germany). Radioactivity was measured 
with a Winspectral liquid scintillation counter (PerkinElmer Wallac, Absteinach, Germany). 

The control blank in each experiment consisted of radiolabeled glucose or fructose and yeast cells added to 
ice-cold buffer. The non-specific binding of sugar to yeast cells and filters was determined using the following 
equation:  

 

 (1) 

 

2.10 Determination of Enzyme Activities 

The yeast cells were cultivated at 20 °C in modified B-medium (Heerde & Radler, 1978) with 50.0 g/L of each 
glucose and fructose for hexokinase determinations. The yeasts were grown at 20 °C and 30 °C in order to 
evaluate for alcohol dehydrogenase activities. Cell extracts were obtained according to the protocols of Mateo 
and Di Stefano (1997) and Lomolino et al. (2001) with some modifications. Two milliliters of a yeast culture 
(OD600 1.0) were centrifuged at 3000 x g for 5 min. The cell pellets were washed twice with deionized water and 
incubated for 15 min at 25 °C in buffer A (sorbitol 182.2 g/L; dithiothreitol 4.6 g/L in 10 mM citrate-phosphate 
buffer, pH 5.5). Afterwards, the suspensions were centrifuged at 1000 x g for 5 min and the cells resuspended in 
2 mL of buffer B (sorbitol 182.2 g/L; dithiothreitol 0.16 g/L, Na-EDTA 37.2 g/L in 10 mM citrate buffer, pH 5.5). 
Twenty microliters of this suspension were mixed with 180 µL lyticase from Arthrobacter luteus (200 U/mL, 
Sigma-Aldrich, Steinheim, Germany) and incubated on a shaker (950 rpm) for 2.5 h at 37 °C. The resulting 
spheroblasts were centrifuged again (1000 x g, 5 min) and suspended in 50 mM HEPES buffer (pH 7.5). The 
suspensions were shaken for 5 min at 1100 rpm and subsequently incubated in an ultrasonic bath for 10 min. 
Cell-free extracts used for enzyme determinations were obtained after centrifugation at 10000 x g for 5 min.   

The protein concentration in the yeast cell-free-extracts were determined by the Bradford method using 
Roti®-Quant (Roth, Karlsruhe, Germany). 

Hexokinase activity was measured with both glucose and fructose as substrates, according to the method of 
Berthels et al. (2008). The enzymatic assay was monitored at 340 nm and specific activities were expressed as 
units/mg protein. Km and Vmax values for hexokinase activity were determined using sugar concentrations at 0.5, 
1.0, 2.0, 3.0, 5.0, and 10 mM.   

Alcohol dehydrogenase activity was measured with a method described by Dickinson and Dack (2001) with 50 
µL of a cell extract and 950 µL of substrate solution (100 µL 12 mg/mL NAD; 100 µL 100% ethanol; 750 µL 50 
mM Tris/HCl buffer, pH 7.2). The enzymatic assay was monitored at 340 nm and specific activities were 
expressed as units/mg protein. 

3. Results 
3.1 Succession of Saccharomyces Yeasts and Concentration of Sugars during Fermentation  

A steel cask (cask 1) was selected and was studied from the beginning until the end of fermentation without any 
stuck in the first year of sampling, 2011. At the beginning, several wild yeasts of the genera Hanseniaspora, 
Candida, Pichia, and Metschnikowia were isolated (data not shown). However, we focus in this paper on the 
main wine yeasts from the genus Saccharomyces, which dominated fermentation at higher ethanol levels of 7 vol 
% (v/v) and above. From this genus, only S. bayanus was isolated from cask 1 investigated throughout the 
fermentation without stuck. We started the sampling of cask 2 on day 26 of the fermentation, because of the 
development of stuck at that time. During the stuck period, which lasted 28 days, only S. bayanus could be 
isolated, similar to cask 1 without the stuck fermentation. SAPD-PCR was performed to verify the identity of the 
Saccharomyces species isolated (Table 3).  
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Table 3. SAPD-PCR fragment patterns from Saccharomyces species 

Species Strain Amplification products using the primer A-Not in bp rounded to 10 
S. bayanus DSM 70412T  2,630 2,300 1,960 1,730 1,570 1,400 1,100 1,020 890 730 610 550 310 

S. bayanus HL 77  2,630 2,300 1,960 1,730 1,570 1,400 1,100 1,020 890 730 610 550 310 

Note. T: type strain. 

 

Yeasts of the genus Saccharomyces can only be separated into two groups with the restriction analysis of the ITS 
region using the FastDigest® restriction enzyme HaeIII (Blättel, 2012). Group I, including S. cerevisiae, shows a 
different fragment pattern compared to group II, including S. bayanus and S. kudriavzevii (Table 4). Restriction 
digestion with enzymes HhaI and HinfI results in similar patterns for all yeasts of the Saccharomyces sensu 
stricto group (data not shown). 

 

Table 4. Restriction fragment patterns of the ITS region with enzyme HaeIII from different Saccharomyces 
species 

Restriction pattern Fragments using HaeIII in bp rounded to 10 Saccharomyces species 

I 860 740 650 500 240 170  S. cerevisiae, S. paradoxus 

II 580 320 240 170  S. bayanus, S. kudriavzevii 

I/II 860 740 650 500 320 240 170 S. cerevisiae × S. kudriavzevii × S. bayanus 

 

The fermentation was continuing in cask 2 and on day 54, another yeast species besides S. bayanus was isolated 
from that sampling with a remarkable restriction pattern of the internal transcribed spacer (ITS 1-5.8S-ITS 2) 
regions using enzyme HaeIII. This pattern was a combination of group I and group II of the Saccharomyces 
species restriction patterns (Table 4). To prove whether the isolate was a triple hybride or possibly a mixture of 
three yeast species a single cell separation was performed by micromanipulation under optical control in order to 
ensure purity of these cultures and to exclude a mixed culture of several species. After a single cell manipulation 
and growing a culture starting from a single cell, a further restriction analysis of different gene regions from the 
grown cells, according to González et al. (2006), showed that the isolate HL78 were most likely triple hybrids of 
the mother species S. cerevisiae, S. kudriavzevii and S. bayanus (Table 5). From day 54 on, this hybrid was the 
dominant yeast strain in cask 2 until the end of the fermentation. 

 

Table 5. RFLP analysis of different gene regions of the DNA from yeasts of the genus Saccharomyces and 
hybrids isolated from three different times of sampling after stuck fermentation 

Gene & restriction 
enzyme 

Species/Strain 

GSY1 OPY1 CYR1 CAT8 MET6 

MspI ScrFI HaeIII MspI HaeIII HhaI MspI HinfI HaeIII ScrFI 

S. kudriavzevii 

CBS 8840T 

350 300 200 

A 

750 

A 

510 250 

A 

(570) 460 (150) 

A 

290 200 170 100

A 

590 200 

A 

490 240 

A 

620 

A 

680 

A 

680 

A 

S. bayanus  

DSM 70412T 

400 350 

B 

560 310 260 220 

B 

760 400 350

B 

570 

B 

570 

B 

750 

B 

320 280 240 

B 

620 

A 

480 200 

B 

680 610

B 

S. cerevisiae 

DSM 70449T 

600 200 

C 

460 310 

C 

760 

C 

400 200 

C 

570 

B 

750 

B 

690 

C 

450 200 

B 

680 

A 

680 

A 

S. paradoxus 

CBS 432T 

450 350 

D 

460 310 

C 

510 250 

A 

400 200 

C 

390 220 

D 

750 

B 

750 

D 

620 

A 

680 

A 

680 

A 

Isolate  

Strain HL 78 

600 350 300 

AC 

750 460 310 

AC 

760 400 250

ABC 

570 460 400 150

ABC 

570 290 200 170

AB  

750 590 200

AB 

690 490 240 

AC 

620 

A 

680 

A 

680 

A 

Isolate  

Strain 82.14 

600 350 300 

AC 

750 460 310 

AC 

760 400 250

ABC 

570 460 400 150

ABC 

570 290 200 170

AB 

750 590 200

AB 

690 490 240 

AC 

620 

A 

680 

A 

680 

A 

Isolate  

Strain 96.1 

600 350 300 

AC 

750 460 310 

AC 

760 510 250

AC 

570 460 400 150

ABC 

570 290 200 170

AB 

750 590 200

AB 

690 490 240 

AC 

620 

A 

680 

A 

680 

A 

Note. GSY1, OPY1, CYR1, CAT8, MET6: nuclear genes, located in different chromosomes. 
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A stuck fermentation was again observed in the sampled cask 6 in the second year 2012 of sampling. On day 40 
during fermentation in cask 6, S. bayanus was the main yeast strain and the only yeast of the genus 
Saccharomyces that could be isolated from the young wine. The cell titer decreased during six weeks of stuck 
from 105 to 103 colony forming units (CFU) per ml. After six weeks of stuck, 5 L of the young wine were 
withdrawn from cask 6 and were inoculated with the triple hybrid S. cerevisiae × S. kudriavzevii × S. bayanus 
strain HL 78. The incubation of the 5 L sample was performed at 15 °C and fermentation continued immediately 
after inoculation. In parallel, a second sample (5 L) of the young wine withdrawn from cask 6 were incubated in 
the same conditions as control without the addition of the triple hybrid strain. Also in this case fermentation 
continued, but started two weeks later. At that time, the triple hybrid was also isolated from both this control as 
well as from the inoculated 5 L carboy (Figure 1).  

 

 
Figure 1. Restriction enzyme digestion patterns of the ITS region from yeasts digested with restriction enzyme 

HaeIII; Isolated yeast strains from must inoculated with the triple hybrid S. cerevisiae × S. kudriavzevii × S. 
bayanus and from a control cask after spontaneous restart of fermentation after stuck 

 

In addition to the microbial analysis, the concentration of glucose and fructose was determined in the casks 
investigated. During both years of sampling, 2011 and 2012, low glucose:fructose ratios were found in all casks 
that showed stuck or sluggish fermentation (Figure 2). The casks sampled in 2011 showed glucose:fructose ratios 
from 0.04 (cask 3) to 0.11 (cask 4) on day 26 of the fermentation. The cask with stuck fermentation in 2012 
showed a glucose:fructose ratio of 0.42 (cask 6) on day 40 of the fermentation. 

 

 
Figure 2. Glucose:fructose ratios of selected casks at stuck or sluggish stages of fermentation during two years of 

sampling in 2011 and 2012 in a German winery 
(casks 2, 3, 4, and 5: vintage from 2011; cask 6: vintage from 2012) 

Triple hybrid Control cask 
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3.2 Growth Experiments and Sugar Consumption of the Yeasts Isolated 

In order to verify the observations from the vineyard under controlled laboratory conditions, the two dominant 
wine yeast strains of the genus Saccharomyces, S. bayanus strain HL 77 and the triple hybrid S. kudriavzevii × S. 
cerevisiae × S. bayanus strain HL 78 (cf. Tables 4 and 5) were cultivated at a similar temperature to that in the 
wine cellar of 15 °C in a synthetic medium (B-medium) with a composition close to grape must. The hybrid 
showed a delayed growth of 3 days to reach an OD of 0.5 and a flatter growth curve compared to S. bayanus at 
the beginning of the fermentation (Figure 3). Since the ability of yeasts to uptake and consume sugars plays an 
important role as a cause of stuck fermentations, the yeasts were also tested for sugar consumption. The hybrid 
showed a significantly better consumption of fructose compared to S. bayanus (Figure 3) and utilization of fructose 
increased in the second half of the fermentation. A residual sugar concentration of 1 g/L glucose and 1 g/L fructose 
was left after 25 days of fermentation. In the medium inoculated with S. bayanus, 8.0 g/L fructose and 1.5 g/L 
glucose were left at this time, although this yeast strain showed faster growth in the synthetic B-medium (Figure 
3). 

 

 
 

 
Figure 3. Growth, sugar consumption and ethanol production of S. bayanus strain HL 77 (A) and the hybrid S. 

cerevisiae × S. kudriavzevii × S. bayanus strain HL 78 (B) in synthetic B-medium at 15 °C 

 

Fermentation by both yeast strains was tested in relation to the ammonium sulfate concentration of the synthetic 
B-medium, as nutrient deficiencies, especially the availability of an ammonium or organic nitrogen source, can 
cause stuck fermentation (Jiranek et al., 1995). Therefore, the yeasts were grown at 15 °C in synthetic B-medium 
with 25%, 50% and 100% of the amino acid concentration as used in the original B-medium (2.2 Sampling and 
Cultivation). To test the influence of YAN, (NH4)2SO4 was added to the synthetic B-medium in concentrations 
from 0.0 to 2.5 g/L. 

With reduced concentrations of amino acids in the synthetic B-medium, the S. bayanus strain HL 77 showed 
significantly slower usage of both sugars, glucose and fructose (Figure 4). A residual fructose concentration of 
4.6 g/L was found in the cultures with an amino acid concentration of 25% compared to the original medium.  
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Figure 4. Residual glucose (A) and fructose (B) concentration in a culture of the S. cerevisiae × S. kudriavzevii × 
S. bayanus strain HL 78 and the S. bayanus strain HL 77 in relation to the amino acid concentration of synthetic 

B-medium after 32 days of fermentation 

 

Uptake or utilisation of glucose was dependent on the amino acid concentration, but less than 1.0 g/L was left 
after fermentation in the medium with 25% of amino acids. 

The yeast isolates S. bayanus HL77 and the triple hybrid S. cerevisiae × S. kudriavzevii × S. bayanus strain HL78 
were incubated in synthetic B-medium with varying concentrations of amino acids. The results of this 
experiment (Figure 4) showed that the sugar consumption of the triple hybrid strain HL 78 was less dependent on 
the amino acid concentration of the medium. With reduced amino acid levels of 50% and 25%, the degradation 
of both glucose and fructose was even slightly better than with addition of 100% amino acids in the medium. 
HPLC analysis of samples from cask 1 and cask 2 from vintage 2011/2012 showed that only a total of 1.11 g/L 
of amino acids were found in the sample during stuck fermentation (after 26 days of fermentation) compared to 
1.37 g/L in the sample (after 29 days of fermentation) from normal fermentation (Table 6). Especially, there was 
a complete depletion of glutamine and asparagine in the cask with stuck fermentation. 

 

 

 

 

 

 

 

 

 

 

 

 



www.ccsenet.org/jas Journal of Agricultural Science Vol. 7, No. 8; 2015 

27 

Table 6. Concentrations of amino acids [mg/L] in samples from normal (Cask 1, after 29 days of fermentation) 
and stuck (Cask 2, after 26 days of fermentation) fermentation (n.d.: not detected) 

Amino acid Cask 1 Cask 2 

L - aspartic acid n.d. 3.39 

L - glutamic acid 11.47 8.20 

L - asparagine 13.54 n.d. 

L - glutamine 60.69 n.d. 

L - serine 1.94 5.60 

L - glycine 23.18 19.40 

L - alanine 4.58 14.12 

L - proline 817.89 988.03 

L - methionine 427.36 70.56 

L - isoleucine 14.30 n.d. 

L - arginine n.d. 3.23 

Total 1374.95 1112.52 

 

Both isolated yeast strains S. bayanus and S. cerevisiae × S. kudriavzevii × S. bayanus were able to utilize 
glucose as well as fructose with no added (NH4)2SO4, but only with amino acids as a nitrogen source in the 
synthetic B-medium (Figure 5). The hybrid showed delayed sugar consumption compared to S. bayanus, with a 
reduced concentration of ammonium sulfate of the medium.  
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Figure 5. Sugar consumption of the triple hybrid S. cerevisiae × S. kudriavzevii × S. bayanus strain HL 78 (A: 
glucose, B: fructose) and the S. bayanus strain HL 77 (C: glucose, D: fructose) in relation to the ammonium 

sulfate concentration in synthetic medium 

 

The S. cerevisiae starter culture strain Fermivin® tested, which was used as a control, was not able to grow and 
consume sugars without the addition of (NH4)2SO4 to the medium (Figure 6). 

 

 
Figure 6. Growth of S. bayanus strain HL 77, the triple hybrid strain S. cerevisiae × S. kudriavzevii × S. bayanus 
strain HL 78 and S. cerevisiae strain Fermivin® in synthetic medium without addition of (NH)2SO4 as a nitrogen 

source 
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3.3 Sugar Uptake Rates of the Saccharomyces Strains 

The uptake rate of 14C-labeled sugars by cells of S. bayanus strain HL 77 and S. cerevisiae × S. kudriavzevii × S. 
bayanus strain HL 78 was determined. Radioactivity was measured 5 and 15 s after addition of the sugars. As 
shown in Figure 7A, glucose uptake by S. bayanus after 5 s is about twofold higher than that of fructose. 
Nevertheless, the uptake of both sugars was equal after 15 s. By contrast, fructose transport by S. cerevisiae × S. 
kudriavzevii × S. bayanus strain HL 78 was about threefold higher than that of glucose, both after 5 and 15 s 
(Figure 7B). This behavior is in line with the somewhat fructophilic nature of the hybrid strain. 

 

 
 

 
Figure 7. Sugar uptake of S. bayanus strain HL 77 (A) and S. cerevisiae × S. kudriavzevii × S. bayanus strain HL 

78 (B) after 5 and 15 s in medium containing 2 mM glucose or fructose 

 

3.4 Enzyme Activities Involved in Sugar Uptake 

The hexokinase activities measured in cell extracts of yeast isolates are summarized in Table 7. It should be kept 
in mind that these data are based on the activities of several hexokinase isoforms. The sugar conversion rate 
(Vmax) of glucose and fructose was generally higher in the hybrid strain HL 78 than in strain HL. It is noticeable 
that Vmax of the hexokinase activity of S. bayanus strain HL 77 with glucose is somewhat higher than with 
fructose but vice versa for the hybrid. Km values with fructose were considerable higher than for glucose. In 
comparison to S. bayanus HL 77, the hybrid strain HL 78 had a relative lower Km for fructose (5.50 versus 3.69 
mM). Thus, a relative high hexokinase affinity for fructose and a higher conversion rate may contribute to the 
more fructophilic character of the hybrid strain HL 78 compared to S. bayanus strain HL 77.  
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Table 7. Enzymatic parameters of the hexokinase activities of S. bayanus strain HL 77 and S. cerevisiae × S. 
kudriavzevii × S. bayanus strain HL 78 

Enzymatic parameter 
S. bayanus strain HL 77 S. cerevisiae x S. kudriavzevii x S. bayanus strain HL 78

Glucose Fructose Glucose Fructose 

Km [mM] 1.01 5.50 0.83 3.69 

Vmax [U/mg] 0.93 0.88 1. 24 1.38 

Km for glucose:Km for fructose-ratio 0.18 0.22 

Vmax for glucose:Vmax for fructose-ratio 1.06 0.90 

 

Alcohol dehydrogenase activities of the two yeast isolates are compared in Table 8. The alcohol dehydrogenase 
of hybrid strain HL 78 works more effectively than that of S. bayanus strain HL 77 at both growth temperatures 
of 20 °C and 30 °C. This result is another indication for the enhanced fermentation efficiency of the interspecific 
hybrid. With increasing growth temperature, the alcohol dehydrogenase of the hybrid strain increases, but that of 
S. bayanus strain HL 77 decreases. The latter observation may reflect the cold adaptation of this species.  

 

Table 8. Alcohol dehydrogenase activities of strains S. bayanus HL 77 and S. cerevisiae × S. kudriavzevii × S. 
bayanus HL 78 grown at 20 °C and 30 °C 

Strain 
Alcohol dehydrogenase activity [U/mg] 

20 °C 30 °C 

HL 77 0.41 0.22 

HL 78 2.17 4.39 

 

4. Discussion 
The yeast strain most frequently found in the winery investigated during fermentation was Saccharomyces 
bayanus during both years of sampling, in 2011 and 2012, although S. cerevisiae is known as the main wine 
yeast in general and S. bayanus is found rarely (Dittrich & Großmann, 2005). Ultee et al. (2013) have found a 
yeast strain which was identified as S. uvarum by that time, instead of S. cerevisiae in this winery. But today we 
assume, that this yeast strain has most likely also been S. bayanus. This might be due to the low fermentation 
temperature, between 12 and 15 °C, in the cellar of the investigated winery. S. bayanus is known to be more 
psychrotrophic than S. cerevisiae (Serra et al., 2005; Belloch et al., 2008; Salvadó et al., 2011). The dominant 
yeast strain in both casks with stuck fermentation sampled during the stuck was also S. bayanus. However, it was 
replaced by a triple hybrid S. cerevisiae × S. kudriavzevii × S. bayanus, which grew up during the stuck and 
continued and completed the fermentation. Several authors have isolated different hybrids in must or wine 
samples in Europe (Bradbury et al., 2006; González et al., 2008; Lopes et al., 2010). The hybrids have already 
been described as being involved in the winemaking process (González et al., 2006; Arroyo-López et al., 2009). 
Peris et al. (2012) postulated that hybrids between S. cerevisiae and S. kudriavzevii had already originated during 
the winemaking of the Romans and spread during the Late Middle Ages with the expansion of improved 
viticulture and enology practices. However, their role in overcoming stuck fermentation has not yet been 
recognized.  

The hybrid should have been in the must from the beginning of the fermentation with a low cell titer and showed 
delayed growth compared to S. bayanus, which could also be proved in growth experiments in synthetic must. 
However, despite the delayed occurrence of the triple hybrid during fermentation in the winery because of 
slower growth at the beginning, the hybrid was able to restart and finish fermentation when nutrients, such as 
ammonia nitrogen and sugars, had already been reduced. Hybrids are supposed to be advantageous for 
winemaking because they are adapted to different fermenting conditions due to the combined characteristics of 
their parents, e.g. tolerance against high ethanol concentration and osmolarity of S. cerevisiae and tolerance 
against cool temperatures of S. kudriavzevii (González et al., 2006). Tronchoni et al. (2009) tested several 
Saccharomyces species and their hybrids for sugar consumption and the S. kudriavzevii type strain was the least 
affected by variations of temperature during fermentation.  
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Our growth experiments showed that both yeast strains isolated, S. bayanus strain HL 77 and the triple hybrid 
strain HL 78, metabolize glucose and fructose, but the hybrid utilizes fructose significantly more efficient than S. 
bayanus, especially in the second stage of the fermentation (cf. Table 7; Figures 4, 5 and 7). We also detected a 
preference for fructose by the hybrid strain HL 78 on the level of sugar transport, whereas S. bayanus favored 
glucose. Enzymatic determinations suggest a higher fructose phosphorylation rate for the hybrid strain than for S. 
bayanus strain HL 77. Thus, the specific hexokinase activity supports the fructophilic character of the hybrid 
strain. In addition, the high alcohol dehydrogenase activity of the hybrid might contribute to a high fermentation 
rate. The mentioned abilities of the hybrid strain HL 78 are advantageous for a wine yeast strain and might be 
one of the main reasons why this strain is able to grow during stuck fermentation when glucose has already been 
reduced and residual fructose remains in excess. Tronchoni et al. (2009) observed that fructose fermentation was 
more inhibited by high ethanol levels than glucose fermentation. In general, natural musts contain nearly equal 
amounts of glucose and fructose (Fleet & Heard, 1993), but many wine yeast strains prefer glucose over fructose, 
which may lead to undesirable residual amounts of fructose in wine and sluggish fermentation (Gafner & Schütz, 
1993; Berthels et al., 2004). Therefore, fructophilic yeast strains are advantageous for making dry wines. More 
fructose than glucose was left in all the casks with stuck fermentation sampled; the glucose:fructose ratios varied 
from 0.04 to 0.42. Until these stages of fermentation, only S. bayanus was found in the casks. 

The amount of nitrogen available is considered to be one of the main limiting factors for yeast growth in musts 
(Pretorius, 2000). The demand for YAN varies between 140 mg/L and 880 mg/L (Dittrich & Großmann, 2005). It 
has been reported that concentrations of assimilable nitrogen below 140 mg/L impair fermentation by S. 
cerevisiae at normal sugar concentrations, and a concentration of ammonium ions below 25 mg/L is generally 
considered to be undesirable (Bely et al., 1990). This could also be the main reason why S. cerevisiae was not 
found as the main wine yeast in this winery as only 160 mg/L YAN was found in the wine, which decreased 
down to 40 mg/L after 15 days of fermentation.  

Both yeast strains isolated, S. bayanus strain HL 77 and S. cerevisiae × S. kudriavzevii × S. bayanus strain HL 78, 
were able to grow in synthetic medium in the absence of an ammonium source when amino acids were present. 
For that reason, they are very good adapted to the low nitrogen conditions in the winery they were isolated from.  

The hybrid strain HL 78 proved to be less dependent than S. bayanus strain HL 77 on the amino acid 
concentration of the culture medium for the sugar degradation. The S. cerevisiae starter culture tested showed no 
growth under these conditions. Jiranek et al. (1995) showed that amino acid utilization varies from one strain to 
another even between different wine yeasts of S. cerevisiae. Our experiments showed that the triple hybrid strain 
was less affected by amino acid deficiency which occurrs during stuck fermentations. 

As it is quite time-consuming and expensive to determine the demand of amino acids and YAN of each potential 
starter culture, it would be profitable under some circumstances to use a yeast strain such as the triple hybrid, 
which is less dependent on the amino acid supply and ammonium content of the must. In combination with the 
better fructose utilization, it is a great advantage for a wine yeast strain to be able to grow in a stage of the 
fermentation when nutrients and sugars have already been reduced. On the other hand, as S. bayanus strain HL 
77 seems to be much more dependent on the amino acid concentration for the utilization of glucose and 
especially fructose. Amino acid deficiencies in the must may lead to the stuck fermentations with high residual 
fructose concentrations observed (cf. Figure 4). In this case, the hybrid seems to take advantage and continue 
fermentation. Lower determined amino acid concentrations in cask 2 with stuck fermentation from vintage 
2011/2012 compared to cask 1 with normal fermentation are another hint for this hypothesis. In this context, it is 
interesting to note that we found a complete depletion of L-glutamine in the barrels with stuck fermentations (cf. 
Table 6). This amino acid is a universal amino group donor in nitrogen metabolism.  

5. Conclusions 
This investigation can be seen as an exemplary model study to overcome stuck fermentation in special wineries 
which apply spontaneous fermentation. Generally, the wines produced by spontaneous fermentations exhibit a 
more complex and terroir typical sensory profile. This is the reason why some winemakers of the upper quality 
segment favour spontaneous fermentation despite the fact to observe stuck fermentation more likely than after 
applying normal starter cultures at the beginning the must fermentation. Some wine makers of the upper quality 
segment do not want to use commercial starter cultures. When an isolated winerey’s own yeast strain as in this 
case a triple hybrid is used to continue fermentation after stuck the risk to change the characteristic desired 
aroma profiles of the winery would be minimized. It still has to be proved if similar Saccharomyces hybrids are 
responsible for overcoming stuck fermentations in other wineries which apply spontaneous fermentation.  

As a prerequisite for the improvement of yeast strains and the generation of hybrids more reliable taxonomic 
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markers are needed for the accurate determination of yeast strains involved in wine making. There are recent 
hints that at least one S. bayanus strain is a hybrid between S. eubayanus and S. uvarum. Genomic analysis 
revealed that S. uvarum is a sister species of S. eubayanus and S. bayanus should be a hybrid between these two 
species (Almeida et al., 2014; Boynton & Greig, 2014). For a long time S. uvarum and S. bayanus were taken as 
varieties of S. bayanus (S. bayanus var. bayanus and S. bayanus var. uvarum). The genome sequence deposited 
as S. bayanus strain MCYC 623 (NCBI database) should be from an S. uvarum strain. Therefore, databases and 
culture collections need to be updated in order to be able to provide reliable data and strains for researchers, who 
want to use certain mother strains to produce hybrids. 

The application of genetically engineered yeast strains is not allowed except two strains in the U.S. (S. cerevisiae 
strain ML01 and S. cerevisiae ECM001), which were generally recognized as safe (GRAS). However, the pro-
duction and application of hybrids with improved and desired features is legal and possible. They can grow un-
der certain limiting condition (e.g. ammonium deficiency) in the must under which the normal wine yeast S. ce-
revisiae is not able to grow. Based on the results of this study we recommend the generation and application of 
hybrid yeasts to improve wine making especially in the case of facing problems during spontaneous fermenta-
tion. 
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